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 ABSTRACT

An apéaratus was cqnstrupted”to study catélYtiE ?éactions on one
or more platipuﬁ single crfstals in situ both at_lAéfﬁééphere total
pressure and iﬁ.high vacﬁum (10-4 to 10"'8 torr). The main feature
of the-deéign_is_a novel movable bellows-cup mechanism by which the
catalyst caﬁ-bé encased in a small vdlume for the high pressure
experiments. Using this apparatus, the cyclopropane h&érogenolysis
was in#estigated'at i atm, on a.platinum stepped singieicrystal -
(Pt(s)—[G(lll)X(lOO)])‘having a total surface area of 0;?6 ¢m2.
rInitial specific reaction rates were reproducible to éboué 107, aﬁd

to within a factor of two were identical to published values for this

reaction on highly dispersed suppqrted“platinum catalysts. -



INTRODUCTION

During-ﬁhe last 7-8 years a number of new tools have become
commercially available for studying the surface of a sqlid on an
atomic scale..'bne technique'is low enérgy electfon'diffraction
(LEED), wheréby one canvdétermine the structure ofxﬁell—defined
‘clean surfaéés, the'possiblé rearrangement.of theée éutfaces in
the presenéé of adsorbed gases, and thé structure of adsorbed gases
"~ relative td tﬁe metal sﬁbstrate. Another method is Auger electron
spectroscopy (AES); frém which it is possible to:obtaip a quantitative
estimate of the compoéifion of surface species dowﬁ_tq 1% of a
‘monolayer, thereby gainihg valuablebinformation about iﬁpurities'at
the surface. it shOuld be noted here thaf these techﬁiques‘are

1 torr) due to the nature

usually employéd high vacuum (10'4 to 10~
" of the methods and the equipment used in the analyseé.' LEED and

AES are of particﬁlar impéfténce to catalytic chemists because of
the obvidus:vaiue that such information has in the intérpretation

of chemigal reactions on catalytic suffaces. The rgadef is réferred
vto recent 1:evi"eWs]'_4 férvdetailed descriptions of these techniques
and their various applicatiomns. | |

. The use of LEED éﬁd AES'ﬁas led to an increasing.interest in

vstudying wellfdefined catéiyst surfaces, notably orieﬁ;éd single
crystalsvof known initial chemical purity. Somorjai:and coworkers
have measﬁred surface structure, composition, and sbme rates of

reaction on platinum single crystals at low pressure.sjs Both low

Miller»Index'andkhigh Miller Index crystal faces of platinum héve
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‘been exanined : The'latter haue been shown to consistvof low index
'(111) and (100) terraces of constant width, linked by steps of
monatomic height "and to exhibit remarkable thermal stability.s. One.‘
'particular-reaction ‘which has been studied extensively is the
dehydrocyclization of n—heptane to form toluene 7 'This was investigated
.between 100°c and 400°C at pressures in the 10 -4 torrvrange onbsinglel
ocrystals having'Surface areas of less than 1 cmz. A mass spectrometric
technique was used'to monitor the formation'oflproduct, The initial
rate of toluene formation on the high index or stepped Surface was
found to'be approximatelyxan order of‘magnitude greater than initial
rates on low index surfaces. .

| The'chenisorption properties of stepped platinum surfaces hane
been shown'to.be very different fron those of low'indexlplatinum
surfaces.6 Two striking examples which are of particular importance
',to catalysis are "those involving hydrogen and oxygen. vBoth chemisorb
readily_at relatively low temperatures on stepped surfaces but do
not chenisorbleasily on low index faces.6 Furthernore,;it has been
shown that the‘dissociation of these.diatomic molecules takes place
at the atonic steps on the high_index surfaces.

In a molecular beam_study of HZ/DZ exchange on?iow:and high :

Miller Index platinum single crystal surfaces, Bernasek, Siekhaus,
and Somorjai9 reported that the exchange reaction tookfplace readily
on a high indexv(997).platinum single crystal.surface; whereas no
‘l'detectable'HD_could be measured using a low‘index (lll) platinun
surface, Iheidifference in'reactivity was ascribed to the unique

properties of the stepped surface.



