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Abstract

Inelastic electron tunneling spectroscopy (IETS) has been used to
investigate the temperature and exposure-dependent reactions of two
cyclic hydrocarbons, cyclohexene and 1,3-cyclohexadiene, with Zr(BH4)4

supported on Al,04, a known olefin polymerization catalyst.

The interactions of cyclohexene with the adsorbed catalyst have been
studied at exposures of 150, 1200 and 6000 Torr s at temperatures ranging
from 298 to 623 K. At 150 Torr s and 298 K, the adsorbed cyclohexene is
clearly an unsaturated hydrocarbon and cyclohexene coordination to the Zr
catalyst does not require an appreciable displacement of BH, ligands.
There is evidence of both tridentate and bidentate BH,, stretching vibra-
tions. The initial complex formed by the adsorbed cyclohexene is prob-
ably a m-complex. The IET spectra support this conclusion as well as the
possibility of conversion to a n3—a11y1 ligand. The unsaturated surface
species are converted to a saturated hydrocarbon at intermediate and high
exposures of cyclohexene. The saturated specie accumulates on the sur-
face as a function of both exposure and substrate temperature and the
spectra show no olefinic increases in intensity. The saturated specie
has been identified as polycyclohexene, a saturated polymer consisting of

cyclohexane rings formed by homopolymerization.

The interactions of 1,3-cyclohexadiene with Zr(BH4)4 supported on
Al,04 have been studied at exposures of 150 and 6000 Torr s. Adsorbed
1,3-cyclohexadiene has been shown to form an unsaturated hydrocarbon

similar to cyclohexene at moderate exposures which continues to accumu-



late on the surface as a function of temperature. At high exposures,
evidence has been presented that the catalyst may initiate the polymer-
ization of 1,3-cyclohexadiene to form poly-1,3-cyclohexadiene. As with
cyclohexene, there is no apparent saturation limit as based on increases
in the intensity of key hydrocarbon spectral features and on junction
resistance. Adsorbed 1,3-cyclohexadiene continues to accumulate on the
surface as a function of temperature at 6000 Torr s. The spectral in-
tensity of the ring breathing modes increases dramatically and their
variability in position provide evidence of different types of substi-
tuted rings. Adsorption of 1,3-cyclohexadiene perturbs the catalyst much

more than cyclohexene, promoting the disassociation of the BH, ligands.

Design changes and improvements to a high vacuum system used for the
fabrication of tunnel junctions, as well as a detailed account of the
experimental procedures, are described. Programs for computer spectral

analysis are presented.
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Chapter 1

Introduction



1. Supported Homogeneous Catalysts

1.1 Advantages of the New Catalysts

The immobilization of catalytically-active transition metal com-
plexes on oxide supports is an exciting and challenging subject of great
scientific and technological importance (1-4). This new generation of
catalysts combines the best aspects of traditional heterogeneous and
homogeneous systems: selectivity, activity, and re-use or recovery of
the costly transition-metal catalyst. The goals of this research are to
obtain the desired composition of active centers, develop methods for the
synthesis of active centers in high yield, achieve complete use of the
supported transition metal for propagation centers, and control the
steric accessibility of the propagation centers by the proper choice of
ligand. This research has centered largely on polymerization catalysis.
The possibility of improving and refining Ziegler-Natta catalysts and
polymerization products is important both scientifically and economic~

ally.

One industrial advantage of the new catalysts 1is that the process
involves only one component as compared to the traditional two-component
Ziegler-Natta polymerization systems which utilize an organo-aluminum co-
catalyst. The new catalysts can thus be used In gas phase processes as
opposed to the traditional fluidized bed or batch processes for Ziegler-
Natta catalysis (5). This is particularly suitable for the production of
ethylene and polypropylene. The main advantage of the gas phase method

is that the polymer 1is easily separated from the monomer and requires no



further processing either to remove catalyst residues or undesirable
polymeric product (i.e., atactic material in polypropylene). Further
impetus has also been provided by the practical problems associated with
the use of homogeneous catalysts on an industrial scale, which include

corrosion and deposition of the catalyst on the reactor walls.

1.2 Attempts to Preserve the Molecular Nature of the Catalyst

Recent work on supported homogeneous catalysts may be roughly di-
vided into two areas (l1); one in which the molecular nature of the cata-~
lyst is kept and the other in which it is lost or unknown. The first
area has been primarily concerned with grafting known homogeneous cata-
lysts onto polymers or inorganic supports, using the principles of ligand
exchange to preserve the molecular nature of the catalyst. The desired
characteristics of the catalyst support include chemical durability,
insolubility in the reaction medium, and catalytic centers which are
easily accessible to the reagents. Most polymers cannot meet these cri-
teria. Of the polymers investigated (6), two of the more suitable are
high surface area cross-linked polystyrene and cross-linked poly(styrene-
divinylbenzene) co-polymer. However, these organic polymers do not have
a rigid structure and their conformation, and thus the size and shape of
particles, can be strongly influenced by temperature, pressure, and
solvents. 1In contrast, inorganic oxides such as silica and alumina are
mechanically very rigid and are affected by only the most severe condi~-
tions. They are preferred for large-scale industrial operations where
long catalyst beds or large pressure drops may occur. In the studies

attempting to preserve the molecular nature of the catalyst, the surface



is first reacted with a molecule containing the desired ligand to which
the metal center is subsequently attached (7-9). However, there is often
a lack of information on the real coordination sphere of the supported
complexes, except for those containing carbonyls. 1In some instances, the
complex is able to migrate easily onto the surface of the support. This
depends on many factors, including the hydrophilic nature of the support
and the rigidity of the ligand (1). With some complexes, highly dis-
persed metal particles may form on the surface. Another potential diffi-
culty is the reversibility of ligand dissociation. Theoretically, sup-
ported complexes should be coordinatively unsaturated if the support is
rigid enough to prevent coordination to nearby ligands but the situation

is often more complicated (10-12).

1.3 The Solid Support as Ligand

The alternative major research effort on supported homogeneous cata-
lysts differs from that discussed above in that the molecular nature of
the catalyst may be lost or unknown. In this case, the surface of the
support itself acts like a ligand and the organometallic complexes are
grafted onto the support so that the transition metal is directly bonded
to the support. In these systems the support is not inert and plays an
intimate role in controlling the activity of the catalyst. The early
research in this field has been done primarily by D.G.H. Ballard (2) at
I.C.I. and by V. A. Zacharov and Yu. I. Yermakov (3) of the Institute of

Catalysis in Novosibirsk, U.S.S.R.



