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I. INTRODUCTION

ADA099640

O

Inelastic e‘lectrbn tumeling spectroscopy measures the -vibrational .

modes of a small quantlty of molecules that are included in or near the
insulating layer of a metal-insulator-metal tunnel _]u.nctn.on (1, 2) Floure
‘1 shows two metal electrodes separated by a thin msul-at’mg lay_er. If.th.ls
layer is thin enougkl. (of order 20 Angstroms) and if a Vol.tage-.V, is-applied
. between the two electrodes, an electron current will . floy from  ome

‘electrode to the otheér. The maximum energy of the tunneling electrons will

be of order &V. If'there is a molecule in or mear the insulating layer with

a characterlstz.c v1bratlonal mode energy hv thls vlbratlonal mode may ot

may nof be excited by the tunnelmg electron. The most mporta.nt factor'

turns out to be simply, doe's the tunnelmg electron have encugh energy? In
p:a,rticular,. is eV 2 hv?
" Thus, inelastic electromn tunneling in which the electron 'exeites the

molecular v:.bratlon will have a threshold at a voltage V—hv/ e. At th:Ls

threshold voltaoe, there Wlll be a sl:Lght increase in the conductance of -

the tunnel junct‘io‘n due to the opening of the inelastic tmmeling cha:anel.
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This slight increase in the conductance is generally observed
experimentally as a peak in the second derivative as shown in the

idealized spectra of Fig. 1.

The bottom of Fig. 1 shows the actwal situation. The

" metal-insulator-metal junctions of the idealized view are formed at the
intersections of evaporated aluminum and lead strips. The insulating
layer is formed by the oxidation of the aluminum strip. The actual
tunneling spectra shows a number of peaks because there are a number of

vibrational modes for the molecule benzoic acid used for this sample.

The spectral range of tunneling spectroscopy includes all molecular
vibrations. The range from 50 meV (=400 cm-l) to beyond the energy of

- molecular vibrations (beyond 500 meV, =4000 cm-l) requires no special
care. The range below 50 meV contains strong metal phonon bands in
addition to molecular vibrations. These phonon bands, which can interfere
with the observation of molecular vibrations, can be minimized with
differential tunneling spectroscopy (3). The traces in Fig. 2 are

differential tumneling spectra: the difference spectra between a doped

and an undoped junction. Note ‘that the spectral range extends down to 0

meV.

Since the theory of tunneling spectroscopy has been reviewed
elsewhere (4-10), here we will merely state that the dominant interaction
between the tunneling electrons and the molecule is currently believed to
be the long-range Coulomb interaction between the electron and the charge
distribution of the molecule. Since a charged electron interacts much more

strongly with a molecule than a chargeless photon of electromagnetic
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radiation, tunneling spectroscopy is intrimsically more semsitive than
infrared or Raman spectroscopy. Its sensitivity is roughly 1/i00 of a
monolayer over the area of a tumnel juncﬁion, which can' be .as -sﬁzall as

100%100 microns (11).

The resolut:ion of tunneling 'spectroscopy depends ﬁpdﬂ “the
temperature and- the modulation voltage used £for ’ obta.lm_ng the second
derivative that is plotted om the y-axis. Table 1 shows the resolutlon for
two represent'atlve ‘temperatures and three modulation vol‘tagee . Nc_ate that

N - -1
the resolution varies roughly over the range of 10 to 30 cm . The world

. . - . _ -1
record for resolutiom, set by Walmsley and co-workers, is.less than 2 cm

" obtained with a small_ _modulation_voltége in a helium dilution fefrigator
(125 . These high resolutions a;;:e not 'comm-cnly: used; however,-.be‘ca:ﬁ'se the
relative trece time, that .is, the time to obtain z spéctrum witt_x the ~sézﬁe
signal to moise, rises JI:apidly as the r-esoiution' imprevee . Thus most
speetra are taken at the. poorest- r’eso.lution. suffie‘ient to dbtain' fcﬁe
mformatlon des:.red. The table also includes the. small upshlfts in ;;eak

pos:Lt:Lons caused by a superconductmg lead electrode (13).

Thete 'a':':'ev basically no selection rules in tunne-iing spectroseopy: in
general, all .the vibratioi;s df_ a molecule can be observed-. Wo;k'in' eeveral
laboratories has shown that both infrared -and Raman activ_;e _mode‘s are
© present with ceinparaiale’ intensifies (14,15) . The point is 'tha."c: tﬁe source
of: optlcal selectlon rules which is the uniformity of the electr:.c fleld
due to the electromacnet:.c radiation over the size of a molecule, is rzot
-pfesent in tunnéling speetroscopy. The. e‘lectric field of an ele’ctroa
_ passmg th:cough the- :Lnsulatmo layer varies cons:x.derably on . the’ scale of.

molecular dmens ions.
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There is a selection preference for modes that oscillate
perpendicular to f.he plane of the tunneling barrier. For example, in Fig.
3, the modes with subscripts s, for symmetric, involve vibrations of the
methane sulfonate ion perpendicular to the plane of the insulator while
the modes with subscripts a, for antisymmetric, involve oscillation
parallel to the plane. There is a slight preference for the perpendicular
modes. It is clear, however, that this is not a selection rule, merely a

selection preference (16).

Finally, there appears to be a relatively strong selection
preference against optically inactive modes. These modes, which are
neither infrared nor Raman active, occur for a few highly symmetric

molecules (e.g., the A modes of anthracene). Kirtley et al. found these
lu

modes to be between one and two orders of magnitude weaker than the
optically active modes in their tunneling spectra (17). These selection
preferences are understandable within the framework of the transfer
Hamiltonian theory of tumneling spectroscopy. More detailed information
on theory, sensitivity, selection rules, orientatio'nal effects,, and

spectral range can be obtained in review articles (4-10) as well as the

above references.

II. PROBLEMS WITH TUNNELING SPECTROSCOPY FOR THE STUDY OF CATALYSIS

A. Peak Shifts Due to the Top Metal Electrodes

It is, of course, surprising that vibrational spectra can be obtained
at all using tunneling spectroscopy. Why doesn't the top metal electrode
completely destroy the molecules on top of which it has evaporated? In
fact, many evaporated metals such as gold, chromium, and aluminum seem to

do precisely that. Despite repeated attempts, we have rarely succeeded in
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getting good vibrational spectra with these metals as top - electrodes,

Fortumately, other metals, in particular; '. lead (our all-around ,

 favorite), thallium, and under some circumstances, indium, tin, and

silver all can be evaporated without destroying the layer of molecules .