A diféct:correspondence between the'above éhemisorbtion and
surface reactionlstudiES and those carriéd out in ﬁqre-conventional
catalytic systeﬁs 1sxébscnred by a number of factors. Of particular
significance is the eﬁormOusly reduced pressure under which LEED;

AES, drvmass'épectrometric experiﬁents are conductedﬁ 'fypicaliy,
paﬁalytic reaction rates aie'meaéured at reaétant paftial pressures
..on the ordervbf oné atmosphefe whereas LEED méasuremgnfs, for example,

6 3 smaller

are made at iO_ to 10.10 torr--a pressure some 109 :51101
than ordinarily used in catalytic studies. It is pdSsible thaﬁ at
higher pressures larger surface coverages may give rise to "on top"
structure that does not fdrm‘at'low paftial preséufes%o Hence,
chemisorption and surface reaction studies carried‘ou_t at 1 atm may
not be directly correlated with UﬁV‘studies. It woui& seem logical
therefore to Study catalyfic reactibns at high preSéuresv(l atﬁ or
higher) on weli—oriented single érystal surfaces. In this manner the
results of UHV and high‘preséure reaction studies cbuld be comparedion
the same catélyst and under similar reaction conditions, the onlyv
difference beihé the total system pressure. | |
Further justification for stﬁdies of this typex¢6§es from the
“analysis ofvmofevtraditionai'catalytic research perfofméd on.highly
dispersed supported metal catalysts. During'the last 6-7 years
,additionai empﬁasis has been pléced on characteriziﬁg~catalysts more
fully, as to details of prepérafibn, surface area of.metal exposed

.(dispefsion), average metal particle size, and the distribution of

particle siie,'in'order to make a rational interpretation of catalytic



actibity. jSeVeral exeellent reniews of,techniques'fon;charactefizingf
highly'dispersed catalysts-hanetappeared in thé cuttent-literature.ll—13

Renewed 1nterest in the geometrical factor in catalysis has
'prompted studies of the effect of metal crystalllte size on specific
activity and_selectivity in heterogeneous_catalysts. A number of
investigatorsihave found relationships of this'typeﬂnhieh has led tQ‘
‘classifying reactions into two main groups.14 The'terﬁs "facile" and
nstructune-insensitive" have been used'to‘describeEtYpes of reactions
where specific_actiVity is'independent-of tne mode bf'preparation of
the catalyst ortthe cataiyst metal particlersize. :Hencekeach surface
site is about as effective catalytically as its'neighbor. On the
other hand,»thqse reactions in which tne sﬁecific'aetinity or.A
selectiVity:is:a'function of metai particle size oﬁ nOde of catalyst
.preparation'nane been termed "demanding” or "stfuctnrerensitive."
‘Table 1 1ists a number of reactions which belong toieacn particular
classificatiOn.'

One of thedinteresting aspects of the "structure;sensitive"
'studies has been that the effect is only pfeﬁalent in tﬁe lS-SOA dia.
particle siie'range; The duestion atises as to theiunique properties
'fvthat metal.crystallites of ‘this size range possess; To gain a more
.'fundamental understanding of this phenomenon, a number .of models of
small crystallites have been developed. 16,25-27 In brief, small
crystallites have been modeled as impetfect cubo-octahedra (fce metals).

It has been assumed that even in the smallest crystallites, metal atoms

occupy crystallographic positions. Furthermore, cr&stallites are shaped



‘Table 1.

Survey of structure-sensitivity studies

(a)

(b)

(c)

@

Benzene hydrogenation
-Dorling and _Moss15
Pt/8102

Dehydrogenation of cyclo-
hexane

(a)

(b)

Hydrogenation of cyclopentane

'Hy/D, exchange

-Poltorak' andeofoninl6

" Pt/S510,

Cyclopropane hydrogenolysis
-Boudart et al.t/
Pt/Al,05, Pt/Si0y, Pt

Ethylene hydrogenation
-Dorling, Eastlake, and
Moss

. Pt/8102

(c).

C))

(e)

Ethahe’hydrogenolysis
-Sinfelt et al.1l9s
N1/5105-A1503, Rh/Si0,

“ Neopentane hydrogenolysis

and isomerization

'-Boudart et al.