The majority of the complexes investigated comprise the same poly-
merization-active transition metals commonly used in traditional Ziegler-
Natta catalysts: Ti, Zr, Hf, V and Cr. Ligands have included allyl
(-C3H5), neopentyl (-CH,C(CHj)3), cyclopentadienyl (Cp) (-CsHg), arene
(-CgHg), benzyl (-CHyCgHsg), methyl (—CH3), trimethyl silylmethyl
(—CHZSiC(CH3)3), and borohydride (-BH,). Solid supports were Si0p,
Aly04, or aluminosilicate and the supported catalysts were formed by

reacting the organometallic complexes directly with the support surfaces.

The most outstanding general characteristic of these catalysts is
their greatly enhanced activity over their homogeneous counterparts. The
rate of olefin polymerization by solutions of individual organometallic
compounds is quite low generally, ranging from 0.1 to 10 g C2H4/mmole
M/hr/atm, where M is a transition metal. Ziegler-Natta catalysts range
from 10 to 103 g CyH,/mmole M/hr/atm. The activity of the supported
systems is usually two to three orders of magnitude greater than in sol-
ution. The increased activity may be due in part to the inability of the
supported transition metal to form dimers. Species such as (CgHgCHy)4ZTH
are inactive in solution as a result of dimerization but the hydrides of
transition metal compounds are active centers for polymerization which

can be readily realkylated (13).

1.4 Formation of the Surface Complexes

The transition metal complexes form supported species by interacting
with the hydroxyl groups on the surface of the support. The resultant

product depends in part on the preliminary dehydration temperature (Td)



of the support which determines the concentration and predominant type of
surface hydroxyl. This may also determine the nature of the resulting
catalyst. For instance, when Cr(CgHg)3 is supported on Si0, with Td >
600°C, oligomerization centers are formed in addition to the high-polymer
chain propagation centers (14). The optimum Td varies with the system,
ranging from 25°C for Zr(CgHg), + SiOy, to 750°C for Zr(C3Hg)3X + SiO)
where X = C1, Br, I. The maximum amount of organometallic complex which
adsorbs on the support surface also decreases as the dehydration tempera-

ture is increased (15).

The formation of the surface complex is represented by reaction 1.
The resulting structure can be confirmed by reaction with n-butanol (2,

16) as shown in reaction 2, as well as followed in the infrared (17).

51— 0H i o0 C.H
— Vd ~ g
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Similar structures have been deduced for other organo-zirconium and
titanium complexes. Alumina may replace silica as the support in these
equations. If some of the hydrocarbon ligands of Ti, Zr, or Hf complexes
are replaced by halogens, structures 2 and 3 may be obtained (2, 16) as
shown on the following page. Zr(a11y1)3cl gives primarily structure 2,

whereas Cr(a11y1)3 results in a transition metal center with structure 4.
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From the structures of the surface complexes, it appears that a sig-
nificant number of hydroxyl groups occur in pairs on the surface. On
200°C dehydrated silica this implies that the transition metal centers
are approximately 10 A apart (16). The surface hydroxyl concentration
can be measured by several methods, including TGA, neutralization, D,0
exchange, and reactions with thionylchloride, CH4MgI, and metal chlorides
(18). The fraction of paired hydroxyl groups can be estimated from the
stoichiometries of reactions with $iCl, and AlCly (19) and infrared spec-
troscopy may be used to differentiate between hydrogen—bonded and free
hydroxyl groups (20). Chien (21, 22) developed a method which involves
titration of the surface hydroxyls with gaseous VCl4 followed by record-
ing the electron paramagnetic resonmance spectrum. From those studies it
was found that y-Al,05 also has close-packed hydroxyls which react

according to reaction 3. Based on its unit cell structure, y-—Alzo3 has

(3) velr, + ———=>

OH

0
/ ~
vCl 4+ 2HC1
~ 2

A

— 0

17 OH/100 AZ of surface and the average separation is particularly

favorable for reaction 3.



After formation of the "initial" supported catalyst, its activity

may be altered greatly by further treatment with hydrogen, y- or UV-

irradiation, or by heating (3). Metal hydrides, formed when the alkyl
groups are removed by hydrogenolysis, as in reaction 4, are also active
polymerization catalysts. Transition metal borohydrides, shown in re-
action 5, may be used as well (16). In these compounds, the bonding to
the metal is through the hydrogen atom and not the boron. During poly-

merization, BoHg is evolved initially and they behave like transition

metal hydrides (23).

~ ~
>gi-0 CH.C.H H 2510 H
~N 7 P
4y of zx” 265 2 5 o~ gy + 2C_H_CH
>g5i0”  cH.C.H Zsi—0” m 6753
e 26 >
~ ~N
—-/Si—-—O —;Si—O\ /H’BH3
(5) 0 + Zr(Bl,), ---—> O Zr +B.H +H
=510 474 Ssio0” memn, 6 2

1.5 The Development of Polymerization Catalysts

Historically, a-TiClj with an organo-aluminum co-catalyst was the
preferred catalyst for the production of polycrystalline polypropylene
(21). The efficiency of Ti utilization, expressed as grams of polymer
produced per mmole Ti, is very low since only the coordinatively unsatu-
rated Ti atoms along the lateral edges of the crystals form active
centers. The active center concentration is only 0.05 to 20% of the
available surface sites (24). In addition, there may be several kinds of

active sites with differing polymerization activity and stereospecificity



(25). The polymers obtained may have broad molecular weight distribu-
tions and be difficult to process. Such considerations spurred the
development of a more active catalyst system based primarily on increased
activity through increased surface area. After an undistinguished series
of new catalysts, TiCl, with magnesium compounds (Mg0, Mg(O0H), Mg(OR),,
MgCl,, Mg alkyls, etc.), together with an aluminum co-catalyst, was found
to have a polymerization activity which was more than a thousand times
greater than the original Ziegler systems. With solid magnesium chloride
supports, highly isotactic polypropvlene is obtained (24). In the late
1960's it became clear that if organotitanium species were the true
catalysts formed by reaction of titanium compounds and aluminum alkyls,
and if the compounds could be reacted with supports, then very active
polymerization catalysts could be obtained. This led to the series of
catalysts based on tetrabenzyls, tetraallyls, and tetraalkyls, or di-
arene metal(0) complexes of the Group IV metals in combination with high
surface area alumina. 1In the past 15 years, new solid catalysts of both
the one-component, and the two—component variety have been explored. For
instance, TiCl, (26, 27) is an active catalyst which does not require a
co—catalyst and Ti(Benzy1)4 is a polymerization catalyst either alone,
supported on Mg(OH)Cl with aluminum co-catalysts (21), or supported on

oxides (28) without co-catalysts.