Even if the layer of molecules is not destroyed, a‘reu't: the -

vibrational modes strongly perturbed by the top metal elect“rode? This is a

questiou that can be answered by experiment. Among the first experiments
was by Kirtley, et al., om the effect of the top.metal electrodes on mode

pos:.t:.ons of the benzoate ions and hydroxyl ions absorbed on alumina (13)

He found that the pos:Lt:Lon of the hydroxyl group stretchlng mode moved

around by a few percent from metal electrode to metal electrede, wh:{.le the

vibrational modes of, the benzoate ions . moved .‘typically. less than’ a

percent. Figure & summariées his findings and reécent estimates for the
peak shifts of CO stretchiug ‘vibrations. A number of other experiments
haVe been done simply compari_ug vibrational mode positions with the top -

metal electrode to those measured opt:.cally W:Lthout a top metal electrode,

a representat:.ve experiment 'is that by McMorris, et al. (18) ‘No -~ peak'

shift of greater than a few percent has even -been - recorded 6 our
knowledge s, for any triatomic or larger molecule Most of the shlfts have
been uncbservable within experimental accuracy of the measurements (of

order tenths of a percent).

At this pomt it seems safe to conclude that the vz.brat:.onal moo.es

of reasonably large molecules are mot s:.gnz.f:r.cantly perturbed by the top

'metal electrodes Very small molecules such as OH and CO are s:.gnlflcantly‘

perturbed. Recent exper:.ments by Bayman et al (19) have shown dramat:.c

changes in the spectra of CO absorbed- on :Lron particles on alumina as
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shown in Fig. 5. Hipps and Mazur (20) have shown significant changes in

the spectra of the complex KFe(CN)6 for Pb, Ag, and Sn top metal

electrodes. They concluded that Pb had the least tendency toward chemical
interaction with the complex.

These dependences on top metal electrodes must, however, serve to
caution us about the reliability of tunneling measurements as a measure of
the unperturbed vibrational frequencies for CO on model énpported metal

catalysts and for model cluster catalysts.

B. Cryogenic Temperatures

A second problem with tunneling spectroscopy is that cryogenic
temperatures must be used to measure the spectra. While this is certainly
a day-to-day nuisance, it is not as significant as might first be
believed. In particular, the resolution required for most wérk can be
obtained at 4.2K. For this temperature, it is unnecessary to transfer or
handle liquid helium except to receive it from the vendor and return the
used dewars roughly a month later. For the month, the samples can be

simply slipped down the neck of the vendor's storage dewar, using probes

similar to the one shown in Fig. 6.

A more fundamental problem is that tunneling spectra cannot be run at
actual reaction conditions. This is a serious problem which cannot be
overcome at present. The most that can be done is to chill the sample

rapidly from reaction conditions and see what is on the surface.

C. Experimental Constraints on the Sample Thickness

What catalysts can be studied with inelastic electron tunneling

spectroscopy? One answer to this question is none. No actual catalyst has
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been studied by 'tu‘:meling spectroscopy. It has not yet heen possible to
take an industrial catalyst sample- and characterize it with tunﬁelj_ng-
spectroscopy. Figure 7 shows again. the geometry. of the tumnel junctioa.
The point is that umknowns can be placed in the ‘region matrked W;i.th
question merks. The catch.is that the unlmo&n layer must be thin enough
for the electroms to tunnel th.rough.' AThat is, the unknowrl_ layer_ .mu'st
either be considerably thinner than 100 Angstroms or am incomplete layer. .
It is not, at present, practical to put samples of comme_rcia’l catalysts
into this geometry; What can be done is the simulation of the_essential

features of commercidl catalysts im model catalyst systems...-. :

III. MODEL SYSTEMS THAT CAN BE STUDIED WITH TUNNELING SPECTROSCOPY

A. Oxidized Alumina

To date the primary model system that has been studled Ais the
OdelZed alummum itself. Does this ox:_d:_zed alum::.num resemble alummas A
used as catalysts and catalyst supports‘7 Floure 8 shows small balls of
alumlnum produced by evaporatmg alum:mum in -an inert atmosphere.- Qhen
these balls are oxidized in air, they form a rel_at:.vely large surface ,area

. . : 2 .
of oxidized aluminum. Nitrogen BET measurements gave 13.6 metérs " .per gram

in a'gr'e'ement with the avera‘g‘e r'adius of order Sﬁﬁ Angstroms-. This -tyt:e of
‘ 'sample prov:x.ded enoucrh surface area for comventiomal catalyst evaluatmn.
‘technlques Thermoorav:.metrz.c analys:.s and butene 1somer:|.zatn.on react:_ons :
showed this catalyst to ‘be not significantly hydrated and smllar in -
. catalytic activity to standard ‘X-alumma catalysts (21) V:Lbratlonal

spectra‘ are in agreement with this comclusiom (22). That is,' no species

" have 'been found with tunnelmg spectroscopy adsorbed on ox:.dz_zed alummum

that are mconsrstem. W:Lth species found by optlcal spectroscopy ad.sorbed
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on ¥-alumina. A large number of species have been studied (4-10,16,23-28).

Two groups have studied hydrogenation by the hydroxylated alumina
surface. Figure 9 shows Jaklevic's results for the hydrogenation of
propiolic acid (29) and Fig. 10 shows Hall and McBride's result for
hydrogenation of a dicarboxylic acid (30). In each case, it was believed
that the hydroxyl groups on the surface served as the source of the
hydrogen. It is not at present clear whether these reactions could be run
catalytically using &ater or some other source of hydrogen to replemish

the hydroxyl groups on the surface.

Evans an@ Weinberg have done detailed measurements on the adsorption
of ethanol, acetaldehyde and acetic acid on alumina '(31). All of these
compounds could, under suitable conditioqs, be made to produce acetate
ions on the alumina surface. The subtle differences between the resultant
acetate ions were explored. This work complements the infrared studies on
catalytic dehydration of alcohol and the conversion of alcohols to

aldehydes and the condensation reactions of aldehydes.

Rec;ntly Walmsley and co-workers have obtained the spectra of
unsaturated hydrocarbons on alumina (32). This may be useful in
understanding important hydrogenation and polymerization reactions.
Figure 11 shows a representative spectrum.

The tunneling barrier parameters have been determined by a number
of groups by fitting the current-voltage curves to trapezoidal model

calculations (20,33-37).

B. Oxidized Magnesium

Figure 12 shows recent work of Walmsley and co-workers for formic
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acid adsorbed on oxidized aluminum and magnesium (38). They interpret

shifts in positions of the symmetric GO2 modes of carboxylate ioms to

indicate stronger electrostatic bonding to surface magnesium cations than
to surface aluminum catioms. They commented that this is consistent with -
the usual idemtification of magnesium oxide as being a more"_basic oxide

than aluminum oxide.

Figure 13 ShOWS a representative -spectm nfrcm Itl'ée many. obféined for
larger moleculés on oxidized 'magnesium by Coleman and co-workers .(39).. The
- differences between -spectra.'obtaiﬁed on oxidized magnesium and alummum :
were related tpv_ changes in the surface “adsorptiom. mechanism. ‘They

6bser-ved, for example, a softening of the aromatic C-H stretching n;ocie

co'z:-résponding to freqencf ,downskllifts of =150 cm-l that Asﬁégested
';f-ﬁomplex fdrmatio_n with surface-active sites for somé comégpnés%. This
complex fqz‘:n;a‘tion 'Was"- accdn_xpanied by ' a dramatic dépteé_sion_ of the
fing-mode intiensities relative to the - int_enéities obtained 'Wﬁén the
.bondi'ng was ibnic (e.g., after proton donation to the surface of-faﬁ .acidic

proton).

