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Abstract

| The adsorption and thermal desorption of CoHy, CoH,, C3Hg, and 64H8 (cis-
and trans—) on Pt(11ll) has been studied aé a function of covefage. The undisso-
ciated olefin molecules, in the monolayer coverage range, desorb at 285 ¥ 4°K,
280 * 5°K, and 261.1 6°K for CoH4, C3Hg, and CyHg, respectively. At high ex-
posures, multilayers of C3Hg and CiHg formed while the Pt(11ll) crystal was
maintained at 110°K. The desorption témperatures of these multilayers are
139 % 5°K and 150 * 8°K for C3Hg énd C4Hg, respectively. Afﬁer the partialv
desorption of the undissociated molecules, the remaining adsorbed hydrocafbons
decompose to yield desorbing Hg and partially deh&drogenatéd surface species.
The three olefins give rise to a sharp Hz—desorption_peak at 297 * 4, 296 * 4,
and 294 * 5°K for CoH4, C3Hg, and C4H3,'re$pectively._ The remaining surface
species undergo a further dehydrogenation reaction that gives rise to another
sharp desorption peak at 492 * 6, 436 £ 5, and 381 * 5°K, respectively. At
even higher temperatures a series of three more Hy peaks, at similar tempera-
tures for all the hydrocarbons, appear at ~ 550, 640, and 710°K; These Hy
peaks represent the final and complete dehydrogenation of the hydroéarbon frag-
ments on the Pt(111l) surface. The Hy desorption spectrum of CgHp is very
similar to that of CyH; except for the absence of the first Hy peak at 297°K;
Do coadsorption produces changes in the binding.of the hydrocarbon molecules
on the Pt surface. Limited D incorporation into the undissociated hydrocarbon
molecules has been observed to occur through H-D exchange in the coadsorption
experiments. At higher temperétures, the stable room temperature phase of
all these hydrocarbons undergoes extensive H-D exchange when exposed to Do

without decomposition.



Introduction

Thermal desorption spectroscopy (IDS) is a.useful technique to obtain
informétion on the bonding properties of molecules adsorbed on solid sﬁrfaces.
Reaction orders and kinetic parameters can be obtained for the various surface
reactions that.give rise to the.observed.desorption peaks. We héve sued this
'technique to obtian information o the activation energies and preexponential
factors that determine the desorption and décomposition reactions of CoHjp,
CéH4, CsHg, aﬁd C4Hg adsorbed on the Pt(1l1ll) surface. The first two hydro-
carbonsvhave'recéived much interest recently, and various models ﬁave been
proposed.for the stable room temperature phase that is formed upon heating
the adsorbed hydrocarbons to About 300°K. Low energy'electron diffraction
(LEED) and high resolution electron energy loss spectroscopy (HREELS)

techniques were used in this laboratoryl which led to the conclusion that the

stable surface species is ethylidine ( C-CH3) with avyerticle C-C axis.
o Aﬁother model was proposed alsobby use of HREELS to be ethylidene (=CH—CH3)2’3
with an inclined axis. Other techniques have also been used, including
ultraviolet photoelectron speétroscopy (UPS)4-ahd TDS? which led to the
proposal of still another model, namely vinyl group species (CH-CHj) for the
stable surface species. However, some conseﬁsus seem to have been reached
lately as to the nature of the surface species at room temperatue.6 It
- appears that ethylidine (C-CH3) is the correct model as deduced from a
careful comparison of the observed HREELS vibration frequencies and the
infrared absqrption spectrum of the organometallic compound CH3CCo(CO)9).7
Our TDS data provides further confirmation to this assignment and élso

extends this result to other similar surface species that form upon adsorption

of C3Hg and C4Hg on the Pt(11ll) surface after heating to room temperature. The
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formation of propylidyne and butylidyne in the latter molecules is also confirmed
by recent LEED studiés in our laboratory.8

The alkylidyne species are not the exclusive property of the Pt(11l1)
surfaces but appear to form as well on the metal surfaces like Pt(100)9,
Pd(111),10, and Rh(111)11.

We have also investigated the possibility of exchange between H, in ﬁhe
alkyliding surface species, and D. This exchange is observed to occur ex-
tensively without dissociation of the surface species. These results will
pfovide new information as to the reaction meéhanisms that take piace on the
Pt surface layers. The interaction of preadsorbed Dy and the hydrocarbon
molecuies, prior to the formatidn of the stable alkylidynes, is also

investigated.



Experimental

The experiments were performed in an ultrahigh vacuum chamber evacuated
.with ion and diffusion pumps. - The Pt(11ll) single crystal samples were in the
form of thin discs of approximately 1 cm diameter and thickness of ~ 1 mm.
:The crystal was mountea on a U-shaped Pt wire of 0.020 inch diameter, spot
welded around the edges. Temperatures were measured by means of a chromel-
alumel thermocouple spotwelded to the top edge of the crystal. Heat was
carried to and from the crystal through-the Pt wires. These wires were firmly
fastened to two éopper blocks that could‘bercooled to liquid nitrogeﬁ tempera-
tures. The crystal could also be rotated to allow positioning for Augerv
electron spectfoscopy (AES),'low energy electron diffraction (LEED) and
thermal desorption experiments (TDS). Detection of tﬁe various desorptioﬁ
products was performed with a UfI—mass spectrometer with the ionizer placéd
at approximately.IO cm from the Pt crystal face. A linear'temperatufe ramp
‘was'achieved in the range of 110-800° K by suddenly passing.a high currént of
the 6rder of 15 amps through ﬁhebsupporting Pt wires. The heating rates were
always in the range of 7-14° K/sec, with a constancy of % 0.5°K/sec'in the
temperature range studied. Pumping times for the different gases used were
of the order of 0.5 seconds or less. |

The different hydroéarbons-used in this work were introduced into the
vacuum chamber via a leak valve with a capillary tube to dose the crystal
from ~ 1 cm distance from the surface while the platinum sample was held at
110 Ki Pressures and exposures were measured with a Bayard—-Alpert ion gauge
without correction for inhomogeneous pressure distributions and differences
.in sensitivity, especially with hydrocarbons. - The values of all the expo-
sures in Langmuirs (1 L = 1076 torr x sec) given in this work are thus

only qualitative.