Pt/A1203, Pt/SiOz, Pt

Hydrogenolysis of methyl-’

" eyclopentane

-Corroleur et al. 22
Pt/A1203, Pt/Si02

Hydrogenation of 1,2- and
1,3~butadiene '
~Oliver and Wells23
Ni/A1,04, Ni/510, Ni

Hydrogenation of benzene
-Coenen et al.2
Ni/510,




so that their free energy is a ﬁinimum. This means‘@éiimizing the
number of"bonas'bétween atoﬁs,'including Surface atomé;;and results
.in.particleé;of.roughly'spheriéal shape. The modelsvﬁé§e-shown that
in the 15-5CA dia. particle’r;nge,'there.is a high fréction of_surfége L
atomsvin edge, step, and cornef positions. In partiéular;vfor step o
 sites, the fraétion of‘Sﬁrface‘atoms iﬁ sfePs is aﬁﬁfoximately 0.3
for 154 dia. particles, and decreases an order of magnifude for 507
dia. particles. S

| Based énithese studies of small metal crystalliteé‘it would
' éppéér that singlé crystal surfaces would be ideal modeis.for ﬁighly
dispersed supported metal catalysts.v'Single crystals containing low.
index surfates as well as th&se exhiBiting ordered aﬁ¢mig'stefs,could
be indgpendently'studied, thereby making it possible'tojinvestigate{
vdirectly the:influence of surface mofphology on hetérogéneOUS catalytic'
acfiﬁity.énd-selectiVitf. |

In sumﬁary, a survey>of the”cﬁrrent literéturefhaé'revealed that

there is a gap between chemisorption and surface reéction stﬁdieé -
.perfdrmed in UﬁV'on single crystal surfaces and thoSe'ca%ried out at
1 atm.lon highly dispersed supported catalysts. Théf&drk'embodied
-in this-éndvsucceeding papers arose out of the need1to Bridge the gap
between fhese fWo fundamental areas of catalytic reseérch;;‘The overall
objective waé to measure reaction rates on well-defined single crystgl ‘ o -

4 to 10_8 torr)

- surfaces both at high pressure (1 atm) and in UHV (10~
_within the same apparatus. The high pressure measureménts would_involve'v

- the use of gas chromatographic detection while a masS'speCtrometfic



technique coﬁld be employed in the low pressure measurements. Studying
various tyées of reactions oﬁ Béth low index énd high;inde# single
crystal surfaces would enable a relationship betWeeﬁbsﬁfface.morpholbgy
and catalytic activity tblbe déyeloped.

The prgsént'WOrk describes ;he apparatus which.ﬁaé constfucted
to achieve these eXtensive goals and reports initial_fate'détg forv
tﬁe hydrogenolysis of cyclopropane at 1 atmi total-pressure on a
‘platinum stepped single cryéfal; Platinum was selected as the cataiyst
to be invesﬁigated because of its obvious importahce.iﬁ many induéfrial
procésses. Tﬁe hydrogenolysis of cycloptopane was_chgsen as the
first test reaction becauée of the considerable améunf of:déta and .
experience which has been amassed in our laboratory for this réaction;28732
The'rate is known to befrelatively high at room temperétute on bulk
and suﬁpbrted piatinum_cétalysts. In éddition; 6nly_dn§ prodﬁét
'(propane),'is formed on platinﬁm catalysts belowv159°C5 thereby

.simplifying chromatbgraphic deteCtion.v
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EXPERIMENTAL APPARATUS

The aﬁpafétus waé éonétrdpted tb‘performlcatalyticvexperiments
on one or more ﬁlatinum single'crystals both in ultra-high vacuum (UHV)
and atbl:atmosphere toﬁal pressure withéﬁt éhysicéiiy-éltering the
position of”of $everiﬁg connectidns made to a.cataly;t_Crystal. A
schematic of the UHV'assembly and.the flow loop:fOrfthévhigh preséure.
catalyticvﬁéééurements ié shown in Fig. 1. | |
The UHV system consists of two 12-inch 1i.d. multiinanged stainless-

steel chambefé separated by a viton-sealed'gate vél&e;€'The lower
- UHV chamber'contéins a 200 liter/sec ion puﬁp and tifanium sublimation
pump capable éf redu¢ihg the pressure in the total assembly to B
5.><-10__1.0 torr. The upper cﬁamber consists of a high ééessure-reaétqr
within'che UHV_reactdrfb The main feature of the deéign_is a movable
‘bellows-cup mechanism by which the_sﬁationéry catalyst can be encased
in azsmall‘vblume fqr the‘high préssuré experimenté;;»The rgactor_cup»
" attached to the bellows drive meéhanism is capable 6f_t;aversing.thé :
to;al intefnéi Aigmetervof ;he_reacto:, and is shown in the fully
éitended poéition in the schematic. Flaﬁges in the uppef chamber are
ﬁroyidéd for£ _ |