G.- Supported Cluster Catalysts om Aluﬁli;la s

Though zlumina has application as a catalyst, it is _mére widespread
as anata'lfst s_upporé. Three gfcups have applied tunneiing é_peé:%:;’oslcopy fo
tﬁe' study of supported catalysts on ' alumina. Figurt‘e‘_ i@i shows
r_epreéentative res.'l_llts' fro’t;i t'h; study of Evans and Wéinbe'rg‘ . for the
.sﬁpported‘complex zirconium.tetraborohjdride (40,41,42,43). Tﬁese samples

were formed by exposing the alumina to the vapor of zircon‘iﬁxﬁ tetrahydride

at a pressure of 5><10-2'tor3: for 15 minutes. The resultant surface complex

- was ‘characterized with tunneling spectroscopy aund then studied - im its .
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interactions with HZO’ D20 and hydrocarbons. Perhaps the most interesting

feature of the research, in addition to the demonstration that supported
complexes can be studied by tunneling spectroscopy, was their observation

of evidence for polymerization of acetylene on the model catalysts.

Hipps, Mazur, and Pearce (20,44) have studied Fe(lzclsN)64_ and

Fe(12014N)64- adsorbed on oxidized aluminum from dilute H2160 and 50%

H2180 solutions. Their comparisons to infrared and Raman spectra of

KAFe(CN)6 salt, observed CN stretching frequencies and isotopic shifts
enabled them to argue that the iron remains in the divalent state after

adsorption.

More recently, Bowser and Weinberg have looked at chlorodicarbonyl

rhodium dimer, [RhCl(CO)Z]Z, on alumina (45). The bond of the complex to

the alumina was determined to be a Rh-0 bond formed after the cluster lost
Cl through HC1l liberation. This type of work will help in the
understanding of this general type of "molecularly engineered" catalyst.

The promise is higher selectivity due to well-defined surface structures.

D. Supported Metal Particle Catalysts on Alumina and Magnesia

Figure 15 shows the results of Evans et al. for the adsorption of
ethanol on silver clusters supported on alumina (46). They form the silver
clusters by evaporating silver metal onto the surface of the oxidized
aluminum. Transmission electron microscopy showed that the silver was in
the form of particles with an average size between 10 and 80 Angstroms.
They found subtle differences between the resultant adsorbed species on
silver particles vs. the adsorbed species on the support. These subtle

differences could be observed because of the good resolution of tunneling




PAGE 11
spectros copy;

A schematic view of m‘o,del supported tnetal:oatalysts is'_show'n :.n Fig.
16. The metal to be -su’pported is 'evaporat'ed with a low ave:cage th:i..cl.c'ness
' onto the ox:.d:.zed alumina. The th:.cmess of the evaporated metal can be -
convenlently monitored W:Lth an osc111at1ng quartz’ _crystal. These
commerc:._-ally available dev;Lces oan, without special modification, mea.su:re' ‘
an average ‘mass - th:f.ckness of less than.l--Angstrom. Figure 17 .shov_fs a ‘
transazission electron microscope picture of such a catalyst: The .large :
graias are’ grams of the aluminum inm the'aluminum metal electrodes - The
catalyst pa.ttlcles are these small dots that speckle the picture. In th:.s
part:.cular case, the average thickness was & Angstroms “"The layer
agglomerated J.nto particles m.th diameters of order 20 Angstroms Note the .
good d:.spea:s_mn and relative uniformity of particle size, making this a'

good model system.

. In' general the supported transition metals, Whlch have mcluded :
rhodium, :Lron, cobalt, n:.okel palladium, and platinum in our.éroﬁp, are
evaporated from pure materz.al wou.nd on tungsten filaments. Does tunosten
get into the evaporated depos:.ts" This questlon can be addressed by Auge:c ‘
spectroscopy F:Loure 18 shows the recent results of Dubois et al. showmg '
that rhodlum is deposrl:ed W:Lthout resolvable tu.nosten contammatlon (47)
Similax prelmmary experiments on platinum and irom showed .no tungste_zl

contamination.

Flgure 19 shows the results of J. Klem, et al., for CO adsorbed on
such a Rh/alumina model catalyst (48) Note that two 1sotopes have ‘been

used to 1dent3.fy vibrational modes by thez.r_ peak shz_fts. Th:r.s ‘is  an
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invaluable technique since, as discussed later in this review (and in
reference 54), it can be used to distinguish vibrational modes that appear
in the same frequency range (e.g., CO bending, M-(CO) stretching, M-C

stretching, and M-0 stretching).

Figure 20 shows the results of the same French group for CO adsorbed
on a Rh/magnesia model catalyst (49). This illustrates that tunneling
spectroscopy has the potential for examining the metal-support
interactions that can have dramatic effects on product distributions for

actual catalysts. .

Figure 21 is a diffe:gential tunneling spectrum for CO on a Rh/alumina
model catalyst (50). A differential tunneling spectrum measures the
difference spectra between two junctions. In this case, it is the
difference between two adjacent junctions, one with rhodium metal and one
without. The small peak at rougly 0.12 electron volts is due to a
cancellation error of the relatively large peak due to the aluminum oxide
vibrations. The peak between 0.4 and 0.5 volts is due to OH groups that
are present on both the support and the particles. The other peaks in this

spectrum are all due to the CO on rhodium. There are two resolved peaks in

-1
the CO stretching region and three resolved peaks in the 400-800 cm

region that contains metal-carbon stretching and bending vibratioms.
Figure 22 shows spectra made in a variety of conditions. These illustrate
that the peaks in the previous spectra are not due to merely one species

but, in fact, three species.