The cleanliness of the surface was monitored by Auger electron spectros—
copy with a retarding fieid analizer. After the TDS experiments with the
unsaturated hydrocarbons, the crystal surface was covered withlcarbon, typically
with a ratio of Auger peak heights C(275.eV)/Pt(237 eV) <1. This carbon
could be easily removed by heating in 2x10~7 torr of 0, for 5-10 minutes
at a crystal temperature of ~ 1000° K. Subsequently, the crystal was flaéhed
to above 1300°K and then cooled to 110°K in a period of ~ 5 minutes.. Back-
ground pressures in the range of 10~10 torr were usually obtained but in-
creased during the course of the hydrocarbon experiments and Oy cleaning
to reach a final value,Between 1 and 2x10~9 torr. It is possible, however,
that this baékground pressure is inhomogeneous as the liquidvnitrogen cooling
’device near the crystal acted as a very effective cryopump.

When desorbing the hydrocarbons, in the course of the TDS experiments,
desorption of hydrocarbons édsorbed on the cooling device occurred that gave
rise to a very sharp peak at the beginning of the flash and then to a slowly
rising background. The first peak corresponds to desorption from the Pt
wire that served to cool and heat the Pt crystai and the slowly increasing
background is due to the Cu-blocks tbat heat slowly in the course of the TDS

experiment.

Reéults

The adsorption and subsequent desorption of the unsaturated hydrocarbons
on Pt(11ll) were studied as a function éf exposure. The hydrocarbons studied
were acetylene, ethylene, propylene, cis—butene and trans=butene. When the

crystal was heated, after the low temperature adsorption (110)°K) of the
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hydrocarbon, a series of reactions occurred ghat led to partial desorption of
undissociated molecules firsf and then, at a slightly higher temperature, to
Hy evolution from the sequential’dehyd*ogenatidn of the remaining surface
species. The Hy-TDS spectra obtained for the various adsorbed olefins is
summarized in Fig.l. For all of the olefins that were studied, the primary
déhydrogenation process gave rise to a sharp Hjp desdrption peak at approx-—
imatély the same temperature of 296°K (withiﬂ 3°K) for the three olefins.

This peak will be referred to as peak A in the foliowing. At still higher
temperatures, a second dehydrogenation reaction tgkes place, that gives rise
to a second Hj desorption peak (referred to as peak B) at a temperature

that decreases with increasing molecule weight of the hydrocarbon, as shwon
in‘Figfl. Finally, a series of three more Hy desorption peaké (peaks C)
appear at temperatures’above 500°K which represent the final.and complete
dehydrogenation of the remaining partially dehydrogenated layer on the Pt(11l)
surface. - These higﬁ temperature Hy-TDS peaks are very éimilar for ail the
unsaturated hydrocarbons studied, indicating nearly equivalent decomposition
mechanisms. |

Acetyiene has a Hz-TDS spectrum similar to that of ethyléne, with the ex-—
ception of peak A that is missing iﬁ acetyleﬂe, as seen in Fié. 4,

In Téble I we list the temperatures of the desorption peaks for all the
adsorbed hydrocarbons that were stgdied.-

The exchange of hydrogen and deuterium in the'adsorbed hydrocarbons'was
also studied in two different temperatures regimes. At low temperatures we
investigated the H—D exchange in the undissociated molecules by coadsorbing
Do aﬁd the hydrocarbon. At higher,temperaturgs (aBove 300°K), the exchange

of H in the stable surface species is studied as a function of exposure to Dj



at various temperatures.

Kinetic parameters for the processes giving rise to the varioué desorption
peaks can be extracted from tﬁe observed peak bosition and width in the TDS
curves. A simple method to obtéin activation energies and preexponehtial
factors was used for the first order process that occurred in thé present
study. The values obtained using this method aré summarized in Tables II and
ITI. .The details of thé method are exbbsed in the appendix af the end of
this paper.

We déscribe now the adsorption aﬂd thermal desorption behavior of each
hydrocarbon on the Pt(1l1ll) surface separately.

Ethylene: In Fig.2 we show the TDS' curves after various expésures of
‘the Pt(111) surface to CoH,. Undissociated molecules desorb with a main peak
at 285 ¥ 4°K. At temperatures that are only slightly above this desorption
peak, decomposition of the remaining adsorbed C)H4 molecules occurs which
gives rise to Hy evolution. Two major peaks, A and B, appear in the Hy~TDS
curves at 297 % °K énd 492 * 6°K, respectively. Peak B is accompanied by
~ two shoulders at temperatures of approxmately 435 and 550°K. The intensity
of these two shoulders is not always constant in thé different experiments and
may be the result of the decomposition of other hydrogarbon fragments that
are present in the surface in small amounts. In fact, the 550°K shoulder
lies in the region that we call C, where éimilar Hy desorption peaks are
observed with the other unsaturéted hydrocarbons.

The area under the Hyp-TDS curves increases linearly as a function of ex-
posure, as shown in the insert of Fig.2, up to ébout 0.4 L where saturation
occurs.

The contribution of the three different regions (peaks A, B, and C) to.

the total area has been measured. Essentially, peak A alone accounts for
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33 * 3% of all desorbed Hy. Peak B accounts for 52 £ 3%, while the two peaks
at 641 and 704°K of region C account for 15 t 3%. We have included the con-
tribution of the shoulder at 556°K in peék B due to its strong oveplap.l

The temperature of the various desorption peaks does not change as a
function of hydrocarbon exposure, indiéating that first order processes govern
the desorption and dehydrogenation reactions in each case.

If Dy is préadsorbed on»the surface at 110°K, and then is exposed to the
hydrocarbons, the following changes in the TDS curves are observed: (1) The
undissociated molecules show a broad distribution instead of the well defined
péak at 287°K. This is.shown in curve C of Fig.2, corresponding to a pre-
adéorption of 6 L ova2 followed by exposure to 0.2 L of CoHse (2) The
'~ Hp—TDS curves show a change in the relative areas of peaks A and B,'the latter
peak being leés 1ﬁ£ehse than in the absence of preadsorbed Dys. Also, the
total area of the Ho-TDS curve is less than that corresponding to the same
hydrocarbon exposure in the absence of Djy. Desorption of HD is observed in
thié coédsorption experiments. The HD-TDS curves are similar to the Hz-TDS
curves, but the relative area of peak B is still smaller than in the H)-TDS
curves. The order in which Dy and CoH; are adsorbed is unimportant for low
CoH4 exposures (<0.1 L), but at higher exposures of ethylene (>0.4 L) D) can
no longer be adsorbed. The D9-TDS curves show a main peak between 200 and
300°K, depending on the exposures to both Dy and CyH,. Also, a small Dy peak
is observed at the position of peak A that overlaps‘the main Do peak. Examples
of these results are shown in Fig.3. For comparison the Dy and Hp-TDS curves
obtained after exposure of the clean surface to D or CoHy, alone are also
given. The shoulder beiow'peak A in one of the HD-TDS curves corresponds to H-
D recombination from adsorbed béckground Hy. All these results show that only

a little amount of exchange between the hydrocarbon and the D-atoms takes
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place at these low temperatures.