(a) Monitoriné the préssure in the UHV reactor by means of a nude ion
(b)"MeaSuring ﬁhevUHV gas'phase composition by a quad?upole'ﬁ;ss
spectfometér (Grénville—Phillipé Spectra Scaﬁ 750 Residual Gas
Analyzef); | | |

“(e) Determining.thé composition of the catalyst cryétal surface down
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to 1% of.a=monolayer via.the technique of Auger elecfron spectroscopy;
(d) Housing the movable stainless—steel welded bellows-reactor cup
assembly; andbl | |
(e) Supporting and heating the éatalystvvia_SuitaBié electrical feed-
throughs ;nd éerving as ohé haif-of the high'ﬁressﬁfé-reactor volume._

The high ﬁfessure feactor volume is isolated ffdm;the UHV system
by gold-O-ring beﬁween two knife edges, oné on the reactor cuﬁ and
the other in the reactor.flange. As many as 20 cupvclbsures_hayé
been obtained uéing a singlé'gold O-ring. With a pressure of 1000 torr-
inside the feacfof cup'the pressure in the UHV chambér can be ﬁaihtained
at 1 x 10-8'tdrr,lresulting in a negligible_losé of réaCtants or
products frém the high pressure'réactor durihg the éourse of a fypical
.catalytié'experiment. | |

The plgtinum crystal shown in the schematié isxsﬁpported by means
of two 0.0ZO;inCh dia.itantaluﬁ electrodes, which in;tqfn>are.cohnectedv
via eléétridal'feedthrpughs to a d.c. regulated'powerfsﬁpply capable
of heating the.platinum crystal to 1000°C. A.Pt/PtQIOiRh ﬁhermocéuple'
is spot—welded.ﬁo the edge of the platinuﬁ crystal,‘énabliﬁg the
crystal tempgréture to be mopitofed to within i0.1°6. |

'A close-up of the reaétor flangg és seen through.the 6-inch ,

bv. Viewing port.flangezis prqvided in Figs. 2(a) and 2(b); 'In Fig. 2(a).‘f
the reactor cup ﬁas been partially withdrawn'tovexpoéé.thevcaﬁalyst
crystal to the UHV'environment.' Clearly visibleris_éhe 1/16-inch dia.
gold O-ring'which:haé been uniformly pressed into a 3 3/85inch &ia;

groove in the reactor flange wall. The two case-hardened '1/2-inch dia.
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stainless steelvrods welded to the 6-inch reactor flangelabove.and
~below the reactor'cup serve not only to guide the reactor.cup in its
‘transverse-path;vbut also to prevent deformation'of.the'upper chamber
when applying the necessary\force to sealdthe high:pressure reactor.
Figure 2(b) is'a view of the reactor.cup'seated on:thevéold O-ring,
thereby encapsulating the'catalyst crystal in a smallivolume suitable
for the high pressure experiments - |

The high pressure flow loop (G C. loop) is fabricated from 1/4-
inch o.d. stainless steel ‘tubing and consists of a 0-1500 torr Heise
gauge measuring absolute preSSure to 0,25 torr, a 045000 sec/min
Fischer-Porter flow—meter and an MB-10 stainless steel.welded bellows '
pump (Metal Bellows Corp ) providlng a maximum flow rate of 2800 sec/min
ofrair under‘zero pressure drop. Composition of the-gas.mixture is
measured by routing the flow through a sample valve of a gas |
'chromatograph. The volumes of the reactor cup, G. C. loop, and
; sample volume are 571 cm3; 189 cm3, and 0.78 cm3, respectively

The high pressure system can be modeled as a continuously-stirred
batch recycle reactor operated under differential reaction conditions
(less than'O.lz conversion per pass).v Calculations'have shown that~
v_external mass transport resistances are neglibible and need not be
'iconsidered in the-analysis'of the kinetic data;33
. The platinum used in‘this study was purchased:in-the form of
Al)&-inch dia. s1ng1e crystal rods grown by electron—beam zone refining