Three species have been observed with infrared spectroscopy and

ascribed to a gem dicarbonyl, Rh(CO) , a linear species, RhCO, and a
2
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mutliply bonded species, Rh CO. The lower CO stretching v-ihrat.ion -is
assocz.ated with the multlply bonded species. The hlgher CO stretchz_ng~
v:.bratlou, which 1s resolved into components by infrared spectroscopy,
contains the vibrations from the gem dicarbonyl and linear species. Though
we Ca.‘ﬂIlOt resolve these species m the CO stretchmg region, we can

. p -1 ,
resolve them in a low frequency region. The peak at 413 cm -is due to a

. . ) - -1
bending vibration of the gem dicarbonyl, the peak at 465 cm .is due to a

, ben&ing vibration of the linear spe‘cies"-(SO) . The frequ‘encies found in
this work. W:Lth CO can all be slz.ohtly shifted by changes in adsorptlon

temperature, part:.cle size aud the degree of surface saturatlon

A number of experments have ' been dore to establlsh thls
z.dentz_flcatlon. Flgure 23 shows spectra for Very low CO cavérages’ on a

surface with the ‘rhodium ‘eaverage comparable to that of.Fig. 21.-Note that

. at the lowest CO coverages, the peask near 465 cm-l .appea'rs'and'only at
higher coverages doées 'thesaturation profile with a strouge'r pedk at &13 .

cm © appear. A s:.mple mterpretatlon 1s that at the lowest coveraces, :
lrnear CO formed on sites’ that could accommodate 2 GO molecules and, in

fact, do at saturation. :

Another experlment is to ‘go to very low rhodium coverages Under
these condltlons, mfrared workers have found that predommantly the gem
dlcarbonyl specles is formed. Im- F:.gure 24 the lower trace, labeled by 0%,

) ) _l . .
shows only the’ &13 cm  peak ass:!.gned as the gem dlcarbonyl :Lu acrreement '

Wlth the mfrared results. 'I'hls figure ‘also shows: that W:Lth the addlt:.ou
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of sulfur, the gem dicarbonyl sites can be selectively poisoned to sites

that will only adsorb linear CO as shown by the growth of the peak near 465

cm-l at the expense of the peak near 413 cm-l (51).

This is an observation that has only been made with tunneling
spectroscopy but should be' accessible to infrared spectroscopy.
Specifically, the prediction is that sulfur poisoning will preferentially
J'.nh:i_.bit gem dicarbonyl formation and will convert gem dicarbonyl sites to

linear sites.

One of the main reasons for studying carbon monoxide adsorbed on
transition metals is to understand the catalytic hydrogenation of carbon
monoxide to form hydrocarbons, including synthetic fuels. Figure 25 shows

_tunneling spectra for CO on alumina supported rhodium that is he;.ted in
the presence of hydrogen. The bottom spectrum was run in the usual manner.
Then the junction was removed from the storage dewar and warmed to room
temperature by blowing compressed air on it. It was placed in a small,
higher pressure cell made from a pipe fitting tee. It was pressurized to
sapproximately 2000 Psi of hydrogen and then heated by means- of a heating
tape wrapped around the tee. Note that after heating to 380K, the gem
dicarbonyl has decreased and there is a trace of a vibrational mode
between 0.3 and 0.4 electron volts: the CH stretching region. As the
cycle was repeated with heating to successively higher temperatures, the
peaks due to adsorbed carbon monoxide continued to decrease in intensity

while the peaks due to hydrocarbons increased in intensity (52).

Figure 26 shows a differential spectra of the resultant hydrocarbon

with its peaks numbered. Though it may appear from this spectra that the
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peaks are easily confused with noise, in fact they are reproducible as can
be seen in the bleown-up Versmn shown in F:Lg 27. In this spectrum -we show

the effects of starting with dlfferent carbon monox:.de :Lsotopes.

Note that the spectra are the same for .12(3160 and 1'20180. ‘This

suggests that the hydrocarbon that is form:mg does not mclude the oxygen

from the carbon momoxide in its structure. In contrast, the upper spectrum

which started yfit]i 130160' shows definite shifts, showing_ ‘that the carbon
in the hydrocarbon originated from the carbon monoxide; tbe hydrocarbon

was mot an impurity.

The’ identific'ation of this hydrocarbon was challengintr. There Were
- no v1bratlonal spectra for model hydrocarbons on rhodlum ;The best set of
model compounds we could find were halogenated hydrocarbons hydrocarbons
bound to 'chlor:.ne, and broma.ne atoms. At f:x.rst this may seem a poor
.choz.ce for model compounds but, in fact, :Lt turns out to be adequate The
stretch:_ne force constant in a carbon-rhod:.um bond and a carbon-halogen
-bond turn out to-be nearly the same. Of course, the mass must. be corrected
for,. ,but this can be done by extrapolatlng between'res'ults for iodine'and
: .bromine since rhodium is intermediate in mass between that of -iodine and

bromine.

Figure 28 shows three possibilities for what the‘ unknot'm could be.

. The position of- the unknown peaks are lettered and numbered to correspond

to Fig. 26. The pOSlthIl of the halogenated compound's peaks are shown by
_circles with dots in them. The pos:.t:.on of the unknown betWeen the 1od1ne
_and the bromme is scaled accordmg to the square root of the mass- of the

»rhodlum,. Note- that the agreement between the unknown peaks and tbe pegks
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for a methyl group is poor. The unknown has peaks where the methyl group

does not have peaks. The addition of a CH group increases the number of
2

modes to rough agreement but the position is still poor; in particular,

the unknown has peaks where the CH CH does not have peaks and CH CH has
2 3 2 3

peaks where the unknown does not have peaks. However, the ethylidene

species, CHCH , agrees both in number and position remarkably well with
3

the unknown. This agreement, coupled with the isotope shift measurements,
and other attempted fits to ‘the data, led us to conclude that the CO was
hydrogenated to form a stable ethylidenme species (53). This is the first
observation, to our knowledge, of the formation of this species from the

hydrogenation of CO on any supported metal catalyst.

It is of interest that this two carbon species could be formed
without the addition of more CO in the gas phase. Thus, it was probably
not produced by CO insertion. A possible mechanism would be from the

polymerization of CH groups from dissociated 'CO that had been
2

hydrogenated.

We then proceeded to other transition metals to see what differences
we would find from the rhodium results. Figures 29 and 30 show carbon
monoxide adsorbed on iron particles supported on alumina. From the isotope
shifts shown in Fig. 30, we were able to conclude that the bottom two
vibrational modes are due to bending vibrations, the upper to a stretching
vibration (54). This is in marked contrast to the situation for iron
pentacarbonyl in which most of the bending vibrations are at higher
energies than the stretching vibrations. This apparent contradiction can
be resolved in the work on substituted iron carbonyls, it showed that as

the number of CO molecules per iron atom decreases, the stretching modes
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increase in frequency while the bending modes decrease in frequency. In
fact, extrapolatlon of the tremds puts the modes in the range we obsez:ve
for one CO per iron atom. This illust'rates the &angers in using -carbonyl
data carelessly to assign low freouency vibrational modes of species on

supported metal catalysts.

