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Abstract

A simple experimental blank procedure is described whereby the'chemistry
associated with single crystal metal‘surfaces can be unambiguously differentiated from
chemistry associated with the sides or back of the crystal or the 1arg§ inner surface

of a conventional ultra high vacuum chamber. Using this blank procedure'along.with‘

chemical and spectroscopic information, the two CO chemisorption states for a.real,

-carefully prepared Pt(111) surface =re ascribed to imperfection sites (terminali

Pt-C-0) and to the (111) platinum sites (bridging'Ptx—C-O). The generality of this
experimental and interpretational approach to characterization of chemisorption states

is discussed.



- 7/20/79
Coordination Chemistry of Metal Surfaces-

Carbon Monoxide Chemisorption States on Pt(11ﬂ)

Sir:

Delineation of the coordination chemistry of metal suffaces withldefined
crystallography under ‘'clean" conditions is now a viable and extremely actiye research
ac’cn’.vz’.ty.‘]_3 Here.we &escfibe a valuable experimental procedure tp inéure that chen-
istry aécriﬂed to the flat, cryétallographically defined surface is, in fact, just
| thgt chemistry--particularly for experiments based on thermal desorptionh énd chemi-
cal displacementB’5 reactions. Through such experiments, we have shown that surface
imperfections,6 invariablygpresent-even in carefully prepéred crystai samples, play
' an importaﬁf and detectable role in the spectroscopic and cheﬁical behavior of a real
crjstalvsurface. In addition, we call attention to an alternative iﬂterpretation of
vibrational spectroscopic data for such cénceptually simple systems as chemisorbed CO
QnAthe close-packed platinum (111) sufface,

A common observation in spectroscopic,‘diffraction and thermal desorption
studies is the apparent presence'of two.or morevchemisorbed states even at coveragés
fhat ére substantially lower than one half honolayer. Consider the well studied example
of CO on the Pt(1115 surfacé. All results from thermal desorption studies are identi-~
~cal within experimental error7: there are two well'separated desorption curves, one
6f variable intensity at 180°C which shifts to 150°C as initial CO surface coverage
increases and one of reiéti&ely fixed intensity and positiqﬁ at approximately 2&600
(Figure 1). With substantial'CO.coveragé, the former desorption peak is the larger
(ca. 80-90% of the tofal CO desorption). The higher temperature desorption peak is
present in thermal desorption exﬁeriments with Pt(111)vaffer 15-%20 minute exposures

0

of the crystal to the ambient atmosphere of 10—1 to 10-11 torr which atmosphere large-

1y consists of'H2 and CO. The major desorption peak has been ascribed uniformly to



.'2‘
ba CO chemiscrption state on a Pt(111) surface aﬁd the‘minor peak has been varibusly
associated with desorptions from othner parts of the ultra high vacuum system, to the
edgeAaréas of the crystal and to #he ubiquitous imperfections6vof a real Pt(111)‘sur¥
face. We have established the last explanation to be the correct one.

| 4In our surface studieé,3 thermal desorptionu and chemical displacements’5
reactioﬁs play'a major:role in establishing the-surface'coofdination chemistry. With-
out.an experimental blank, there is a major uncertainty‘as to whether observed therm-
al desorpticns or chemical displécements occur at the crystallographically defined éur—
face of the vsry small metél crystél.8 We héve devised a blank experimént based on

a crystél, of the metal in study, that has thevflaf exposed face éf experimehtal stgdy
covered by a lajer of gold (in the platinum system; the blank was‘prepared from a con-
vehtional‘platinum crystél wafer by.vapor depositiqn of a thin copper layér‘followéd
by a thin gold layer~—the sides.aﬁd baék of thefcryStal were masked during the depo-
sition). By using such metal crystal blanks, we have found it poésible to establish
with certainty the origin of any molecules displace@ in thermal desdrpfion or chemical
displacement reéctions from metalbsurfaces. Only in thrée cases have we seen any chem-
istry associated with the gold surface in the temperature range of 25 tp 40000: meth-
Y1 isocyanide expectedly was chemisorbed strongly on gold with a thermal desorption-

o g
maximum at ~130 C, pyridine hehaved similarly, and CH,CN desorbed at ~9O°C.

3
Our blank studies demonstrated that the-obsérved thermal desorption of CO
 from thé Pt(111) surface is totally associated with the real exposed crystal surface--
not with the sides or béck of the crystal or other‘parts of the vacﬁum system. The
-g0ld plated crystal blank experiment sho&ed no CO desérption in the 25 to @OOOC région.
' Accordingly, the desorption maximum at 240°C mﬁst be ascribed to thermal desor?tion_

from the front surface of the prepared crystal; and because of the high temperature

- of this desbrption process, desorption from surface imperfection sites is the logical
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nificance to the issue of imperfection sites that a stepped Pt crystal.(e.g. Ft 6(111)

- . o , . . .
x (111)) exhibits a more intense 25407 thermal desorption maximum and a less intense

peak in the 150-180?0 range./’9 7b

Crystals with steps and kinks behave simiiarly.
(Thué, there is no evidence of different activatién energies for CO desorption from
steps and kinks). Likewise, for comparable exposures of CO, the intensity of the enefgy
loss peak at 2080 cm.-1 is much greatef from the stepped surface(6(111)x(111)) than
7a |

from the (111) surface. That is, as steps are added to the imperfections which are

always present, the intensity of the loss at 2080 cm.-1 compared to the 1850 cm.-1

-loss increases. We'suggest that the most common imperfections on a carefully prepared,

. cleaned and annealed Pt(111) surface will be steps and kinks.