(99 997 minimum purity) 34 Platinum stepped surfaces are generated

by cutting the platinum crystal at small angles from low index planes
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Thé'resulting high Miller Index surfaces have been shown to consist 6fv

terrances of constant width linked by steps of monatomic height.s’35

A low energy electron diffraction pattern and a schematic representation

‘of the stepped surface used in this study are given5in'Figs. 3(a) and

3(b). The surface is denoted'as Pt(S)-[6(111)*(100)],,indicatingvthat
the terracebis of (111) orientation, 6 atomic fows in Qidth; whilé ﬁhe
step is pf (lOOi orientétion and one atom in height;k To obtain this
geometry the sruface was first_x—ray oriented by a baék reflection Laue
technique to within #0.5°, and then sparkmachined a; 9.5° from the
(111) face toward the (100) plane. A LEED analysis Qas conducted iater
to confirm the orientation. After cutting, the éryStal.was mecﬁa#ically
polished by avseries of\abrasives,.the final polish ﬁeing 1/4.mic£onk“
A1203 bowder, and finally etched in hot 50% aqua regia'for 10 miputés
prior to use..‘The'résu1ting s£eppéd crystal was O.smmm fﬁick and

had a total Surfacé area of 0;76'cm2.; The‘cifcumferehtiél area

represented apprdximatély 13% of the total surface area and was

presumed to be polycrystalline in orientation.

vThe’OFO?O—inch dig. tanta1um electrodes used to support the
catalyst cryétél were triply zoné'refined (99.999% miniﬁum purity)
and etched iﬁ aﬁ 80%,solutionvof nitric aﬁd hydrofluoric acids for
10 minutésf _”. | | — |

Thé cycléﬁropane'was»obtained from Mathesbn aﬂd;QOntained less:
than 6;4Z‘impurities. Propylene accounted fdr‘appféﬁiﬁately 707% of

this impurity. The gas was passed through a bed of.-a:c’tivated'MgClO4

‘to remove traces of water.
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Hydrogen was obtained from the Lawrencé.Berkeley Laboratory and
had a minimum purity of 99.99%, the major impurity being oxygen. This
was also passed thfough activated MgClO4;priof to'inffddUCtion into the

gas éhromatograph or reégtof fiow loop.

In what Wiil'be terﬁed a fstaﬁdafd ruﬁ,"‘the pigfiﬁum single
crystal is firét.pretreatéd in 1 * 10-'6 torrldXYgenlétléOO—925°C for
2 hpurs with fﬁe feactbr cup ofen. Thié is suffidiéné-to remove
carbonaceous residﬁes frdm>the crystal surfaée base& Qﬁon previous

LEED-AES mea‘si.u:ements.36’.37

The oxygen ié then pumpe&.out of the UHV

‘system for an additional hour, while maintaining thé érysta1 tempera-
ture above'Qboéc, to remove adSOrbea okygen eséecially ;ﬁ the platinum
step sites. ‘The crystal is then cooled rapidly to'éooﬁc, at which

time the reactor cup is closed and hydrogen admittéd to é total pressure
of 780 torr; The platinum crystal is maiﬁtained in 1. atm of stagnant

Eﬁydrogen at i5°C for a period of 2 hours. These coﬁditions are more
.than sufficient’fo'fully'saturate'the platintm'bulk';ith hydr§gen

. étoms_bésed¢ﬁpon the solubility énd diffusiyity data{éf:Ebisuzaki et a1.38‘

During the reduétibn pefiod a cycloﬁropane-hydfbgen ﬁi#tﬁre'is prepared

.}iﬁ the G. C.‘ioop, suéh fhat wbeﬁ expanded into ;he.fétal reactor

volume (VR+VGC-=76O_¢m3)’ the initia1 partial pressﬁrgé of cyclopropane

- and hydrogen afe 135 to;r'and 675'torr, respectively. Pre-reaction

R chromatograms of the mixtﬁrevin the G.C. loop are tékéﬁ-fo detefminev
fthe'initiél‘composition of the reactant mixture. 'Aé_the:conCIusion of

Vthe'réductiqn period with the bellows circulation pump on, ﬁhe valves

separating the.reactor and G.C. loop volumes are opened, tHereby_routing
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the flow directly past thevbatalySt cfystal;and'commencihg>the catalytié
run. | |