An interestmg featu_re of this data is the relatively 1atge iﬁtensity
of the'bex’zding modes to -the stretching modes. This feature is even more
promlnent for the rhedium results dlscussed above Why? - Posszb;lz.tz.es
| :anlude: 1) 'That the co_upliﬁg of tunneling electrons to the bending xﬁodes
is intrinsically' stronger than the coupling to stret'chiig ‘modes | This -
seems mprobable based on both experlments ‘ Wlth other compounds and
theory. 2) That an orlentatz.onal effect is enhanclng the bendlng modes.
Such an o:clentat:.onal effect could be. peculiar to the geometry of the
metal electrode 6m top 'of metal part:r.cles 5 -for »example_, » most _oJ.‘."the
inelastic electron tummeling could talce_‘ place near the --e.d.ges' of ‘the
particles. The results could be easily utlderstood; howev_e‘r,. if the A-CO were
vvinclined relatiife to the metal particle's surface This iﬁclination could
be due to an mteractlon of the m electrons or the oxygen atom W’lth the

metal surface and may be mportant for unders tanding CO d:Lssocz.atlon

When we heated the CO on iron in an attempt ‘to hydrooenate the Co,
: hvdrocarbons were formed, but in much smaller yields than on rhodlum See
Fig c - 31. Im .part, thls-ls-due to our :Lnabll:l.ty-to make _]UILCt:LOIlS with
large amounts of iroii. Junctions had large backoround structu:ces, ‘
4poss:|.bly due to magnetlc a.nomalles at large iron coverages At ‘any rate,’.
we have not ‘to date been able- ‘to produce sufficient quantltles of

hydrocarbons for CO on alum:.na supported iron to Warrant 1dent:.f1catlon.
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The situation is similar on cobalt. Figure 32 shows the spectrum for CO on
cobalt with different isotopes that allow the sorting and assignment of
the CO vibrational modes, but as shown in Fig. 33, when the CO is heated in
hydrogen, or in this case a hydrogen-CO gas mixture (synthesis gas), very

small yields of hydrocarbons have been obtained.

Figures 34 and 35 show results for CO on nickel on alumina (55). CO
on nickel on alumina gives a large number of species that have been
extensively studied in the CO stretching région by infrared spectroscopy.
Figure 34 shows four different species with the types of shifts with
coverage that have been much discussed in the infrared literature. Figure
35 shows the low frequency modes. When these samples are heated in
synthesis gas, only minute traces of hydrocarbons are found as shown in
Fig. 36. This may be consistent with nickel's tendency to produce
primarily methane. We might expect that the larger hydrocarbons such as

the ethylidene found on rhodium simply are not produced on nickel.

IV. COMPARISON OF TUNNELING SPECTROSCOPY TO INFRARED
AND ELECTRON ENERGY LOSS SPECTROSCOPY.

Figure 37 compares result; on the same model system, CO'on rhodium on
aluminum oxide, from three different 'experimental techniques. The upper
tra'tce shows the infrared results, which are well resolved in the CO
stretching region, but nomexistent in the 1§w frequency region. The
analysis of this type of data has yielded a great deal of important
information about catalysts. The real question is whether inelastic
tunneling spectroscopy can supplement the results found by infrared
spectroscopy. We have discussed already the tunneling spectrum shown in

the middle trace. The bottom trace is an electron energy loss spectra
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found in the recent Work of Dubois et al (&7) ThlS sample was prepared by

evaporating rhodium onto ox:Ld:Lzed aluminum from -the same. type of

filaments, with the same e_xper:.mental geometry as  used im tunnelmg

exXperiments.

Electron energy loss spectroscopy is destined to become an mportant
tool in analyzing adsorbed species on model catalysts. - W:Lll tunneling
sPectrpscopy be important? It may, based on its ability to -give high

enough resolution spectra in the low energy region to allow isotope shift

‘measurements of .peak positions for assignment. We have found these

isotopic shifts invaluable for obtaining unambiguous a_ss'ignﬁlents of

vibrational modes. What seems to be needed at this point is the use of

tunneling spectroscopy im conjunction with the more . ‘conventiomal

catalysis techniques to give an overall picture of a catalytic-reaétion;
V. SUMMARY
"Inelastic tunneling spectroscopy has a spectral ra.xrge that includes

all molecular vibrations. Its semsitivity is sufficient to - observe a -

»fractidn of a monolayer; its resolution, while not theo‘r‘etiéally limited,

is practically limited to the range of 1 to & millielectron volts (8-30
-1 .
cm ). Both Raman and infrared active modes are observed. There is a

.Sll°‘ht orz_entatlonal preference for modes osc:.llatmg perpendrcular to

th_e d:l.rectlon of the tu.nnelmg electrons.

Problems W:Lth tunneling | spectroscdpy " include umcertaimties
z_ntroduced by the top metal electrode, cryogenlc temperatures and perhaps
most important that 'actual catalysts cannot be studied. Model systems must

be' fabricated.
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Model systems that have been actively studied include oxidized
alumina as a model for ¥-alumina, oxidized magnesium as a model for
magnesia, evaporated transition metals on oxidized aluminum and magnesium
as models for supported metal catalysts, and deposited cluster compounds

as a model for supported cluster catalysts.

Some representative results that have been obtained in our
laboratory are: 1) CO adsorbed on rhodium can be hydrogenated to form a
two carbon species without the addition of gas phase CO. Thus, a two
carbon species can be formed without CO insertion. 2) Linearly bonded RhCO
'is relatively inactive during hydrogenation. It persists after the gem

dicarbonyl Rh(CO) and multiply bonded Rh CO have disappeared with the
2 X

formation of hydrocarbons. 3) Sulfur poisoning converts the more active
gem dicarbonyl sites into the relatively inactive linear sites. 4) An
unusually high intensity for bending modes in several systems, especially

CO on Rh, suggests the possibility of bent over CO.
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"~vzi. APPENDIX.

A, Expermental Technigques

S:ane the technlques for fabricating tunnel Junctlons are unfamlllar
to the magor:r.ty of catalys:.s researchers, we give here a summary ‘of the.
techm.ques arLd proceedures mvolved in junction formation and test:x_ng

More i,nformation can be obtained in other review articles ' and papers

(£-10).

Tunneling junctions are fabrioated in high vacuum evaporators.’ The '
aluminum metal is ev;apo'rated from three-stra.nded tuizgst_en’ ‘filaments;
‘aluminum wire of order 1710 mm can simply be wrapped aroand va 3 x 0.04"
stranded tung'ste:'z filament arLd heated to evaporate The lead c.an be
evaporated from a variety of boats, :anludmg tantalum, tungsten,~ aud

molybdenum.. We prefer molybdenum-with tantalum 2 close second.

Most transition metals caa be evaporated from stra.nded ‘tunosten
fz.lameuts prov:.ded that only -a small charoe of the trans:.tlon metal (not
exceeding about 5% by Welght) is simply Wrapped around 3 x 0 025 stranded
'tungsten wire. In th:Ls way, we have success_fully evaporated iron R r.ickel R

_ cobalt, rhodium, platinum aid palladiumm..

The thickness of the _metai electrodes. can be .l_noni'tored bp a
c’;ox_mhereial oseillat':i'_ng quartz 'c-r'ys'tal £11m thickness mo:_litor? thotgﬁ for
't]ae ;f'ery thin lap'ers of tramsition -metal t;re prefer to driv'e the ‘crystal
'and s:unply count the frequency dlrectly with a commerc:.al frequency
'counter Optimal ‘source to substrate dz.sta.nces are probably in the range x
_ of 5 to 10 :.nches. The further ‘the substrate is from the source, the

cooler it wz.ll rema:.n : dur:.ng evaporatlon and the- more un:r.form the
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deposition will be, but the amount of material used for a given thickness
increases roughly as the square of the distance to the substrate. Since
the amount of material that can be Wiapped around tungéten filaments is
limited, it is good to keep the source as close to the substrate as

consistent with required uniformity. We tend to use about 6 inches.