Acetylene. Acetylene gives a Hyp-TDS spectrum similar to that of
ethylene except for the absence of peak A, as can be seen in Fig.4. The tem—
peature of peak B is again 492 i 5°K. The small peak at approximately 230°K
that is present in the figure is due'to background Hy adsorption. A plot of
the area under the H9p=TDS curves versus CoHjy exposure shows a linear
increase up to about 0.4 L where saturation is observed. If Do is pread-
sorbed at 110°K prior to CoHy adsorption, the Ho-TDS curve is similar but
less intense thant that obtained after the same CoHo exﬁosure of the clean
Pt surface, as shown in Fig.5. The.extent of H-D exchange and D incorpora-
tion under these conditions is very small, as shown by the small intensity
of peak B in the HD and D9~TDS curves. The D9—=TDS curves show only one
large peak at about 230°K which corresponds to.the desorption of unreacted
Dp. The other peaks of Hyp and HD in the curves of Fig.5, at temperatures

between 200 and 300°K, are due to adsorbed Hp from the background.

Propylene. In Fig.6 we show the TDS curves from adsorbed C3Hg obtained
after an exposure of the Pt surface to 0.5 L of hydrocarbon. The undissociated
~molecules desorb with maximum rate at 280 * 5°K at low exposures (0.2 L). At
higher exposures other smaller peaks appear at 245, 200, and 139 * 6°K. The
245°K peak overlaps strongly with the 280°K peak, and the 139°K peak corres-
ponds to the formation of multilayers as shown by its rapid inérease at high -
exposures (see Fig. 7a). After desorption of undissociated molecules the
dehydrogenation of the remaining adsorbed C3Hg molecules gives rise to the Hp-
TDS curve of Fig.6. Peak A is found at 296 * 4°K, peak B at 436 * 5°K and
at higher temperatures (C region), three more peaks at 524 * 4, 637 * 4 and
712 * 4°K. The shoulder at 328°K is dué to hydrocarbon adsorption from the

background that occurs during the cooling of the crystal after high
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temperature cleaning in O0g9. Similar shoulders were observed in some cases
also for CoH,i. An example of this background adsorption is shown in Fig.l13.
The relative areas under the peaks A, B, and C were measured to be 26 # 3,
41 + 3, and 33 * 3%, respectively. The contribution of peak A may be over-
estimated due to the shoulder at 328°K. A plot of the area under the Hy-TDS
curve versus exposure giveé a linear increase up to about 0.4 L>where satura-
tion occurs. In the Dy precovered surface, the saturation is observed to
occur at lowér exposures of hydrocarbon (depending on the‘Dz exposure).
The peak at 280°K from the undissociated C3Hg is substituted by a broad
distribution, as shown in Fig. 7b; The formation of multilayers in this
case occurs also at lower exposures than in the absence of Dj. The Hy, HD,
and.Dz-TDS curves from coadsorption experiments are shown in Fig.8a. vThe
same general observations as for CoH4 can be repeated here. The Hp-TDS
curves shqw a decrease in the intensity of peak B relative to pe&k A, The
HD-TDS curves are similar, but with a still less intensive peak B and the
Dy-TDS curves show still smaller peaks A and B. .Most of the Dzldesorbs at
temperatures below that of peak A which, in the example of Fig.8a, overlaps
strongly with peak A. Incorporation of the coadsorbed D into the undissoci-
ated molecule, through H-D exchange prior to desorption, is observed to |
occur. This is shown in Fig.8b, where the TDS curves correspondening to
atomic mass units 42; 43, 44, and 46 are shoﬁn for a surface exposed to 12 L
of Dy at 110°K followed by 0.5 L of C3Hg. For feference, the gas phase
mass spéctrum of C3Hg is shown in the insert. As we can see, no desorption
at mass 44 is observed when Dy is not preadsorbed. The absence of peaks
at mass 46 indicates that exéhange of more than 3 H atoms is negligible

under these conditions.
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Cis~ and trans—2-butene. Although both isomeric forms of 2-butene were
studied, no differences were observed in the TDS curves of both undissociated
C4llg and Hy molecules. Consequently, we will not distinguish_betweenvthese
two forms in describing their adsorption:and desorption behavior. In Fig.9
we show the TDS curves from a Pt(111) surface saturated with C4Hg which occurs
after 0.3 L exposure. The H2-TDS'curves show peak A at 294 T 5°K,.peak B at
381 + 5°K; and the group of C peaks at ~ 583, 634 + 6 and 705 * 4°K. Back-
ground adsorption of :esidﬁal C4Hg while the crystal was above 300°K was
usually more severe than wifh the lighter hydrocarbons. This background ad-
sorption resulted in thé filling of the valley between.peaks A and_B, partica?
larlyvat the lower exposures. For this reason, exposures below 0.1 L are not
considered here. The relative areas_éf peaks A, B, and C are 24 £ 3, 50 % 3,
and 25 t 37 in that case.

The undissociated molecules desorb with a main peak at 261 * 6°K, i.e.
34°K below peak A. At high exposures another peak is bﬁserved at 150.t 8°K
that corresponds to the fofmation of multilayers, as shown in Fig.1l0a. If D
is preadsorbed at 110°K, the 261°K peak is substituted by a broad distribution '
with increasing D coverage, as shown in Fig.10b. Also, the formation of multi-
layers is.enhanced by the presence of deuterium. These results are,in the
same line as those from.the other hydrocarbons.