1.6 The Transition Metal-Carbon Bond

An impressive number and variety of catalysts are now known to poly-
merize olefins and di-olefins: traditional Ziegler-Natta two—component

catalysts, oxide-supported Ziegler-Natta catalysts either of the one-
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component metal-alkyl free type or those requiring a co-catalyst, and a
large number of transition metal complexes either supported or unsup-
ported and with or without an added aluminum alkyl. This diverse com-
position of transition metal compounds presents a seemingly overwhelm-
ingly complex picture of polymerization. In many of these systems, the
number of transition metal atoms present and the steps required to trans-
form the initial transition metal complex into the active center are un-
clear. However, in each of these diverse systems, it is now clear that
the active center is a transition metal-carbon bond. It appears that the
mechanism of olefin polymerization by all solid catalysts is basically
the same. Chain propagation involves two distinct steps: coordination
of the monomer to the metal and insertion of the complexed olefin into an

ad jacent metal-carbon bond (16, 21, 29, 30).

It now appears that the oxide polymerization catalysts like the
Phillips Petroleum Co. catalyst (Cr04 on oxides) and the Standard 0il Co.
catalyst (MoO3 on Al,03) may differ only from a-TiCljy Ziegler-Natta
catalysts in the manner of formation of the propagation centers - the
surface compounds with an active metal-carbon bond. 1In the Ziegler-Natta
systems, the transition metal-carbon bond can be formed by alkylation of
the transition metal salt by the added metal alkyl co-catalyst as in

reaction 6.

(6) LxMC1 + AlR3 ------- > LzxM-R + AlRZCl

Additionally, the co-catalyst may act as a reducing agent, as a stabi-

lizing agent for the metal center by completing the coordination sphere
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of the metal or via the formation of halogen or alkyl bridges, or by
scavenging impurities that may poison the center. It may also partici-
pate in chain transfer reactions and control the stereochemical behavior
of the catalyst. In metal alkyl-free systems it is not always clear if
the starting material or some species derived from it is the active
species. 1In some cases not all molecules are simultaneously active. The
slow first addition of monomer may account for the low activity found in
certain cases. However, most catalysts exhibit varying degrees of reac-

tivity depending on the monomer to be polymerized.

1.7 Formation of the Propagation Centers

The extent of polymerization thus depends on the mechanism of pro-
pagation center formation and the number of centers formed. The trans-
formation of the surface complexes to propagation centers has been pro-
posed to proceed via the following routes (3, 31, 32): insertion of
monomer into the metal-organic ligand bond, shown in reaction 7 where R
is the organic ligand and Lx represents the other ligands of the surface
compound; formation by oxidative addition to low valent ions, as in reac-
tion 8; and formation of hydride complexes followed by monomer insertion,

shown in reaction 9.

N/ |
(7) LxM-R + C=C ====mm > LxM—C—C—R
/N | 1
7
R c=C C-C-R
(8) LxM + R-X =——————m S LxM” Ly nxm”
~ N
X X
b -~
+H 2 /C= C\
(9) LxM-R  ———z5-—- > LxM-H —-—S-m—=e- > LxM-C-CH
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For some systems (31), such as supported tetrakis-m-allyl zirconium,
treatment of the initial surface complexes with hydrogen produces surface
hydrides which are direct precursors of the propagation centers for ethy-
lene polymerization. For Ti(II1) and Zr(III) centers, the propagation

reaction appears to involve a two-step process (33), shown in reactions

10 and 11:
HZ?IFHZ
(10) LxM=P + C2H4 ——————— > LxM-P
szFCHZ
(11) LxM-P ———————e— > LXM-CHZ—CHZP

For these catalysts, the elementary stages of the polymerization process
include coordination of the monomer, insertion of the monomer into the M-
H bond, hydride transfer, hydrogenation of the metal-carbon bond, and re-
generation of the propagation centers as the result of olefin insertion

into the metal-H bond.

1.8 Monomer Coordination and the Propagation Reaction

The formation of the active propagation center is followed rapidly
by olefin insertion into the metal-carbon bond as shown in reaction 12,

where P represents the growing polymer chain:

(12) LxM-CH, P + n(C2H

P+ n(CH,)  —mmmmm- > LxM-(CH,~CH,) -CH,P

4 2
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Until recently, coordination of the monomer to the metal was thought
to result in a m-complex and the insertion of the complexed olefin into
an adjacent metal-carbon bond was thought to proceed possibly via intra-
nucleophilic attack on the olefin. However, this view of the propagation

step mechanism has been challenged.

Cossee's original treatment (34) of the propagation reaction in
Ziegler-Natta catalysts postulated that back-bonding of the monomer with
the metal ion was an important contribution in the formation of the =
complex. Theoretical studies have since shown that such an interaction
is small (35-39). 1In fact, Zr(IV) and Ti(IV) centers which have no d
electrons and are unable to backbond into the olefin, nomnetheless have
high catalytic activity. 1In considering the reactions of these transi-
tion metals without d electrons, one is reminded that Ziegler-Natta poly-
merization, or coordination polymerization as it is also known, is a
special type of anionic polymerization in that the charge on the inter-

mediate can be written (24) as in reaction 13. It may be that for these

+
M

(13) polymer

systems the coordination of the monomer to the metal is best thought of
as a Lewis acid-base type interaction, as opposed to the Chatt-Duncanson

type (13, 40).

This is supported by Ballard's work on various zirconium derivatives
obtained with silanols (41, 42). He speculated that ligands derived from
stronger acids would provide more electromegative oxygen atoms that would

in turn make the Zr0O bond more ionic and intensify the electropositive
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charge on the metal. This would not only enhance the coordination of the
olefin to the zirconium but would make the Zr-C bond more polarized and
more active for insertion of the coordinated olefin. This was supported
by showing that Zr derivatives of a-pinacol, a weak acid, were inactive
whereas those of perfluoro-o-pinacol, a strong acid, formed active cata-

lysts as shown in structures 9 and 10.