The reaction gases were mbnitored periodically by'meahs of a
v6-port Samble valve houéed‘in a Varian Aefograph'1520;gas chroﬁatograph
contaihing duel'thermal conducfivity detecfors. Hydrdgéh’was chosen
as a carrier gaé to maximize the’sensitiVify of the thermal coﬂductivity
detector and to avoid the anomalous behavior of He/H2 mixtures reported

39. The components (propane, propylene, and

by Purcell ;nd Ettre.
vcycloéropane) ﬁefe separated at 35°C using a carrier‘gaé:flow of

. 30 ml/min iﬁ a 20 ft x 1/8-~in. $.S. column packed withaéoz-bis,
2-methoxy ethyl.adipate on 60/80 mesh A/W Chfomosorb<P,_ The oﬁtput _
from the detectors was recorded on a Honeywell Electronik 15 strip

chart recorder. The chromatographic peaks wefé intégratedvby the
triangulation method. Calibration curvesbfpf each#hxdf&égrhon component
devéloped'in a range of typical operating';Onditionéaweféxused to

‘convert peak areas to hydrocarbon concentrations.333_,
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'RESULTS AND DISCUSSION

Initial experiments:showed that the apparatus.described in the
previous section was easily capable of monitoring the rate of formation
of propane at 1 atm, total pressure on the Pt(S) [6(111)X(100)] single
crystal having a surface area of only 1 cmz. | |

Following.the standardvprocedure for a run, blank experiments
without the platinum‘crystal"in the reactor were made;to determine
~ the’ activity of the stainless steel walls, the tantalumielectrodes and
‘the platinum thermocouple'wires. At 75°C there was ‘no detectable
propane formedhduring the first 55 minutes of elapsed-reaction time.
‘Thereafter.anvery small propane peak uas'obseryed‘in.theagas chromatograms
which increasedyslightly by"the‘end'ofithe‘ZOO—minute run. However,
the propane.peah-formed’never;eiceeded the size of the:diminishing
' propylene»impurity peak. In summary, at 75°C there yas:no detectable
' reaction of cyclopropane to propane in the reactor system without the -
platinum crystal‘ The propane which was formed could be attributed
completely by mass balance to the reaction of the propylene impurity
contained in the cyclopropane. Approximately 45/ of the initial
QO 22 vol % propylene impurity in the cyclopropane reacted to form
propane, corresponding to 4. 4 X 10 =6 ‘moles of propane.'vvi |

The results of two typical experimental runs (1OA and 12A) carried
out under”identical conditions to determine the reproducibility of
the data are'shoun in Fig. 4;' The procedure used in these runs was

exactly the same as in the blank runs, with the exception that now
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the Et(s)—t6(ili)x(106)] siﬁgle crystal had been ipsérted into the
system,"The data have'Béen'éorrected.for tﬁe propyiéﬁg:impﬁrity<Which
-'reaCCéd coﬁﬁietély to'propéne in less fhan 15 minﬁtes'of elaﬁséd
reaction time.;'The only important diffefénée bétwegn.the two runs

was that in Run iOA the initi#l»éryétai>températuré'was 73.6°C, while
_that 1in Ruﬁ.12A was 74.49C. It should be noted that Eﬁe data points
generally follow a smooth curve,-indicating.that thé:e#ﬁerimeﬁtal
techniques emblOyed wefe'good and thaﬁ the éalculation'éf chromato_
graphic peak afeas by fhe triangulation method was conéisteﬂt. The
curves are remérkabl& similar ‘in shape. The initialhratesvfor RunSZIOA
6

and'1.76XIO_6 moles C3H8/min'cm2 Pt, respectively)

differ by approximately 10% while the conversion at 200 minutes of

and 12A (1.96x10"

elapsed reaction’time is identical in both cases at;1;72., Conside;ihg
thé possible‘SOurces‘of effof'inAthese experiments, éhe‘agfeément is
quite good.: Thesevand'o%he;bdatévhave led.us:to coﬁcl@dé tﬁétlfhe

‘reaction'rates'fepofted'are:probably feﬁfoducible tdlabdut 10%.