The H7p—TDS curves are also affected by Dg preadsorption in much the same
way as in the other hydrocarbons. The H2-TDS curves show a relatively smaller
peak B, as seen in Fig.9. This peak becomes even smaller in the HD-TDS curves
and in the Dy~-TDS curves, the Dy peak appears at temperatures lower than that

of peak A.
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H~D Exchange in the Stable Room Temperature Hydrocarbon Monolayer

When heating the adsorbed hydrocarbon at temperatures above that corres—
ponding to peak A, but less than that corresponding to peak B, it is known
that adsorbed CoHy and CoH, give rise to a stable species which has been
" identified as ethylidyne. Exchange between H iﬁ this species and D was in-
vestigated by exposing the Pt surface covered with C9H9 and C9H4 to gas
phase Dj at varioué temperatures and D9y pressures. The extent of the exchange
is indicated by the intensity of the Hp, HD, and D9-TDS curves after such
an experiment. It is found to increase with increasing surface temperature
énd Dy exposure. It also depends on the initial hydrocarbon coverage being
larger for the lower surface coverages. In Fig.ll we show some examples of
these experiments. In Fig.lla we show Hj, Hﬁ, and D9-TDS curves following
a 12 L Dy exposure of a Pt surface previously expdséd to 0.1 L of CoHy at
110°K. During the Dz exposure the surface was maintained at 400°K. The top
curve is a Hyp=TDS curve from CoHy which has not been exposed to Dp. The
second curve corresponds to a surface exposed to 0.1 L.of.Céﬂz and heated
in vacuum ét 400°K for 60 seconds. As we can see, no modification occurs in
that case. If the same surface is exposed to 2x10~7 torr °va2 for 60
seconds at 400°K, appreciable exchange occurs as shown by the three lower
TDS curves corresponding to Hp, HD, and Dgp. From the relative areas
under‘these three curves, an average composition of 2-H and 1-D atoms pér
molecule can be estimated. In another example shown in Fig.l1llb, the Pt
surface was initially exposed to 0.1 L of CoH4 at 110°K. Again no loss of
Hy from the ethylidyne species is observed if the surface is heated in
vacuum to the reaction temperature (388°K in this case), and for the same
length of time. If, while the crystal is maintained at 388°K, Dy is admitted

into the chamber for a total exposure of 30 L, extensive exchange takes place
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as shown in the figure by the Hy and D9-TDS curves. In this example the
average H:D atom ratio per molecule is found to be approximately 1:2. It is
interesting to note that the temperature of peak B aftef these exchange experi-
ments is found to be somewhat greater than in the absence of exchange.. The
temperature of the peak is now 502 ¥+ 8°K, i.e., 10°K approxmately greater than
in C9Hg and CyHy; alone.

D2 exchange witﬁ the stable proplylidyne surface species also occurs
readily. In the example of Fig.1l2, curve a corresponds to Hy thermal desorption
after exposure of the Pt surface to 0.3L of C3Hg. Curve b is the result éf
heating this surface layer to the reaction temperature of 363°K for 2 minutes
in vacuum and then allqwing it fo cool to 110°K prior to desorption. In
curve ¢ the surface layer of C3Hg was heated to 363°K for 2 min. in vacuum,
followed by exposure to 2x10"7 torr of Dy for_another 2 min. at the same
temperature of 363°K.. As in the case of CoHg, the extent of exchange increases
with increasing surface temperature and Dj exposure.‘ It also depends on the
hydrocarbon coverage being largef ét the lower C3Hg coverages. In ﬁhe case
of C3Hg the amount of exchange, as measured by intensity of peak B in the HD-
TDS curves 1is limited, for a given exposure, by the lower temperature that can
be used in the exchange experiments, as peak B occurs at 56°K lower temperature
than in the case of CyHg. This limitation is still more severe in the case
of butene. For this reason the exchange in the stable form of butene was not

studied in detail.

CoHy, Adsorption on Pt(111) with C Layers

A final set of experiments was performed to study the adsorption of CoHy

on a Pt(11ll) surface that was covered with dehydrogenated carbon residues.
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We eiposed the surface to 0.1 L of ethylene successively after each TDS ex-
periment without removing the C deposit left from the preceding experiments.
Essentially, the same shape of HZ-TDS curve was obtained. The relative area
of peak A, however, was smaller than that of peak B, the difference increasiné
with increasing C coverage. In Fig. 13a, we show the H9-TDS curves corresponding
to C coverages of 0 and 1. The coverage of 1 corresponds to a C(275)/Pt(237)
~ Auger peak ratio of ~ 2, according to a recent absolute deferminaoionvusing clé4
labeled hydrocarbons.16 The dashed curve in the figure corresponds to background
adsorption of residoal hydrocarbons in the process of cooling the crystal.
This background adsorption gives rise to shoulders'in the high temperature
side of peak A. A plot of the intensitites of peaks A and B, as a function

of the C(275)/Pt(237) Auger peak ratio, is shown in Fig.l1l3b

Discussion

Ethylene. The desorption of undissociated CoH; molecules occurs with
makimum rate at 285°K, i.e. 12°K before the maximum desorption rate for the
decomposition reaction giving rise to peak A, From the observed low tempera-
ture half—width (19 * 3°K) and peak temperature, the following values for the
activation energy E and preexponential factor v were obtained as discussed in
the appendix section: .
9.2 + 2.8

E =12.0 £ 3.2 kcal/mol ' v =10 _ sec™l

Formation of multilayers was not observed with CjH4; at 110°K.

Eollowing the desorption of undissociated CoH4, partial dehydrogenation
of the remaining surface species occurred with maximum raté at 297°K. The
species resulting from this first dehydrogenation has been shown by LEED and

HREELS 130 to be ethylidyne ( = C - CH3). The corresonding reaction is

then
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(C2H4)ads ——> (C2H3)aqs + 1/2 Hy (1)

Since the desorption of Hy is observed to be first order, we can assume
that the rate limiting step in reaction (1) is the breaking of C-H bénds.

The desorption of Hy occurs then by H recombination in the Pt surface. . This
second reaction must be fast to account for the observed order of the reéction.
This is, in fact, the case as demonstrated by the much loﬁer desorption
temperature of the coadsorbed Dy in the example of Fig.5 where the Dy peak
appears at ~ 230°K.

The largg shift of the Dy peak when coadsorbed with hydrocarbons’as
compared to the desorption from the clean Pt surface (atv~ 300°K), can be ex—
plained by the repulsive interactions between the D atoms and the hydrocarbon
molecules. .This repuléion explains also the desorption of undissociated
hydrocarbon molecules at lower temperatures in the presence of preadsorbed D2.
~Similar effects that were observea during D) coadsorption experiments with C4Hjg
and C5H12 are reported eisewhere.17v .