(CHy) 5~ €0~ S CH, C, H, (CFy)5—C— 0~ - CH,, C, H,
e e ~ e n N~ ~

(CHB)Z c—o CH2C6H5 (CF3)2 cC—o0 CH206H5
(9) 1inactive (10) active

One feature of these catalysts which any mechanism must account for
is their ability to form highly isotactic polymers from a-olefins, espe-
cially propylene. This reflects the very high degree of stereochemical
control which is present at each insertion step. The origin of this pre-
cise control is believed to be the asymmetry in the coordination sphere
of the catalyst center which leads to a highly favoured complexion of the
a-olefin. Additionally, it should be noted that the stereospecific char-
acteristics of the traditional Ziegler-Natta systems are also present in

the new metal-alkyl free systems and metal complex catalysts.

Ballard (2, 16, 45) has postulated the existence of a 4-center
transition state based on the equilibrium between olefin insertion into
the M-H bond and B-H abstraction as shown in reaction 14. The olefin

insertion reaction is the reverse of this process.
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" H H
HeCHX 7NN I CHX | CHX

s @My = (L) M. JCHR &= (L) M ¢— I — (L) M+ 1
~Nir R CHR CHR

Ballard generalized the reaction to include metal alkyls as well as
hydride species. One of the central points of this reaction is that the
intermediate is similar to a m—allyl complex. The three C atoms lie in a
plane nearly at right angles to the plane of the transition metal and the
bond lengths are intermediate between C-C single and double bonds. This
resonant specie is shown in structure 11. This intermediate also
accounts for the asymmetric synthesis of polymers. Structure 12 is the

isotactic intermediate and structure 13 is the syndiotactic intermediate.

H
P R P
H,C —— CH, C~. N
\ fi W Re B 1 \H
\ \ e 1 p
. \\C‘17CH2 é//é \
A -
H.C / > / -
2\\\\/ \;/,H H : H
M M M
11 12 13

1.9 Similarities of Polymerization and Metathesis

Recent work on the mechanistic details involved in the propagation
step have focused on unifying the mechanistic pathways of polymerization,
oligomerization, and metathesis by proposing a common metal-carbene or

metallocyclobutane intermediate (44, 45). Results from research on
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alkene metathesis reactions led to a re-examination of the polymerization
reaction and the proposal of a new mechanism because of the similarity of
the metathesis and polymerization reactions. 1In particular, the meta-
thesis of some cyclic olefins was found to result in ring opening poly-
merization and some Zlegler-Natta systems catalyze both ring opening and

normal polymerization (46).

Recent work on alkene metathesis reactions has shown that the
catalytic chain is propagated by two different odd-carbon—-number species,
metal-carbenes and metallocyclobutanes. The reaction mechanism
originally proposed by Bradshaw (47) involved pairwise exchange of
alkylidene units at the catalytic center and has since been disproven.
Herisson and Chavin (48) proposed a mechanism which involved a metal-

carbene intermediate in 1970:

R M
- I CHR
~~u —_— A +
+ R N CHR'
R' CH=CHR'

In recent years studies have focused on isolating a recoverable metal
carbene catalyst that would catalyze metathesis and on demonstrating the

participation of metallocyclobutanes in catalytic reactions.

A unifying mechanism for metathesis and polymerization has been

proposed by Ivin et al. (49) in which R represents the growing chain:
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H
? MeCH=CH2 i
LxMCHMeR == LxM=CMeR =g——————"3 LxM=CMeR
MeCH=CH2
H H

| |
LxM CHRMe =m—=» LxM CHRMe =x=——# LxM-—-CMeR

| | |

MeC-—CH2 MeCH--CH2 MeCH-—---CH2

Two main routes for the formation of metal-carbenes and metallo-
cyclobutanes have been proposed: a-elimination and n3—ally1—metallo—
cyclobutane interconversion. The a-elimination pathways for homogeneous

and heterogeneous systems are shown in reactions 7 and 8, respectively:

H
0] e———— —— = —
LNvl2 > LMMe2 > LT CH2 > LMCH2 + CH4 (7
Me q
CH2=CHR
LM-H -~—==———- > LMCHZCHZR —————— > LT=CHCH2R (8)
0X 0X 00X

In situations where there'is no obvious route via metal alkyls or
hydrides a n3—allyl—metallocyclobutane interconversion may be possible as

shown in reaction 9:

_ CcH CH CH
CHZ—CHCHZR 4(/,.2q§ 2~ / AN
LXM ==5em———Zeo > LxM CH ---=> LxM — CH ——--> LxM CH
e d \. / ?
CHZR " CHR CHR

The recent studies of reaction mechanisms in metathesis, oligo-

merization and polymerization systems demonstrate that the same



18

fundamental processes are operative in each: molecular complexation,
addition and elimination. Recent studies are designed to isolate well-
characterized catalysts that are slow enough that chain growth may be
monitored. An example of this was provided by the work of Turner and
Schrock (50) who reported on the polymerization of ethylene by a tantalum
alkylidene hydride complex. Other studies have been concerned with
preparing and isolating metallacyclobutanes and metal-carbene complexes.
A recent example of this is provided by Gilliom and Grubbs (51) who
reported the preparation of a titanocyclobutane precursor to alkyl-

substituted titanium—carbene complexes.

1.10 The Role of the Support.

It may be that in supported organotransition metal polymerization
catalysts, the mechanism is governed largely by the presence of the bulky
surface through proximity and electronic effects, as well as by the other

ligands in the coordination sphere.

The choice of support has been shown to have an important effect on
the formation of propagation center precursors and hence on the number of
propagation centers formed. A good example is provided by the Zr(allyl)A
system which has a propagation rate constant which is an order of magni-
tude higher when Al,03 is used as the support as compared to Si0p. A
similar effect has been observed with chromium oxide catalysts (29, 52).
Studies of Zr(BH,), adsorbed on Al,043 and SiOp have also shown different
proportions of surface decomposition products are formed as the catalyst

is heated depending on the support used (53).
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The proximity of the transition metal to the surface implies that
an electronic effect of the surface is to be expected and that changes in
the electronegativity of the substrate element E in the E-O-M portion of
the propagation center should definitely change the electronic demsity of
the metal. The estimation of this effect on the propagation rate
constant is, however, not straightforward. One would also expect to find
a steric effect generated by the surface since the surface is considered
to be a ligand in these complexes. Changes in selectivity have in fact
been demonstrated in olefin metathesis with tungsten complexes acting as
either homogeneous catalysts or supported on alumina (54). It is also
expected that replacement of the oxygen as a surface ligand by other
elements should have a profound effect on the properties of the catalyst,

but this has not been investigated.

Much remains to be done with these systems before the coordination
sphere of the supported complexes is completely understood. In any case,
the support in these systems seems to play an important role; by
rendering the catalyst insoluble, by dispersing the active centers, and

by acting as a co—-catalyst or activating agent.