The patterns of the electrodes are defined by machined or
electroformed masks. The mask material can be either aluminum or stainless

steel; brass should be avoided because of possible zinc sublimation.

The substrates for the evaporation vary from group to group from

fused alumina to ordinary glass microscope slides. We use the ordinary

glass microscope slides.

For catalysis measurements, freedom from unwanted hydrocarbon
contamination is a constant problem. Precautions must begin with careful
cleaning of the substrates and of anything placed in the vacuum chamber.
We have found that detergent washing, followed by thorough water rinsing,
followed by deionizéd water rinsing, followed by drying with heat guns is

a sufficient cleaning procedure.

The vacuum chamber itself can be cleaned by the washing described
above and maintained clean either by the use of foreline traps on
mechanical pumps and glow discharge cleaning with argon or by using only
oil-free pumping systems. Typical glow discharge parameters would be 100

milliamps at 400 volts for 5 minutes, with a glow maintained between an

aluminum electrode and the chamber walls.

The sequence of steps for fabricating a tunnel junction is: 1) An
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alum:.num electrode approx:r_mately 700 Angstroms thlck is depos:t.ted on the
glass substrate. 2) Th:Ls alummum electrode is then ox:.dlzed ert:her by
glow discharge (22) or thermal oxidation in air. For the scpported metal
samples discussed in this paper, we use a.n.oxid_ation in a:lr at 200‘_’ for 10
minutes. For junctions to be doped with lerger’ ‘hydrocerbon's, such
extensive oxidatio; is uﬁz:;ecessary. A brief esposure to air at room
temperature or a bz:ie-f gloy discharge ox'idati-oﬂ. are 'suff:.i.cient. 3 The
junction is then doped, either by dropping om .'aﬂ liquid solution and
spipning the excess .(56),' I?y dipping the junction into the solﬁtion-and
shelting.off the excess (57), by vapor exposure in the veclium chamber (58),
or by evaporatizlg onto it 'coni_plex‘es or particles of tra;nsit-ion r;etels in
controlled ptessures of gases such as CO. The temperature of the substrate
is often vatried to aid the doping process. 4) The J'(lﬁcthI'LS are completed
with an evaporated lead electraode with a thlckness in the range 700-3000
Angstroms. 5) Jupctions are tested with a low powerv ohmmeter‘ -and, if
.pecessery, the‘ subst-ra'te is trimmed to 'siZe “for insertiop iﬁto the

' measuring apparatus:

‘The most critical steps in J'klnCthIl tabrlcatlon are the format:.on
- Aof the ‘barrier and J.ts ‘doping. The formatlon of ox:Lde barrlers has ‘been
studled in some .:letall by Bowser and Weinberg (22) and by L'Iag'no-and Adler
(5_9).' Some WO]_'_'l{. "ha‘s be'e’ﬁ doﬁe- on mon-oxide .:oerriers: (60),. B.ut rapid
'-.corlductance chanée's with voltage make it dlfflcult to see melastlc
tunnelmg peaks. Evans, Bowser, and Welnberg have recently applled X-ray
_ photoelectron spectroscopy to’ characterlze the alumina barrlers used in
tunneling -spectroscopy (61). | |

The doping of the barriers by ‘Vapor exposure or l:"chfidA éxPosure
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must basically be discussed on a case by case basis in the research papers
themselves. One new ?echnique that has not yet been applied to catalysis
studies, but has great potential, is infusion doping (62,63). Here dopants
are infused into completed junctioms. Surprizingly, dopants as large as
napthanol have been infused. We can expect to see more studies involving
the reaction of an adsorbed species with an infused species in the future.
This has already been done for hydrogen (53) and hydrogeﬁ sulfide (51),

but the potential exists for a wide range of infused species.

B. Cryogenics
Most of the measurements reported in this review were taken at 4.2K.
This temperature can be achieved by simply inserting the sample down the
neck of a vendor supplied storage dewar on a probe similar to that shown
in Fig. 6. Lower temperatures, for higher resolution, can be obtained by
pumping on liquid helium in conventional research dewars. The lowest

temperature used to date was below 0.1 K, obtained in a helium dilution

refrigerator (5).

C. Electronics

The basic concept for measuring the tunneling spectra is simple. See
Fig. 38. The current vs. voltage curve is run with a voltage range of
order -5 to +5 millivolts to look for the superconducting energy gap of
the lead metal electrode and insure that the current flow is due to
tunneling. After this, the junction is fed with the sum of a dc¢ current
and ac modulation current. These currents are best supplied by voltage
sources in series wiph large resistors. Actual current sources should be
avoided because of their intrinsically higher noise. A voltage source in

series with a large resistor has its output noise divided between the
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relatively small junction resistance and the high series ‘resistance. A

true current source puts all of its output moise across the junction. The

voltage across the junction is measured usually with a differential volt
meter and the x-axis of @ chart recorder. Then a compomnent of the voltage
is measured at the first harmonic frequency (1120 Hz in our measurements)

to sét the modulat:.on voltaee at the desired level, which is generally

between 0.7 and 2 millivolts. Then the lock-ln ampllfler \is used to

measure the second harmonlc voltage. For this measurement, the “first

harmom.c voltage must be attenuated in some way. Modern lock-in ampllf:.ers -

can be purchased with sufficient input flltermg to reJect- the first

harmonlc voltage with no external c:.rcu:.try C:chultry has been descr:.bed

.to ‘help lock-in ampllflers Wlth this re_]ectlon “task. (64) Tt should be

remembered, however, that no active devices should be used since the noise

level in the measurement of the second harmonic ‘voltage is critical. That

noise is what limits the speed with which tunneling spectra can be

recorded. In this ‘same light > it is iﬁxportant not to apply"the de vol'ta.ae

across the _]unctlon directly to the mput of a. dlgltal volt meter or. chart
recorder. These mputs typlcally put too much moise back across the
Junctlon, which appears at the mput to the lock-ln ampl:.fz.er. Thus, :Lt is

important to put the dc voltage through a quz.et buffer ampllfler '(e._g. s

‘PAR 113 or homebuilt voltage follower).
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FIGURE CAPTIONS

Figure 1. The harmonic oscillator of the idealized picture is one of the
vibrational modes of a dopant molecule in the actual junction. Each

vibrational mode of the dopant molecule is revealed as a peak in

dZV/dI2 at a voltage V=hv/e. The tunneling spectrum can be directly

compared to infrared and Raman spectra: 0.1 V corresponds to 806.5

-1
cm . From reference 6.

Figure 2. The low energy modes of three acids chemisorbed on the alumina
are compared. Notice that the frequency range extends to 0 meV. These
spectra are the difference spectra between doped and undoped

junctions taken at 4.2 K with an applied magnetic field.