From the observed low temperature half?width (13 £ 1°K) and the temperature
of peak A, the following values for the activation energy E, and preexponential
factor v were obtained (see appendix) for the reaction (1):

| 13.6 * 1.4

E = 18.4 * 1.7 kcal/mole v = 10 sec™1

Reaction (1) implies that the area of peak A should be 25% of the total
area under the H9o—TDS curve. This value is not far from our measured 33 % 3%
contribution of peak A. The discrepancy is pfobably due to the observed sen-
sitivity of the relative areas of peaks A and B fo.the presence of coadsorbed

Hy (or Dy). This was demonstrated in our coadsorption experiments with Dj,

where the area of peak A was found to increase, relative to that of peak B,
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when Dy was preadsorbed on the surface. A possible explanation to this effect
might be that some CpHy (or CpHg) desorbs from the surface after the desorption
of peak A. This desorption could then be the result of the rehydrogenation
of CoHj intermediates in the presence of adsorbed H (or D) to yield CoH,4 (CoH3D)
or CyHg (CyH3D3) instead of forming ethylidyne. Another possibility is the
occurance of reactions similar to (1) but with loss of two H atoms which would
leave CoHy species on the surféce similar té those fbrmed with acetylene.

At higher temperatures, the stable ethylidyne spécies decomposes giving
rise to Hg desorption (peak B) with maximum rate at 492°K. Recent HREELS
studies3 indiqa;e that at temberatures above this decomposition reaction the
remaining surface speéies are CH groups.X*¥ We prdposg then the following re-—
actions:.

(CoH3) ags —=> CpliHy  n<g2 ‘ (2)

At present it is not péssible to conclude which of these reactions
(n=1,2) occurs, although the existence of three peaks in region C (at 550,
641, and 704°K) seem to indicate that more than one type of CHugr§ups exists
on the surface after the decomposition of ethylidyne.

' The activation energy E, and preexponential factor v for this decompo-—-
sitién'reaction (2) were obtained from the observed low temperature half-width
(29 t 5°K) and peak temperature (see appendix), ﬁhe results are

E = 22,0 % 4.l.kca1/mol
v = 109¢5+2.0gpc~1 |

Finally, the comple?e dehy&rogenation of the CH type residues yields
peaks C at temperatures of ~ 550, 641 * 4, and 704 * 4°K. Since these peaks
overlap strongly with each other, it is not possible to use the method of the
peak width to obtain the kinetic parameters. An estimate of the activation

energies for these decomposition reactions can be obtained by assuming a
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of formula (2) of the appendix: 33, 39, and 43 kcal/mol, respectively, for

‘the processes giving rise to the 550, 641, and 704°K peaks.

Acetzlene

It has been shown by LEED and HREELs;s6 that the stable room temperature
phase formed upon adsorption of CpHy on the Pt(ill) surface in the presence
of Hy is also ethylidyne. The formation 6f this species,'however, requires
the incorporation of one H atom per molecule, a process that does not occur
efficiently in the short time of our desorption experiments. This is shown
in the resglts of Fig.5, where negligible incorporation of D was observed in
" the coadsorption experimenté. HREELS experiments by Ibach gE_gl.z'have shown
that the stable'species formed after heating the adsorbed CyHy to room
temperature in vacuum is different from ethylidyne; A possible candidate for
this species is vinilidyne (=C=CH)). The decomposition péttern of this
species is remarkably similar to that of ethylidyne, as shown in the Hp-TDS
curveé of Fig.4. The decomposition reaction can be written as:

(C2H2) adg==>(CpH) ads+1/ 2H | n< 2
with similar fragments left on the surface as in'the CoHy4 case. The activa-
tion energy, E, and preexponential factor v were calculated following the
procedure outlined in the appendix using the measured low temperature half-
width (31 * 3°K) and peak temperature (492 * 5°K). The following values
were obtained:

E = 20.6 * 2.2 kecal/mol

8.8+1.2
v =10 sec™1

Progzlene

The desorption of undissociated C3Hg molecules proceeds at maximum rate at
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280°K at submonolayer coverages. This desorption préceeds by 16°K the onset
‘of dehydrogenation reactions at its maximum rate. Using the method of the
appendix, the following values of E and v were obtained from the low temperéture
half-width at low coverage (17 * 2°K) and the peak temperature:

E = 12.2 + 107 kcal/mol

v =109 04"'10 Ssec-l

At higher exposures, other peaks appear at 245, 200, and 139°K t 6°K. The
widths of these peaks could not be measured as a result of their strong overlap.
The last qne'corresponds to the multilayer desorption. Estimates of the
“activation energies are obtained by assuming v =1013 and by use of formula

.(2) in the appendix. The following values are thus obtained: 15, 12,vand 8
kcal/mol, respectively.‘

The dehydrogenation behavio: of C3Hg is similar to that of CoHi. The
first reaction, that results in the formation of peak A, gives rise to a stable
species of a simiiar nature to that obtained with CoHy, i.e. propylidyne
(= C—CHZQCH3). -This has been demonstrated by recent LEED studies in this

laboratory.8 The following reaction is then proposed:

(C3Hg)aqs —=> (C3H5)aqg + 1/2Hj (4)
The arguments used in the case of CjHy cankbe repeated here regarding
the H recombination step in the_Pt surface. The measured low temperature
half-width (12 * 2°K) and the peak temperature (296 + °K) are used to measure
tﬁe activation energy E and preexponential factor v , as explained in the
appendix. The followiné values of E and v are found for this C-H bond breaking

reaction: ‘
E=19.9 £ 3.6 kcal/mol

vV = 1014.8+2 ogsec"l
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The area under peak A, according to the reaction (4) should be 17% of
the total area under the Hyp TDS curve. The discrepancy between this value
and our measured 26 % 3% is due probably to the mentioned increase in thé
relative area of peak A as a result of small background Hy coadsorption and
also to the-presence of the shoulder at 328°K that increases the relative
area of the peak.