2.0 Inelastic Electron Tunneling Spectroscopy

Inelastic electron tunneling spectroscopy (IETS) was discovered 20
years ago by Jaklevic and Lambe (55). IETS is a surface vibrational
spectroscopy which is characterized by its high sensitivity and resolu-
tion. Most of the studies conducted to date have used either Al-Al,03-Pb

or Mg-Mg0O-Pb junctions and a compilation of IET spectra has recently
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appeared (56). Since IETS has been used exclusively to study the inter-
actions of cyclic hydrocarbons with the Al,03-supported polymerization
catalyst, Zr(BH4)4, as reported in this thesis, a brief summary of this
technique is warranted. Several reviews of tunneling spectroscopy, as
well as details concerning the application and interpretation of IETS,

are available elsewhere (57-61).

Inelastic electron tunneling spectra result from the absorption of
energy by molecules adsorbed in the insulating layer of a metal-insula-
tor-metal junction from electrons which tunnel inelastically through the
junction. Figure 1 shows a typical junction. As a dc bias voltage, V,
is applied, the Fermi levels of the metal 1 and 2 are separated by eV.
The horizontal line corresponds to elastic tunneling of the electrons and
the dashed oblique line corresponds to inelastic tunneling in which the
electrons lose energy ﬁwo, to excite an oscillator in the insulating
region. In order for the tunneling electron to find an empty state in
the right-hand metal, the applied voltage eV must be greater than or
equal to ﬁwo, where W, is the excitation frequency of the oscillator or
adsorbate in the junction. As the bias voltage is increased, new
inelastic channels will result as higher vibrational frequencies become
accessible to the tunneling electrons and are able to be excited. These
small increases in the availability of inelastic channels result in a
small change of slope in the current versus voltage plot as shown in
Figure 2. The first derivative of the current versus voltage will then
exhibit a small step. However, since approximately only 1% of the

electrons tunnel inelastically, the second derivative of the current with
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respect to voltage, dZI/dVZ, is usually recorded instead since this
allows a clearer display. The baseline of the dZI/dV2 versus V curve is
not flat. When the second electrode is superconducting, the typical
energy gap, labelled as 2A in Figure 1, will appear as expected. This
results in a small offset between the applied voltage and the accessi-
bility of empty states in metal 2 since tunneling into the superconduct-

ing gap is forbidden.

Scalapino and Marcus (62) were the first to develop a theory
showing that the dZI/dV2 versus V spectrum of IETS is analogous to an
infrared absorption spectrum. They demonstrated that the selection rules
operable in IR spectroscopy also apply to IETS, that electron dipole
interactions are allowed and observed. The theory of Scalapino and
Marcus was extended by Lambe and Jaklevic (63) to include the polariza-
bility of the molecule. They demonstrated that Raman active transitions
are observed in IETS. In practice, most adsorbates studied by IETS do
not have sufficient symmetry to have separate Raman and IR active modes.
However, a study of anthracene (64) demonstrated that the IR and Raman
modes are separate in the IET spectrum of this molecule and that they

occur with nearly equal intensity.

IET junctions are thin film devices and are fabricated at the time
of an experiment. The steps followed in the fabrication are presented
schematically in Figure 3. All experiments are conducted in a high or
ultra-high vacuum environment since the fabrication process requires the
evaporation of the metal electrodes as well as a clean contaminant-free

environment. The IET junctions used for the studies presented in this
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thesis were all prepared in an o0il diffusion-pumped bell jar with a base
pressure of 5 x 10_8 Torr. Before beginning an experiment an oxygen
plasma discharge was run to help clean the system of hydrocarbon con-
taminants (65). Aluminum strips approximately 800 A in thickness are
evaporated onto glass slides. Electrical contacts to the films are made
using In/Sn solder as shown in Figure 3. The simultaneous heating and
temperature measurement technique developed by Bowser and Weinberg (66)
was used for all heating operations. After evaporation, the aluminum
strips are annealed to 520 K to ensure that the integrity of the oxide
barriers will be preserved in any subsequent heating operations during
the experiment. After annealing, thin oxide barriers are formed by
oxidizing the aluminum in a plasma discharge of O2 containing a trace of
Hy0 vapor. The resulting oxide is 20 - 25 R in thickness and provides
the surface upon which the experiments of interest are carried out. The
nature of the oxide barrier is important since modeling commercial
alumina catalysts with IETS is highly desirable. Studies have shown that
the oxide barriers formed are physically, chemically and catalytically

similar to y-alumina (67, 68).

The adsorbate of interest is next exposed to the oxide film as a
vapor or a dilute solution. In some cases, the junctions are heated or
cooled during or after this step in order to promote reaction or ad-
sorption. 1In the case of the Zr(BH4)4 studies preserved in this thesis,
the junctions were first exposed to the Zr(BH4)4 in order to form the
A1203 supported catalyst. After forming the immobilized catalyst in this

manner, the junctions were allowed to interact with the cyclic hydro-
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carbon adsorbate over a range of temperatures and exposures.

The junctions are completed by evaporating a counter electrode of
Pb approximately 1000 to 2000 A in thickness in a crossed strip geometry
which allows the current-voltage characteristics of the junction to be
measured by using a four-point probe geometry. Pb is chosen as the
counter electrode because of its inertness, large ionic radius and low
melting point which makes it easy to use. Lead also has a relatively
high superconducting transition temperature which ensures that it is
superconducting at the temperature at which the IET junctions are

measured. This increases the resolution (69).

The IET spectra are measured using a harmonic detection scheme as
shown in Figure 4 which has been previously described (57). The elec-
tronics actually measure a2v/d1? which is equal to —(dI/dV)_3d21/dV2.

In most cases, dI/dV is essentially constant over the spectral range so
the measured quantity is proportional to dZI/dvz. Measurements are
carried out with the junctions submerged in LHe over the spectral range
of 240 - 4000 cm~l. The region below 240 em~! is not measured because of
the magnitude of phonon excitations due to the Pb superconducting counter
electrode. Recording the data at 4.2 K or below ensures not only that

the Pb will be superconducting but also reduces thermal broadening.
3.0 Objectives

IETS has great applicability to studies of chemisorption and
heterogeneous catalysis. Tunneling spectroscopy has been used to study

the molecular structure of adsorbates, adsorbate orientation, surface



24

concentration, absorbate—adsorbate interactions, surface reactions and
supported metal catalysts. A great number of adsorbates, especially
carboxylic acids and alcohols, have been studied by IETS (56). Many of
these past studies used IETS to merely survey a group of adsorbates

rather than study the surface reactions of the absorbates in any detail.