Additional réte”measuréﬁeﬁtS'at‘two higher témper#turesv(iOO°C

:and 132°¢C) érovided a basis for'qalculating a value‘of the activation

- energy for the'cyclopropaue—hydrbgeﬁ reaqtion. The iﬂitia1 rate and
‘temperature daté fof Ruﬁé 10A, 12A? 15 and 16 are sﬁmﬁa?ized in Table 2. 
'An.ArrheniQs p1ot of thesé points was .constructed in fig; SAand the
‘bést straight line arawn through thé data; The activéfionvenergy of

the cyclopropéne.hydrpgenolysis reéctiop caléulated from this plot

was E* = 12.2 i"'lv.O_ kcal/mole. Values of the activatibn-énergy réportéd

in thg'laterétuie for this reaction.&ﬁ platipuﬁ ca;aints fanée'from

8.0 to 12.2 kcal /mole '.285-30 ,40-4 8.
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. Summéry of the initial rate data for the determination of E#*
for the cyclopropane hydrogenolysis on the Pt(s) [6(111)%(100)].
single crystal.

15

2.46

Initial . :CryStal ﬁemperature . Initial
' ‘ ial 1 reaction
partial averaged over initial T rate
Run _pressure ‘rate measurement c R.
# of cyclo- o : 0
' Propane T 1 - [moles C,H,
(torr) ' ' B min-cm?Pt
10A,  135.0 73.5 2,88 1.96x107°
12A 135.0° 74.4 2.88 1.76x10 -6
135.0 100.2 2.68 5.98x10°
16 135.0 132.5 2.55x10™
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Having obtained a value of E*, it was possibleutovcompare the
initial'specific rates of reaction on the stepped single'crystal
surface with specific.rates reported on polycrystalline‘supported
platinum catalySts. The rates obtained in this study haue been
corrected'to 75°C using the abovetactiuation'energy andipresented in
Table 3 in units of moles c H /(min cm2 Pt). The auerage value given
in units of molecules C H8/(min'Pt site) was calculated by using a

3

combined site density for the total exposed platinum surface area.
Hegedus30’49 carried out a series of cyclopropane hydrogenolysis
experinents on single pellets of Pt/Al2 3° The physical characteristics
of one typical pellet and kinetic reaction rate data obtained on this
catalyst are giuen in Tables'4(a)vand 4(b). Using thisiinformation
and assuming 1607 dispersion'of the platinum; the rate:of the
cyclopropane hydrogenolysis at 75°C and 135 torr CP was calculated
and is presented in Table 3. A more realistic value for the platinum
‘dispersion, say'SOZ would result in a specific rate (820 molecules
3 8/min Pt site) which is nearly the same as the average of the four
rates in Runs lOA 124, 15, and 16 (812 molecules C H /min Pt site).
Boudart and coworkers17 have studied the cycloproprane-hydrogen
reaction on a number of highly dispersed n—Al2 3 and.'Y—AlZO3 supported
_ platinum catalysts.' A turnover number (molecules converted/minute-
“catalyst site) of N%9.8 was‘reported for‘a series of_these highly
dispersed.catalysts at 0°C and 10 torr initial.cyclopropane partial

pressure. The specific rates calculated from this data are also given

in Table 3, based upon the kinetic parameters reported by‘Doughar'ty28



Table . 3.

Comparison of initial spec1f1c ‘rate. data. for the cyclopropane hydrogenolysm
on platinum catalysts .

Data source

. C’alculated spccific reaction )

Rate @ CP = 135 torr and

. =02~

3

Type of catalyst . T =175°C Comments
' (:oles CaH molecules C3H
Amin . quP - Pt site
. Present study R_un' 10A 2.4 ><10'6 — Rate on Pt(s) - [6(111)>< (100)]
Run 12A S1.8Xx107 -6 single crystal bascd on =
Run 15 , S 1.8Xx107 -6 e - 12:2 kcal/molc
Run 16 ' 2.4 %1078
Average - 1.95%40° -6 *812 *Value based upon 87% (114) orientation
: ' and 13% polycrystalline orientation,
30,49 — 7 e
Hegedus™™ 0.04 Wty Pt 7.7X10 410 Bascd uggn avg, Pt site density of
on n- Al O - bascd on 1,12X10 atoms/emé. _This value
. n 273 1009 Pt “would be nearly cqual to average of
Sec Table I[II-5 dispersion above values if dispersion was approx-
= imately 50%., -
Boudart et a1V’ .0.3% and 2,00, 8_;9 x10"" - 480 —_ T‘CP = 0,2, E =8.5 1.<ca.1/mole.' -
o Pton n- A1203, T : ' ‘ ' ‘ ' o
and o 0.3% and 0.6 6 -
Dougharty Ptony - AL,O 2.5X10 1340 — nep = 0.6, E* - 8 5 kcal/mole,