The decomposition of prop&lidyne to yield desorbed Hyp and CH residues may
be written as

(C3Hg) 5495 ——> C,H1 + 2Ho n<3 (5)

Since the CH species gi&es three Hy desorption peaks in the C region
similar to those from CoHy and CoH;, it seems that the same type of residues
are found in that case. From the low temperature half-width of peak B
(20 £ 2°K) and.the peak temperature, the folldwing values for E and v are
obtained as explained in the appendix:

| E = 25.7 * 2,9 kcal/mol
12.7 £ 1.6
v = 10 v sec'l

As in the case of CgH4, the values of the activation energies for the
peaks in the>C region can be estimated by assuming v =1013gec~1 which gives
the following values of E for the 524, 637, and 712°K peaks, respectively:
32, 39, and 43 keal/mol. |

The effect of Dgp preadsorptioﬁ is much the same as for the other hydro-
carbons. The possibility of exchange in these experiments between the C3Hg
molecules and the D atoms has been demonstrated.‘ Since the maximum number of
H atoms exchanged with D atoms did not exceed 3, it seems tempting to conclude

that the methyl group did not participate in the exchange.

‘v
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2-Butenes
Recent LEED studies in this 1aboratory8 with 2-butene édsorbed on Pt(111)

have also shown that here again the stable room temperature species after, ad-
sorption of C4Hg on this surface is butylidyne ( = C-CHyp-CHy-CH3). This re-
quires a shift of the double bond from the second to the first C atoms. Our
Hy TDS results also support this assignment in view of the simiiar spectra
obtained with CoH, and C3Hg. The.decomposition pattern of the adsorbed C,Hg
. can thus be interpreted in a similar way, with the following reactions:

(C4Hg) ads -—=> (C4H7) ags + 1/2 Hy : N (6)

(C4H7) age ~—-> (Co)ads + 3Ha n <4 )

Reaction (6) with a C-H bond braking step as rate limiting gives rise to
peak ‘A at 294 * 6°K aﬁd a low temperature half-width of 21 * 3°K. With fhese
values the following values of E and;v are obtained in the manner indicated
in the.appendix: | |
E = 10.7 * 1,8 kcal/mol
7.8 £ 1.5
v =10 sec™l

The low value of v obtained in this case (as compared to the corresponding
values for CyH; and C3Hg) is somewhat surprising if one considers the simil-
arity of the C-H bond breaking processes involved in each case. This low
value of v could be a spurious result from the éxisﬁence»of tﬁo or more
étrongly overlapping peaks at the position of peak A in C4Hg. This overlap.
would give rise to a wide peak and a consequent low value of v . In that
case, one could not use the method of the appendix to obtain E and v . An
estimate of E is possible by assuming v =1013sec'1, which would give a value

'of E=17.7 kcal/mol, according to formula (2) of the appendix.
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The afea under peak A predicted by reaction (6) is 13% to be compared
with our measurea 24 T 3%7. The reasons for discrepancy are most probably the
same as those given in the case of C3Hg and will not be repeated here.

The kinetic parameters'forrreaction (7), E and v, can be obtained from
the low teﬁperature half-width (24 * 3°K) and peak temperature as explained in
the appendix; The resulté are

.E = 16,0 * 2.2 kcal/mol

9.0 £ 1.5
v-=10 v sec™1

A similar treatment to the C region peaks which represent the dehydrogenation
of the CH residues gives the following estimated values of E (assuming v =1013
sec™7): 36, 39, and 43 kcal/mol for thé processes fiving rise to the 583,

634, and 705°K Hy peaks, respectively.

Partial desorption of undissociated molecules preceeds by 33°K, at the
maximum rates, the decomposition reaction (6). Using the method of the appendix
the kinetic parameters E and v for the desorption procéssvwere calculated
using the low temperature half-width (17 + 3°K) of the 261°K peak. The result

is :
E =10.5 * 1.7 kcal/mol

8.7 + 1.2
v =10 sec™1

At high exposures multilayers of butene formed that desorbed with maximum rate
at 150°K. Application of the same method using the measured low temperature

half-width (11 * 2°K) gives

[25]
It

5.2 * 1.1 kcal/mol

and 1077 3 lelgec-l

<
i
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H-D exchange in stable alkylidyne species

We have shown in the experimental section that exchange of H and D in
the ethylidyne and propylidyne species occurs readily. The process is an
activated one as seen by the increase in the area under the HD TDS curves as
a function of temperature. An importanﬁ observation also is the invariance of
the area and shape of the H9-TDS curves after heating ;n vacuum the ethylidyne
and propylidyne covered Pt surface (see Figs. 11 and 12). Since the.tempera-
ture was the same aé that in the exchange experiments, we must conclude that
- the intermediate species in the surface reaction must not contain a smaller
number of hydrogen atoms. If hydrogen was removed from the hydrocgrbon and
adéorbed on the Pt surface in the exchange process, it would readily desorb
and hence the area under the Hy TDS cur&es after heating in vacuum would
~ decrease. In view of these results we propose the formation of ethylidine
(=CD-CH3) by a incorporation of D followed by B abstraction of H according to
the reactions

= C-CH3+D <---> =CD-CHj (8)

=CD-CH3 <---> =CD-CHy- +1/2Hj C))
=CD=CHp- <-—-> = C-CHD (10)

And similar reactions for the C3Hg propylidyne. In these reactions the
alkylidine species is only an unstable intermediate that' converts rapidly

into the stable alkylidyne through dehydrogeantion.

CoH, adsorption on C—covered Pt(111)

The similarity of the Hy TDS curves from CyH,; adsorbed on clean and C-

covered Pt(111), particularly in the region of peak B, indicates that the
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presence of C does not prevent the formation of ethylidyﬁe on the Pt surface.
This results indicate that even with a total C coverage of (1) as judged

from AES, the C layer does not uniformly cover the Pt surface. Clean islands
of Pt atoms are present even in highly C-covered surfaces. The decrease

in the relative area of peak A might indicate that the H atoms resulting from
reaction (1) may attach to C atoms and desorb at higher temperatures than

that of peak A.

Conclusion

1. The olefins Cy-C4 adsorb readily on the Pt(11l) surface without
decomposition in the range of 110°K to 260°K.

2. Desorpﬁion of the undissociated olefins preceeds the dehydrogénation
reactions by 12, 16, and 33°K at the maximum rates for CjyH;, C3Hg, and CyHg,
respectively. Activation energies E and preexponential factors v were cal-
culated from the observed low temperature half-widths and peak temperatures in

"each case. The values of these parametérs are summ#rized in Table II.

3. Multilayer formation is observed at 110°K for high exposures of C3Hg
and C@Hg. They desorb at temperatures of 139 and 150°K, respectively.