One of the objectives of the work presented in this thesis was to
study in detail one particular adsorbate system in the hope of exten-
sively characterizing its temperature and exposure dependent reactivity.
The system chosen for this in-depth study was cyclohexene interacting
with Zr(BH4)4 adsorbed on Al503. Zr(BH,),; on Aly03, a known olefin poly-
merization catalyst, has been successfully studied by IETS previously
(70-72). 1t is a nearly ideal choice for a supported catalyst because of
its high vapor pressure and the unique spectral features associated with
the BH, ligands. It was hoped by this work to not only learn more about
the chemistry and reactivity of the supported Zr(BH,), catalyst but also
to demonstrate that IETS can be successfully used for this type of
detailed investigation. Chapter 2 presents the results of this study

with cyclohexene.

Chapter 3 presents the results of a similar study of the inter-
actions of 1,3~-cyclohexadiene with Zr(BH,), supported on Al,04, and
demonstrates that IETS may be better suited for the study of some

adsorbates than others. Chapter 4 presents the conclusions.

In order to carry out these objectives certain practical considera-

tions had to be addressed. First, the vacuum system used for the
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preparation of these junctions required serious upgrading. The many
design changes and improvements which were made to the system are
presented in Appendix A as well as a detailed description of the fabrica-
tion process steps which are actually required for an experiment using
this particular vacuum system. The second practical consideration
involved developing a reliable method for the accurate assignment of
spectral peak positions. The programs originally written (73) were found
to require major changes in the method of background subtraction before
they could be applied favorably to the cyclohexene and 1,3-cyclohexadiene
spectra. Consequently, a number of alterations were made to the program
and several new features such as a screen plotting option and the ability
to produce graphs of up to 10 spectra were incorporated. The resulting

programs are presented in Appendix B.
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Figure Captions

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Schematic energy diagram for elastic (horizontal 1line) and
inelastic (oblique line) electron tunneling through a barrier
of width 1. E;, the initial energy, and Ej, the final
energy, are separated by ﬁwo, a vibrational excitation
energy. Ep; and Ep, are the Fermi levels in the two metals.
2A2 represents the superconducting gap in metal 2 and eV is

the bias voltage.

Schematic representation of the effect of a vibrational
excitation at energy eV, on the current-voltage charac-—
teristic and the first (dI/dV) and second (dzlldVZ)
derivatives of the current with respect to voltage (V) of a

tunnel junction.

A schematic of the junction fabrication procedure showing (a)
a clean glass substrate with attached electrical leads, (b)

evaporation of the aluminum strip, annealing of Al, oxidation
and exposure to adsorbates, and (c) deposition of top counter

electrode.

Schematic of the IETS analog measurement electronics.
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Chapter 2

The Interactions of Cyclohexene with
Zr(BH,), Adsorbed on Al,04
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1.0 Introduction

During the past decade there has been a growing interest in homo-
geneous catalysts supported on aluminum and other inorganic oxide sup-
ports (1-3). The observation that the activity of many of the supported
catalysts is increased by several orders of magnitude over that of their
homogeneous counterparts has provided a significant impetus to this line
of research. Supported catalysts are usually more stable than homo-
geneous catalysts and the fact that in many cases the reaction products
may be separated from the catalysts make these new systems commercially
attractive. Additionally, they often retain the selectivity found in
homogeneous complexes. However, very little information is known about
the surface structures of these supported catalytic systems. In order to
design and develop new catalytic systems as well as refine the selectiv-
ity and activity of presently known complexes, an increased knowledge of
surface structure and chemistry is required. The supported systems are
not generally amenable to traditiomal structural studies such as NMR

which are routinely used to characterize homogeneous complexes (4).

Our research group has been involved in an ongoing effort to charac-
terize the surface structures and chemistry of known homogeneous cata-
lysts and complexes supported on alumina by means of inelastic electron
tunneling spectroscopy (IETS) (5-9). IETS is a type of surface vibra-
tional spectroscopy which is particularly well-suited for studies of
model catalytic systems because of its resolution, sensitivity, and spec-

tral range (240 to 4000 em~l). IETS involves monitoring the current due
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to electrons tunneling inelastically through a thin insulating barrier
between two electrodes. The junctions are of Al—A1203—Pb and the Al,04
barrier serves as the oxide support for the catalyst. The nature of the
oxide barrier is an important consideration since the applicability of
IETS results to commercial y-alumina catalysts is highly desirable.
Hansma et al. (10) have demonstrated that the aluminum oxide that grows
at room temperature is similar physically, chemically, and catalytically
to y-alumina. X-ray photoelectron spectroscopy (11) has been used to
characterize a number of different types of alumina thin films used in
inelastic electron tunneling spectroscopy. One of the most important
conclusions of this study is that the chemical nature of thermally oxi-
dized alumina films is similar to that of alumina films prepared via an
05 plasma discharge. This allows direct comparison of studies employing
these different fabrication techniques and demonstfates that alumina
films grown in a plasma discharge may also be compared to commercial
Y-alumina. Tor these reasons, IETS is especially suitable for studies

modelling supported catalysts.

In the present study, IETS has been used to investigate the inter-
actions of Zr(BH4)4 absorbed on Al,04 with cyclohexene at moderate and
high exposures over a wide range of temperatures. Previous papers have
reported on the interaction of Zr(BH,), with the Al,04 surface (7), the
interactions of the adsorbed catalyst with D,, Dy0, and Hy0 (8) and with
ethylene, propylene, and acetylene (9). In the latter study the vibra-
tional spectra revealed polymer formation upon interaction with acetylene

at elevated temperatures. This finding has provided additional impetus
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for the study of the interactions of this unique catalytic system with

cyclic hydrocarbons.

There are several reasons why Zr(BH4)4 was chosen for these studies.
First, Zr(BH,), supported on Al,50q is a known polymerization catalyst for
olefins and has generated a great deal of commercial interest. Phillips
Petroleum Co. holds a patent on supported Zr(BH,), (12). Imperial
Chemical Industries (ICI) is very active in this area and holds a number
of patents (13-15) on zirconium, chromium, and titanium alkyl catalysts
supported on y-Al,03. Dupont de Nemours and Company has also been active
in studying this and related catalysts (16,17). The catalytic properties
of Zr(BH,), supported on Al,04 and 5104 have been studied also by

Nesterov et al. at the Institute of Catalysis in Novosibirsk (18).