(Dougharty reports E™* =8-9 kcal/mole and
= 0.2 to 0,6)
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Table 4(a). Physical characteristics of the platinum catalyst pellet

used . by Hegedus30 249,

@ 0.25 wt% Pt on n-Al2 3 diluted with 1’]--A1203 to 0 04 wt? Pt

@ n-Alzo3 surface area = 230 m /gram

@ Veight of pvel_let = 0.295 grams

@ Pellet density = 1.14 grams/cm3

Table 4(b). Initial rate data for the ¢yclopropane hydrogenolysis .

using the catalyst pellet of Hegedus?‘O’49 '

o Catalyst calcined in 3% 02 in N @ 400-410°C for 2 hrs,

. 3 Catalyst reduced in H, @ 300°C for 10 hrs.

®c; = 41.4x107° ﬁleTs (P2 = 900 torr)
2 ' - cm -2
. - ' 1n~6 moles o _

. CCP = 3,.‘.45>(]_0 —;;3— (PCP = 7._5.0_torr)

®rT = 75°C
rxn
® (kap), = 2.61 gec™ L

@ Reaction found to be first order in cyclopropane concentration.
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and”assuming a.piatinum site.déhsity of 1.12X1015 atoms/émz._ To
| within a factdr of two, the initial rate datavof Boudéff et al. and
that of the present study'are‘identical., | | |

The fact that7at_1 atm. total pressﬁré:a plétinum'stepped single
crystal behaves very much like a highly dispersed suppofféd platinum
catalyst fdr the Eyclobropéne hydrogenolySiévis a Véry.significant
result, It supports the éphfention that well-defined single crystal
suffacés afe.excéllent models.for'polycrystalline subporfed metal
catalysts. It a1so tends to verify Boudart's hypqthesis that the
cyclopropane Hydrogenolysis is an example of 4 sfructﬁre—insénsitive
reaction. ‘However, additional experiments on otherjsfepped and low
index platinum single crystals under conditions ideﬁéicél to that
reported here are needed for,more complete verificaﬁioﬁ,bf the
structure insensitivity of this reaction. I

In COnc1u§ion, this work hés shown that it is pdssible to measure
rates of reaction on a single platinum crysfal having a surface area
of 1 cm2 at atmospheric pressure using a thermal cénduc;ivity,dgtector
of a. gas chromatograph. It hasvbegun the task of bridging the gép
between traditional.heterogeneous catalytic studies?and fhose uéing
new analyticalrtools fo_probe the.surfacekpf a catalyét:on'an atomic
scale. :Using single'crystalé as ﬁodels for pochrystaiIine supported
catalysts these studies appear to be well suited to unéovér the
relationship between the morphology of the qatalyst surface and'its.

catalytic activity.
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FIGURE CAPTIONS:

"Fig. 1. Schematic of UHV assembly and flow loop_fbf high pressure

"Fig. 2;

Fig. 3.

Fig. 4.

" Fig. 5.

(1 atm.) catalysis on single,érystallblatipum surfaces.
Cloée—up of the reactor flange:

(a) . Detail of go1d O-ring seated in'feactor-flénge wall,

‘tantalum electrodes, and Pt/Pt=10% Rh‘thérmocouple wires. .

(b) Reactor cup seated on the gold O-ring‘td form the high

| pressure reactor. N _
Representation of‘the'Pt(s)-[6(111)*(100)] éﬁ?fate used in the
présent sfudy - | o

(a) Low energy electron diffraction pattefn;,-

- (b) Schematic diagram of the platinum steppédisurféce,

illustrating the spatial arrangement of the atoms,

‘Cyclopropane hydrogen61ysis on the Pt(s)-[6(111)x(100)]

singie érystal surface'(As=0.76 cmz). PEP'5;135 torr.
Pﬁz é'675 torr. Average crystal témperature.= 74°C.
Activation energy for the hydrogenolysis of cyclopropané

based upon initial reaction rates on the Bp(s)—[é(lll){(iOO)]

single crystal'(As = 0.76 cmz); P°_ =135 torr. Pﬁ = 675 torr.

- CP 2
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Figl 35
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