4, Af;er partial desorption, CpH4, C3Hg, and C4Hg decompose to.yield
desorbed hydrogen in three main reaction sfeps. In the first stép, one
hydrogen atom is lost per molecule that results in the formation of alkylidyne
species on the Pt(111l) surface. Kinetic parameters E and v were calculated
for these reactions which are summarized in Table III. The second dehydrogena-
tion step corresponds to the decomposition of the alkilidyng species and gives

rise to a large Hjp désorption peak at temperatures of 492, 436, and 381°K for
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CoH4, C3Hg, and CxHg, respectively. The activation energies and preexponential
factors, E and v , are also summarized in Table III. The third dehydrogena-
tion step involves the complete dehydrogenation of CH residues and gives rise
to three Hy desorption peaks similar for all the hydrocarbons studied. Only
carbon residues are left on the surface after these reactions.

5. The dehydrogenation of CoH) is similar to that of CoH4 although
differeﬁt species are involved in the two cases. This‘species is probably
vinilidyne in the case of CjyHp when heated in the absence of hydrogen.

6. Preadsorption of Dy causes a broadening of the desorption spectrum
of undissociated olefins extending to the lowest temperatures.' In these coad-
sorption experiments, Dy desorbs at substantially lower temperatures than on
the clean Pt(11l) surface at the same coverage. These results indicate the
existence of repulsive interactions between the adsorbed D atoms and the
hydrocérbons molecglesm

7. ‘Incorporation of D into ;he undissociated hydrocarbon molecule by H-D
exchénge occurs also at low temperatures. In the case of C3Hg, exchange of
up to 3 hydrogen atoms has been observed.

8. Exchange of H-D in the stable alkylidyne species occurs'readily.

The extent of this exchange increaées with increasing temperatues and Djp
exposure, indicating that the process is activated.

9. In a Pt(111l) surface covered with monolayer amOﬁnts of carbon,
adsorption of CjHy, still produces the stable ethylidyne species, indicating

the nonuniformity of the carbon layer.
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TABLE I: Desorption Peak Temperatures

Undissociated Molecules S Hy Desorption Peaks
Adsorbate Multilayer Monolayer : Peak A Peak B Peak C
on desorption desorption k- °K °K

Pt(111) peak (°K) peak (°K)

CoHy - - — 492 %5  ~ 550,639+4,713+4
CoHy | - 285 % 4 297 4 492 + 6 ~ 550,641+4,704+4
C3Hg 139 +5 280 £ 5 296 + 4 436 £ 5~ 524+4,637+4,712+4
C4Hg 150 + 8 21 + 6 294 + 5 381 % 5 ~ 583,634+6,705+4
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II. Activation energies E and'preexponential factors v for

desorption of undissociated hydrocarbon molecules on Pt(111)

Absorbate Multilayer
E(kcal/mol) v (sec™l)
13
5.2 £ 1.1 107+7+1.8

C,Hg

Monolayer

E(kcal/mol) v (sec~l)

| 9.2 + 2.8
12.0 + 3,2 10

9.4 * 1.5
12.2 £ 1.7 10
10.5 + 1,7  1087+1.2



TABLE II1. Activation energies, E, and preexponential factors, v , for the dehydrogenation

reactions of unsaturated hydrocarbons on Pt(111)

E (kcal/mol) v (sec™D)
Reaction Ho~TDS
peaks
ACETYLENE;
_— ' 8.8 , 1.2
v : &
‘ ' 13 T
(CH) gqs —>(Cp) aqe+1/ 28y o ~33 ~ 10
c ~ 39 ~ 1013
Cc ~ 44 ~ 1013
ETHYLENE:
(CoHy) gqs=—->(CoH3) 144 +1/ 2H, A 18.4 * 1.7 1013.6 * 1.4
. ' 9.5 t 2.0
(CoH3) g =>(C H) 140 +Hy B 22.0 * 4.1 10
— - 13
c ¥ 39 ~ 1013
C + 43 ~ ~ 1013

Continued



PROPYLENE:
(C3H6)ads--—>(C3H5)ads+1/2H2
(C3Hg) 4 q5~>(CH) 1 g5 +2y5

(CyH) gqg ——>(nC) 44 + 1/2H,

2-BUTENES:
(C4Hg) 4q95~=>(Chll7) g gqg f1/2H2
(C4H7) 4q5~>(C 1) 444 +3H,

(CnH) adS -—-)nCads +1/2H2

19.9

25.7

10.7

16.0

~ 32

+

+

H

3.6

2.9

39

43

1.8
2.2

36

39

43

I3 0

+

1014.8 2.9

I+

1012:7 £ 1.6

~ 1013
~ 1013

~ 1013

_62-
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.Aggendix

We have used the classical treatment of thermal desorption13‘15 to
obtain the kinetic parameters E (activation energy) and v (preexpénential
factor) of the various desorption and decomposition reactions studied in
this paper. Under the conditions of high pumping speed and loﬁ heating
rates used here,12 the increase in‘the partial pressure of the desorbing
product is proportional to the reaction rafg. For our first order reactions

then,

AP=-Cd2 = C vy nexp (=E)
dt ~RT

where C is a constant that contains the pumping speed, volume of the chamber,
and area of the crystal; n is the concentration of surface species, and v and
E the preexponential and activation energies, respectively, for the rate

limiting step. This equation can be solved to yield,

: E _ T E
AP = Cng v exp('R'r"' 3 g exP(.RT')dT ') (1)
. ) : (o]

with n, being the initial surface concentration of adsorbed hydrocarbons and T,
and B8 the initial temperature and heating rate, respectively. From this equa-

tion and the condition of peak maximum T,

E v E
- exp (- )
RT, 2 8 N Rry

(2)
The values of E and v can be obtained by fitting the width calculated from (1)
by numerical integration to the experimental peak widths. The shape of the
desorption peaks predicted by (1) and observed experimentally, is asymmetric

for the first order processes with the low temperature tail extending in a

(‘.
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wider temperatures range than the high temperature tail. We have observed
always a higher sensitivity for broadening 6f the high temperature tail. This
broadening arises from inhomogenous temperature distribution across the

crystal as well as from surface heterogeneities that might give rise to a dis-
tribution of binding energies of the adsorbed molecule. vFor thaﬁ,reason we
have taken as a criterium for best fit the condition of equality between the
caléulated and experimental widths, w, measured from the low temperature tail
at half height, Ty, to the peak temperature T; (w=T;~T;). The desorption
curves calculated with the E and v parameters deterﬁined in that way show a

good fit with the experimental ones.1l? The calculated high temperatue tail

. falls somewhat more sharply than the experimental one.