Zr(BHg4), 1s especially suited for IETS studies because of its high
vapor pressure as compared to other similar catalysts such as the zirco-
nium alkyls. This allows for easy introduction of the catalyst into the
bell jar. Of more importance though is the presence of the borohydride
ligands as compared to alkyl ligands. These ligands serve as a very
sensitive source of information regarding the structure of the supported
catalyst because their vibrational frequencies are well separated from
other frequencies observed for the supported catalyst. 1In contrast, the
vibrational spectrum of an adsorbed zirconium alkyl catalyst interacting
with a hydrocarbon adsorbate would not allow for sepafation of the

vibrations arising from the ligands and those due to the adsorbate.
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Zr(BH,), adsorbed on y-alumina has been demonstrated to be an active
catalyst for the polymerization of ethylene (16,18) and previous IETS
studies indicated that it also readily polymerized acetylene (9). Since
adsorption of the homogeneous catalyst onto a solid support imparts a
significant increase in stability, we were interested in investigating
the chemistry of this supported catalyst with cyclic hydrocarbons in
order to probe the difference in reactivity and selectivity between the

non-supported and the supported catalyst.

The polymerization of cyclic olefins has been the subject of a
continuing research effort for many years. Cyclic olefins may polymerize
either by ring-opening polymerization resulting in straight-chain hydro-
carbon polymers or by homopolymerization in which the cyclic structures
remain intact. The polymer product and yield depend on the catalyst,
reaction conditions and monomer. 1In traditional catalytic polymerization
systems, cyclohexene has been found to be quite unreactive. In general,
ring-opening polymerization is favored for smaller rings where the ring
strain is more severe than in cyclohexene. Ring-opening polymerization
of cyclohexene does not occur with polymerization catalysts such as
AlBr3—WC16 (19), although a very low rate of conversion was found with
WClg alone (20). Several studies with cyclohexene have shown that it

does not form stereoregular polymers upon ring-opening (21).

Homopolymerization of cyclohexene to form polymers with intact C6
rings has never been achieved with a traditional Ziegler-Natta polymer-
ization catalyst. However, under conditions of high temperature and

pressure, cyclic olefins including cyclohexene, as well as internal ole-
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fins, have been shown to polymerize (22). The device used was an anvil
where pressures up to 65000 atm (65 kbars) and temperatures up to 500°C
were produced. The 1,2-addition polymerization was found to occur at
300°C and 65000 atm and was the first reported addition polymer of

cyclohexene.

There has been only one reported homopolymerization of cyclohexene
under mild conditions (23). This was accomplished using a Re(C0)5C1
catalyst with an EtAlClz co-catalyst at 110°C. This system is a known
catalyst for the metathesis of internal and terminal olefins. The cyclo-
hexene homopolymer appears to be a totally saturated polymer made up of

either 1,2-cyclohexene units or 1,2-, 1,3-, and/or 1,4~ repeating units.

The present study demonstrates that IETS can be used to investigate
and identify novel reactions in a supported catalytic system. The vibra-
tional information provided by this study of the pressure and tempera-
ture-dependent interactions of cyclohexene with Zr(BH,), adsorbed on
A1203 complements recent studies in catalysis which have been designed to
identify reaction intermediates as well as the chemical species which are
the true catalysts involved in the basic processes of molecular complexa-

tion, addition and elimination reactions.

2.0 Experimental

Inelastic electron tunneling spectroscopy (IETS) is an effective
means of monitoring the vibrational modes of molecules adsorbed on or
near insulating surfaces. The IETS procedure involves monitoring the

current due to electrons tunneling inelastically through a thin insu-
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lating barrier between two electrodes. While most of the tunneling
current arises from electrons tunneling elastically, some electrons may
tunnel inelastically by exciting the vibrational modes of the adsor-
bates. Inelastic transitions occur only when the bias voltage across the
barrier is greater than or equal to a vibrational activation energy.
These transitions result in an increase in conductance across the barrier
by providing additional channels for electron tunneling. The conductance
increases are observed as peaks when d2V/dIZ, proportional to dZI/dVZ, is
plotted as a function of the bias voltage, V. Peak positions correspond
to vibration frequencies. Both infrared and Raman modes are observed in
IET spectra. Additional details on the interpretation of IET spectra are

available elsewhere (24).

The IET junctions used in this study were prepared in an oil dif-
fusion-pumped bell jar with a base pressure of 5 x 1078 Torr. Before
beginning an experiment, an oxygen plasma discharge was run to help clean
the system of hydrocarbons (25). The oxidation voltage was -1000 V, the
0o pressure was 150 microns and the oxidation time was 1000 seconds.
Aluminum strips approximately 800 A in thickness were evaporated onto
Corning 7059 borosilicate glass slides. Film thicknesses were monitored
using a quartz crystal microbalance. After evaporation, the aluminum
strips were annealed in vacuum by heating them to 520 K for at least 10
minutes. The technique developed by Bowser and Weinberg (26) for simul-
taneoué heating and temperature measurement was used for all heating
operations. The annealing step is necessary to preserve the integrity of

the thin oxide barriers during subsequent heating operations. After an-
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nealing, the thin oxide barriers are formed by oxidizing the aluminum
strips in a plasma discharge of 0, containing a trace of HyO vapor. The
oxidation voltage was -1000 V, the 0, pressure was 150 microns and the
oxidation times varied between 350 and 800 seconds depending on the
adsorbate exposure and temperature to be studied. The oxide formed in

this manner is between 20 and 25 A in thickness.

After the oxidation the Zr(BH,), complex was adsorbed onto the oxide
surfaces by exposing the samples to 5 x 1072 Torr of Zr(BH,), for 15
minutes, corresponding to a saturation coverage (7). This produced the
supported catalyst. After the excess was evacuated from the bell jar,
cyclohexene vapor was introduced into the bell jar and allowed to inter-
act with the samples. Exposures ranged from 1.5 x 107! Torr to 5 Torr
for 1000 to 1200 seconds. 1In some experiments, the samples were heated
after the cyclohexene had been introduced into the bell jar. Tempera-
tures ranged from 298 K to 623 K. In some experiments, the samples were
not exposed to the catalyst and the oxide was allowed to interact with
the cyclohexene alone. After the desired period of time had elapsed,
heating was discontinued and the cyclohexene was evacuated from the bell

jar.