Figure 3. Methanesulfonate tunneling spectrum. The weak. selection
preference for vibrations that are perpendicular to the oxide surface

can be seen by comparing the symmetric (vs) and antisymmetric (va)

modes of the same vibrational group on this molecule with known

orientation. From reference 6.

Figure 4. Observed peak shifts for various vibrational modes are generally
found to be less than one percent of their reported non-tunneling
values. Exceptions are small molecules with large dipole derivatives

such as OH and CO.
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Figure 5. The toptele‘ctrode has been found to"have a large effect ont the
‘low -emergy modes of GO chemz.sorbed on iron. From these prelz.mmar‘y'
,results found by Atiye Bayman it is seen that the frequecies found foz:

small molecules with large dipole derivatives such as CO depend on. the

nature of- the top electrode

Figure 6. Photograph of probe used to immerse the junctioﬁs in liquid'
helium for measurement at 4.2 K..Handling of -cry:ogenio n:.ia‘ceriel.i.s
. avoided by simply inserting the probe into a storage dewar. The use of
brass screw clamps te contact the electrodes simplifies a.ttachmentl

a:ud avoids heatmg due to solder:f_ng.

Figure 7. The ge_on.le_try of tﬁe tu:anel-' junctions gives rise- to 'a 'severe
restriction on the thickness '_o'f the samples to.b.e sttrdieds _represeoteo.
by the'questi_'on marks in the figure. Comme'rcia], catalysts can not be
_used tdirectlly “but dnstead 'szust- have their essential feetgres_

.simulated in model catalyst systems.

Figure 8. Electro‘n .micrograph '_'.of ‘small Al f:arti'cles form'ed ‘t.ay..the' '
evaporatlon of Al metal. in argon at a pressure «of 10 Torr.l The

) pez:t:{.cles were ox:.dlzed in air and studled with standard catelyst ‘
evaluat:.on -technlques to -characterize the oxide that grows A-O‘{l Al

" metal. See reference 21.

Fiwure 9. IET speotra. for chemi'sorbed propiolic acid (curve A). 1s sesen to :
change after a period of tlme of two weeks, or heating to 175 c for a
feW minutes, to that of curve B. This is compared to the spectrum of

| .chemlsorbed acrylic .ac1_d (curve C). The st:.ck speotrum shows the IR .

and .Ran;an frequeneies for sodium ao‘rylate. From reference 29.
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Figure 10. Spectra of two muconic acid doped junctions. After doping, the

oxidized aluminum strips were heated in 0.3 Torr of DZO vapor, the

strip in trace A to 50°C and the strip in trace B to 325°C. From

reference 30.

Figure 11. Spectra of a) l-hexyne, b) 3-hexyne and c) 1-heptyne adsorbed
onto plasma oxidized aluminum at room temperature. The spectra were

taken at 2 K. From reference 32.

Figure 12. IET spectra, at 2.K, of a Mg-magnesium oxide-Pb tunnel junction
doped with formic acid (top) and of an Al-aluminum oxide-Pb tunnel
- Junction doped with formic acid. The arrow demotes the mode that has
shifted down on magnesium oxide to coincide with another line. From

reference 38.

Figure 13. IET spectra of typical aromatic-ring compounds adsorbed on MgO.
(1) p-chlorobenzoic acid doped from ethanol, (2) 2-naphthoic acid

doped from ethanol. The symmetric and antisymmetric stretches of the

CO0  attachment group are indicated. From reference 39.

Figure 14. IET spectra of ethylene acetylene, and propylene on

Zr(BH4)4/A1203. The peaks in the range 2000-2500 cmm1 are associated

with BH stretching; those in the range 2850-3000 cm"1 are associated

with CH stretching. From reference 41.

Figure 15. IET spectra in the =range 2700 to 3100 (:m“1 of ethanol

chemisorbed on Ag/A1203 for statistical Ag coverages of (a) 0 , (b)

2.5, (c) 5.0, (d) 10.0 Angstroms. From reference 46.

Figure 16. A schematic view of model supported metal catalysts that can be
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 studied with ttmnelmg spectrosoopy The supported partrcles ‘are
formed from metal vapor in vacuum. d:.rectly on the oxide surface. The
amount of metal deposited is generally meastired with a quartz- crystal

microbalance and reported as am average coverage.

V‘Figure i7. R]:ioldium particles are shown in an elecrron..mi'orograph of a
-specially prepared sample. The aluminum, evaporatively deposited and
oxidized as-in the preparation of. a tunneling junction,: is supported

. by a carbon-coateci nickel grid. The relatively‘ large cryst__allites are ‘
in ’the‘ aluminum metal f£ilm. The ox-ide'on the a.luminum is too thm to
be seen. The rhodium part:.cles appear -as small hemlspheres w1th &

typical diameter of 25 Anostroms

‘Flgure 18. Auger electron spectra of alumz_na, alumina with 'rhodiu'm
. particles (evaporated from tunosten) and s:.ngle cr'ystal rhod:.um No
contamination of - the " rhodium by tungsten is observed for the

.evaporated particles. From reference 47.

Figﬁre 19. IET spectra of 12’ 16 and 120180 chemisorbed omn alum..na

supported Rh (of average thickness 12 Angstroms) Peaks (1) a:ad (1 ) -
‘are resolved only with 5 Angstroms ox less of Rh (see’ :Lns.et). r"L'L'e peak

at 115 meV is due to the alumina. From reference 48.

figure 20. IET speetr‘a ror rhodium parfrcle'S' supported on niecrnesiu;n oxide.
) 'I'he low frequency modes of chemlsorbed GO0 are againm observed The
rhodlum coveraoe is that equ:.valent to a & Angstrom un:.form layer. 'I'he
rhodlum is not u.nlform, but forms small’ part:.cles on the magnesium

oxide surfac_:e. -From‘ reference 49 .
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Figure 21. Differential spectra of CO chemisorbed on alumina supported
rhodium particles. Peaks labled are those due to CO. The small peak at
116 meV is due to the alumina support, and the peak near 445 meV is due
to the OH groups in the junction. Peak positions are not corrected for
possible shifts due the top lead electrode. Peak positions are found

to vary with both rhodium coverage and CO exposure. From reference 50.

Figure 22. Diffe:;ential IET spectra for CO chemisorbed on alumina
supported rhédiu,m particles. Spectrum (a) shows three modes; a
bending vibration near 52 meV, a stretching vibration near 70 meV and
a CO stretching mode near 243 meV. This species has been identified as
due to two CO molecules linearly adsorbed per rhodium atom. Spectra
(b,c,d,e)~ show the range of spectra obtained as the Rh/CO ratio,
substrate temperature and particle size are varied to produce a second
linear species. Spectrum (f) has a low energy bending mode near 58 meV

and a stretching mode near 73 meV assigned to a linear Rh-CO species.