The errors in the calcqlated values of E and v can be obtained from the

measured standard deviations in Ty and w by use of the formulae:

31nv = 31nE (4 )
9 1lnw 9 1lnw RTp)
and
31nv = 31nE (148 )
3 1nTy 3 1n Ty RT, )
where _0 1 nE and _ 9 1 nE are numbers of the order of unity (K1).
9 1nTy dlnw :

These formulae can be deduced from (1) and (2) and the definition of T; by
differentiation. They a:e.expressed in a convenient form to allow a simple
correlation between the measured percentage errors of T, and w and the
correspoﬁding errors in E and v .

Finally, we should point out that an important requirement in this
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width of the desorption peaks. This width plays a deéisive role in the
determination of E and v values in this method in such a way that.variations
in w that may arise from unwanted broadening or peak’overlapping.can result
in important variations in E and v . For these reasons, when the absence of
ovérlap could not be avoided, we uséd the simple approximate method of assuming -

a 1013sec~1 value for v and using.formula (2) to estimate E.
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Figure Captions

.Figel

Fig.2

Fig.3

Fig.4

Fig.5

Fig.6

Fig.7

Fig.8

Hy=TDS curves corresponding to the decomposition of CoH,, C3Hg, and
C4Hg adsorbed on the Pt(11l) surface at 110°K. In each case, the
exposure was ~ 0.5 L (1 L=10"6 torr x sec). Heating rate 10°K sec~l.

TDS curves corresponding to various exposures of Pt(11l) to CyH4. The

continuous trace corresponds to the measured partial pressure of Hp re-
sulting from the decomposition of CoHi. Dashed lines correspond to

the desorption of undissociated molecules (m/e=27): (a) 0.3 L exposure;
(b) 0.2 L exposure; (c) 6 L Dy at 110°K + 0.2 L CoHy. In the insert is
plotted the area under the Hyp—TDS curves versus exposure. Heating rate
10°K sec™l, '

Decomposition TDS curves from CyH, with and without Dy preadsorption.
The top curve corresponds to adsorption of D; alone at 110°K and is
included for comparison. Heating rate 10°K sec™1,

Hy-TDS curves form the decomposition of CyHy (upper curve) and CpHy
(lower curve). The two spectra are very similar above 300°K.  Peak A
(297°K) is absent in CyHy. The small peak above 200°K in CoHp is due
to adsorbed background H,. Heating rate 10°K sec ~.

Hy—, HD-, and D7-TDS curves from a Pt(111l) surface precovered wth 6 L
of Dy and subsequently exposed to CyHy at 110°K. Very limited exchange
occurs, as shown by the small peak of the HD-TDS curve at about 500°K.
The Hy and HD peaks below 300°K in the three upper curves are due to ad-
sorbed background hydrogen.

TDS curves from Pt(111) exposed to 0.5 L of C3Hg 'at 110°K. The con-
tinuous line is due to Ho-decomposition from the adsorbed propylene.
Dashed line corresponds to desorption of undissociated C3Hg (m/e=42).
Heating rate 10°K sec~l.

TDS curves of undissociated C3Hg after adsorption on Pt(111) at 110°K
for various exposures fo the hydrocarbon, (a) clean surface, (b) Pt
surface precovered wtih 12 L of Dj. '

(a) Hyp-, HD-, and Dy—TDS curves from a Pt(111l) surface exposed to 12 L
of Dy at 110°K followed by 0.1 L of C3Hg; (b) TDS curves from undisso-
ciated C3Hg in a surface precovered with 12 L of Dy and then exposed to
0.5. L of C3Hg. The mass spectrometer was tuned successively to m/e=42,
43, 44, and 46. The intensity of the various peaks in the gas phase
C3Hg mass spectrum is also shown for comparison.

*v
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Fig.10

Fig.ll

Fig.12

Fig.13
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TDS curves from C4Hg adsorbed on Pt(111) after 0.3 L exposure at 110°K.
Curve A, Hy-TDS from the dissociation of C4Hg adsorbed on the clean Pt
surface. Curves B, Hyp, HD, and Dy after C4Hg adsorption on a Pt
surface preexposed to 6 L of Dy at 110°K. Dashed curve corresponds to
the desorption of undissociated C,Hg molecules (m/e=56).

TDS curves from undissociated'C4H8 molecules adsorbed on a Pt(11ll)
surface at 110°K. (a) clean Pt surface at various C4Hg exposures,
(b) Pt surface preexposed to various amounts of Dy followed by 0.5 L
exposure to CyHg.

(a) Hy-, HD-, and D7-TDS from the decomposition of the ethylidyne
surface species. After 0.1 L exposure at 110°K, the Hy-TDS curve on
the top is obtained. The second curve from the top corresponds to the
same exposure followed by 60 sec heating at 400°K in vacuum. The three
lower curves are the result of exposing the surface species at 400°K
to 12 L of Dj.

(b) Similar experiment with CyH;. The Dy exposure is now 30 L. The
peaks observed below 400°K are due to background adsorption of Hjp
and unreacted D3.

Hy— and HD-TDS curves from C3Hg adsorbed on Pt(111) at 110°K.. Curve a
corresponds to adsorption of 0.3 L of C3Hg on the clean Pt surface.
Curve b coresponds to the same exposure of C3Hg after heating the
crystal to 363°K in vacuum for 2 min. Curve 3 17 the HD-TDS curve
after exposing the same surface species to 2x10~/ torr of Dy for 2 min.
at 363°K.

(a) H9-TDS curve from the decomposition of CoH4 adsorbed on the clean
Pt(111) surface (top curve). The dashed curve is the result of adsorp-
tion of residual background hydrocarbons while the crystal temperature
was above 300°K. Lower curve corresponds to the adsorption of CgH4 on
a C-covered Pt surface with a coverage of ~ 1.

(b) Intensity of the Hy-TDS peaks A and B as a function of C/Pt(237)
Auger peak-to-peak ratio. 8.=1 corresponds t6 a C/Pt(237) ratio of
approximately 2. '
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This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.
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