Since there is a significant (ca. 10-20%) concentration of chemisorbed CO

at imperfections on the Pt(111) surface and since.there is a substantial difference,

-about 5 kecal./mole, in the activation energies for desorption from the (111) surface

and for imperfection sites, vibrational studies should detect (resolve) both states.

~ The first detectable state should be the more tightly bound state aSsoCiated with CO

at imperfection sites. In fact, two states are detected by electron loss studies1oa~

the first to appear in the energy region characteristic of losses due to CO stretching

1

excitation is a loss at 2C80 cm.f and the second at 1850 cm._1, regions character-~

. istic of terminal M-CO and bridging Mx-CO metal carbonyls, respectively. The current V

interpretation of these data is that CO first chemisorbs on single platinum atoms in

‘the (111) plane (terminal and linear M-C-0) and at higher coverages bridging sites are

occupied. ‘However, CO éhemisorption apparéntly occurs first at bridging sites on
the (111) surfaces of the closely related metals, nickel and palladium, a stereo-
chemical feature fully consonant with coordination chemistry principles since maximal
interactibn of the CO carbon atom with surface metal atoms should lower most effect-
ively the-surfacé botential energy at low CO surface.coverages on close packed (111)

orv(001) surfaces.11'12.



In the interpretation of thé vibrational data for CO on Pt(111), serious
consideration should be given to the péssibility.that the energy loss #t 2080 cm.-1
arises from CO chemisorbed af imperfections on a-real»Pt(111) crystal face,13 and that
the CO chemisorbed ﬁn the Pf(111) plane has a CO stretching frequency af 1850 cm.-1
a region characteristic of a bridging carbonyl~—as.expected by analogy to the CO chemi-~
sorption states on Ni and Pd(111) surfaces and from coordlnatlon chenistry prlnyln1es 1,12y

In addition, we submit that another feature of the vibrational data for CO
on Pt(111) supports the thesis that CO is ‘on bridging sites (the state associated with
the 1850‘cm.'_1 1oés) for platinum atoms in a (111) environment.  For'a given chemisorp-

tion state of a molecule or a molecular fragment'on a metal surface,'thé average binding‘_
energy fér the ﬁolecules boﬁnd to metal atoms in environments.Characteristic of the .
~prepared surface plane should decrease génerally to some small but detectable’degree

as the sepafation between individual surface molecules'deéreases.(i.e. as the surface
coverage increases). In some instances these slight energy éhanges may be defectablé
spactroscopically. In sharp contrast,'éhemisqrption%states of'moleéulés on imperfection
sites of a well prepared crystal surface should.be less perturbed by coverage changes--
the imperfeétions Sites generally will not be ordereq;»contiguous or subject to cor-:
relation effects. For the general case of CO chemisorption states;'characferistic of
the prepared metél surface plaﬁe, electron transfer from metalito T* CO orbitals should
be less extensive as CO coverage increases and the {Ubo characteristic of this state
}should increase--available data from electron loss and infrared reflectance studies of

72,10 Thus, the chemisorption state which

.CO on metal surfaces can be so interpretted.
gives riée to the nearly coverage invariant 2080 cm._1 energy>loss for CO on Pt(111)

is bestvéscribed to CO at surface imperfection sites; Tne chemisorption state whichA
yields the lower enefgy (1850 cm.™ T = 1880 cm._1) co si:etching less

whose position is coverage dependent with a ghift to higher energy with increasing
coverage is best ascribed to CO bridge bonded to plétinum atoms in a.(111)'surfac§‘

environment.
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Although imperfections on single crystal surfaces pressnt substantial diffi-
cuzlties in the interpretation of chemical and spectroscopic data for chemisorption
states, we believe that the above described blank experiments coupled with a careful

assessment of the coordination chemistry as a function of surface crystallography can

" eventually unravel the intimate features of metal surface coordination chemistry. The

implications presented here for platinum surfaces have:substantigl breadth, e.g., for-
mally analogous pﬁenomena.have been established for the chemisorption of benzene on a
Pt(111) Surface.15 In contrast, we have not sensed apparent chemisQrption states due
to crystal iﬁperfections on Ni(111) with a variety‘of small molecules-—-a result in
keeping yith the greater ease of preparing '"nearly' perfect surfaces with nickel than
with platinum. 1In the specific case of CO on nickel, both the (111) surface éﬁd a
stepped surface show a single desorption maximum, at temperatures separated by only

16

2OOC. Therefore, thermal désorption experiments would not detect step~like imper-

fections on a Ni(111) surface.
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Figure 1; Thermal desorption'épectra for CO from a Pt(111) crystai surface. In (a)
is shown the spectrum obtained for mass 28 after exposure for 50 minutes to the am-
bient gas present in'the vacuum chamber.. Spectra for CO desorptiohs from CO states
with coverages of 0.1 and 0.2, as measured from Auger ihtensities, are given in (b)

and (c); respectively.
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