Figure 23. The low emergy region of the model rhodium/alumina catalyst
spectrum is shown for three different exposures to CO. The rhodium is
in approx. 30 Angstrom diameter particles. For CO exposures of one
Langmiur or less, a peak near 58 meV, due to Rh~CO, dominates. For
higher CO exposures, a peak at 51.6 meV due to two CO molecules per

rhodium atom rapidly becomes the most intense. From reference 51.
Figure 24. The low energy region of the model rhodium/alumina catalyst
spectrum is shown for equal exposures to four mixtures of DZS and CO.

The rhodium is highly dispersed so that exposure to 100% CO forms the

dicarbonyl species with a bending mode at 51.6 meV. With increasing
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»DZS exposure -a second pegk near 60 meV also forme due to the

- adsorption of only one CO molecule per rhodiuﬁ .a‘tom.' From reference

-51.

'F;Lgu:ce 25 IET spectra showing repeated heat:.ngs of CO c.hemlsorbed on .
rhod:.um/ alum:ma. Heatings were done m a h:.gh pressure cell filled

- with H and CO The loss of CO mode intemsities and the growth of

-'hydz:oéarbon modes with increasing temperatures is observed.

Figure 26. Differential IET spectra of 1300 on rhodium/alumina that has
~been heated to 420 K in hydrogen. Modes clearly d1;1.e‘ to 'I;"ydfocerbbn
formation are numbered 1 t0'7. Three other modes’ difficult to ’zﬁeasu}:e

' are present near &1, 60 ‘and 117 meV It is not known if the OH groups

are on the alum1na or the rhod:.um partlcles, or both From reference

- 53.

Figaie 27; IET spectra.resﬁlting from the use of ti:u:ee isatopes of Cd'f.o.‘
-foi:m hydrocarbons as -in figures 25 and _26.', In the regiontf_iem' 'i25 to

' .‘1-90 meV are the C-H deformation modes. No mode is seen to shift .With'
heavy oxygen, Eut severa}. modes are seen to shift Wiﬁh'heavy c-'arbon..
"fh.is suggests tﬁat the hydrocarbon is A'formed from the caﬁ%:on bﬁt nof

the oxygen of the chemisbrbed.CD‘. From J;eferer.lce 53. .

‘Figure 28. Gemperisens are shown between ;node p'o‘s itions of .the.izé'dr‘ecf:arben.
formed in the temeling jﬁﬁcfioﬁ and n;tode pos.it'i.ons' .of known
-'compeunds. The vertical- axis is scaled by the .:".nve.rse sqﬁare ~ieot of
the mess .o-f bz;-dmine, rhodium and iadine. It is als'o‘dis:pleced. for each,
's.et of c.ou;pounds.' Mo&es 1 to 6 of the hyfirdca,rbon :' are qbserired

.direct.ly., The measurement of the positions of modes A and B is
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difficult due to overlap with other modes present. From the agreement
with the two ethylidene species {and other tests) the hydrocarbon is

identified as a u-ethylidene species. From reference 53.

Figure 29. Differential IET spectra of CO chemisorbed on alumina supported

iron. Peaks labled by cm-l are modes studied with isotopes. Peak
positions have not been corrected for shifts due to the top lead

electrode. From reference 54.

Figure 30. Differential IET .spectra of the low frequency region for three

isotopes of CO. Lines are drawn through measured positions for 12C1‘60.

Bending modes have a larger shift for 13C160, while stretching modes

have a larger shift for 12C180. From reference 54&.

Figure 31. Differential IET spectra of CO chemisorbed on alumina supported

iron that has been heated in H2 and CO. Very little hydrocarbon is

formed in the junction; the measured intensities are too small to
- allow assignment at present. Sintering of the iron particles causes a

rapid rise in the background structure seen at low frequencies.

Figure 32. Differential IET spectra of CO chemisorbed on alumina supported
cobalt particles. The three spectra show the effect of increasing

cobalt coverages. The middle trace is for 120180. The use of isotopes

is invaluable in the identification of the observed modes.
Figure 33. Differential IET spectra of CO on cobalt/alumina that has been
heated in H2 and CO. Hydrocarbons form in the junction in small

amounts. From the modes that are observable, it is clear that this is

a different species than that formed in junctions that contain rhodium
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particles .

f’igﬁre. 34 Differential IET spectra of GO chemisorbed on ~aiumina .éu;pported
nickel particles. Spectra show the desorpticn of t}ae‘ chemi‘sorbed GO

- with increasing temperature for a completed Junctlon. The thermal

' stab:.l:.ty is found to be crreatly :an.reased by the top electrode Note
the downshifts in -the -f_requency'of the CO stretch modes after Warmlng
(a.nd the resultant descrption ot’ some CO). Indicated resolutioﬁ is 3.9

. meV. From reference 55.

Figure 35. Differential IET spectra of CO on nickel/alumina in the’ low
"'frequen‘cy' region. Many overlapping mccie-s ate Gbserved from 43 to 67

- meV. The indicated resolution is 2.6 meV. From reference 55.

Figure 36. Differential IET spectra of CO on nickel/alumina shown before

and after heating im I-I2 and CO. Very little surface hydrccarbon is

seen to form. This result may reflect the preference of ' nickel _

* catalysts for methanation. From reference 55.

Figure 37 Compar son’ of three experlmental techn:r_ques that can study
' a].._umi'na s;;pporte‘d_ r_hodlum part:.cles. The upper trace shows "infr_ared
.‘re'sults that are well reaolved in the h.;'LO}.l frequency reeion' but are

non-e*{:.stent in the low frequency range. The middle trace 3_s the IET .
spectra of flvure 21 The lower trace is an EEL spectra that has the'
~full spectral range w:x.th lmz.ted resolution. It is seen that all three
methods have complrmentary features, and that no one te_chn:r.q_u‘e_ylelds

all the information available. From reference 47.

Figure 38. Standard electronics for tunneling spect'roscq;;y includes an
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x-y chart recorder for recording tunmneling spectra, sz/dI2 versus V,
and an oscilloscope for measuring I versus V as a check on junction

quality. From reference 4.
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TABLE CAPTION

Table 1. The .resolution of a tﬁn_neling ‘Sspectrum is largely determined by
thg ﬁemperature ‘and modulation ‘voltagg. - Although there -"is no
'fu:qdamen;t_al limit to resolutiom, the time to take a si:ectrt.l;n at the
same signél to mnoise ratio increase's rapidly Wz.th mcfeasmo
resolutlon. The trace ‘times are for three different time constants on
the lock-in amplifier n:_(easuring the y-axis signal; the times shown
_aliow rdﬁ_gﬁly SlX fime constants per resolutiom 'element_ m é. 0 .to Q .‘5

eV spectrum. | |
Superconductivity im the ele,‘ctroaes will .siightiy : .improve
resolutlon over ‘the values listed here, and Wlll Shlft the peaks 'I'he

values listed are for an Al- I -Pb Junctiom.
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