After the bell jar was evacuated to a pressure below 1 x 10"6 Torr,
Pb cross strips were evaporated onto the samples. The glass slides were
then removed from the bell jar and mounted onto holders used to measure
their spectra while immersed in liquid helium. Before the spectra were

recorded, the resistance value of each junction was recorded.
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Spectral measurements were recorded with PDP 11/10 digitally-con-
trolled electronics (27). Measurements were carried out over the spec-
tral range of 240 to 4000 em” ! using multiple scan averaging. The
recorded data were then smoothed, the sloped background was subtracted,
peaks were located and peak energies assigned after correcting for the Pb
superconducting band gap and for modulation effects (28). Spectra were
originally recorded in two sections, from 240 to 2240 em™! and from 2000
to 4000 cm~l. The two halves of the spectra were then matched and the y~
values were scaled using the modulation voltages at which the spectra
were recorded. It should be noted that the y-values were further scaled
relative to the most intense feature in the spectrum (usually the
hydrocarbon stretching peak near 2830 cm‘l) in order to fit the spectra

onto the graph.
3.0 Results

3.1 General Observations

Spectral measurements of junctions of Zr(BH4)4 adsorbed on Al,04
exposed to cyclohexene at exposures of 150 Torr s (1.50 x 107! Torr for
1000 seconds), 1200 Torr s (1 Torr for 1200 seconds), and 6000 Torr s (5
Torr for 1200 seconds) are shown in Figures 1, 2, and 3 respectively.

Substrate temperatures in these figures range from 298 to 623 K.

One of the most striking features of the cyclohexene system as con-
trasted with previous studies with ethylene and propylene (9) is that
there is no apparent saturation coverage of cyclohexene. With ethylene

and propylene, saturation coverages were obtained at all temperatures
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with exposures of 3 x 103 Torr s as judged by the lack of any further
spectral changes with increasing exposure. Additionally, no reproducible
shifts In peak positions were observed as a function of coverage. The
cyclohexene system is quite different. First of all, no apparent satura-
tion coverage was reached with cyclohexene, even up to exposures of 6000
Torr s. At all exposures studied, increases in temperature were accom—
panied by significant increases in cyclohexene adsorption as judged by
further increases in hydrocarbon peak intensity. With either increasing
exposure or substrate temperature, a number of highly reproducible shifts
in peak position as well as substantial increases in peak intensity were

observed.

Further evidence of the lack of a saturation limit is provided by
the resistances of the junctions. Hydrocarbon concentrations can be
monitored qualitatively by measuring the resistance of the insulating
barrier consisting of the aluminum oxide plus adsorbed species. Junc-
tions producing the best spectra fall in the 30-200 Q range (for an area
of approximately 1 mmz), because these exhibit the best signal/noise
ratios with our electronics. The thickness of the oxide layer can be
controlled by varying the length of time of the 0, plasma discharge. The
resistance of the samples can thus be adjusted in an attempt to provide a
resistance value in the desired range. 1In the case of cyclohexene how-
ever, there was no limit to the junction resistance that could be
obtained when increasing the cyclohexene exposure and/or substrate tem-
perature. 1In all cases, increases in the cyclohexene exposure correlated

with increases in the spectral intensity of key hydrocarbon features as
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well as increases in the resistance of the junctions. Resistance values
ranged from under 20 Q for 150 Torr s and 298 K to well over 600 Q at the
highest exposures and temperatures studied. The highest resistance junc-

tions which were able to be measured were between 350 and 400 Q.

The lack of any apparent saturation limit for cyclohexene is similar
to the behavior found when acetylene was the adsorbate (9). 1In this
case, the concentration of hydrocarbon species on the surface increased
with no apparent saturation limit at temperatures above 400 K at expo-

sures of 300 Torr s.

The major changes observed in peak position and intensity as a
function of cyclohexene exposure and substrate temperature will be dis-
cussed below. Figures 4 through 9 show spectra with labelled peak po-
sitions. Figure 4 shows the results obtained at 298 K for 150, 1200 and
6000 Torr s cyclohexene exposures. Figure 5 shows the results at 348 K,
Figure 6 the results at 403 K, Figure 7 the results at 473 K, and Figure
8 the results at 523 X for all three exposures studied. Figure 9 shows

the results obtained at 623 K for the 150 and 6000 Torr s exposures.

3.2 150 Torr s at 298 K

Figure 4, spectrum (A) shows the results obtained at 150 Torr s and
298 K. Peak positions are listed in Table 1. 1In the upper half of the
spectrum, there are two well-resolved very intense features in the 2100-
2300 and 2400-2600 cm™ ! regions with maxima at 2232, 2289, 2493, 2525,
and 2562 cm~l. 1In the 2800-3100 cm™! region, major features are located

at 2927 and 3008 cm~! and there appears to be two unresolved shoulders on
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the high energy side of the 3008 em™ L peak. A broad feature is located

at 3743 cm~ L.

The lower half of the spectrum contains a number of peaks. The most
intense feature is located at 933 cm™l. The asymmetry of this feature
indicates that there is an unresolved shoulder on the high energy side of
this peak. 1In the 1000-1500 em~1 region, there are features located at
1055, 1096, 1134, 1202, 1247, 1293, 1425 and 1494 cm”l. The feature at
1425 cm™! is broad and rounded and has at least one shoulder located near
1360-1370 em™ 1. There is also a small broad feature which is not well

1

resolved near 1600 cm™!. Below the 933 cm~! peak, there are two peaks

located at 266 and 302 cm™! and a rounded feature exhibiting maxima at

698 and 720 cm 1.

3.3 150 Torr s at 348 X

Figure 5, spectrum (A) shows the results obtained at 348 K. Peak
positions are listed in Table 1. A comparison of the results obtained at
348 K with those obtained at 298 K shows that a number of changes in peak

position and intensity have occurred.

In the upper half of the spectrum, there 1s a rounded feature with
maxima at 2210 and 2270 cm™l and another intense feature with maxima at
2480, 2510 and 2542 co~l. 1In the 2800-3100 cm™ ! region, there are two
main features at 2904 and 2982 cm™! with two unresolved shoulders on the
high energy side of the 2982 cn~!l feature. A broad, round peak is
located near 3730 cm™! and a partially resolved peak is observed at 3613

em L.
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In the lower half of the spectrum the most intense feature is lo-
cated at 924 cm~l. This displays the same asymmetry shown in the 298 K
spectrum. Features in the 1000-1500 c:m_1 region occur at 1052, 1083,
1123, 1189, 1230, 1283, 1410 and 1480 em~l. As at 298 K, the feature at
1410 en”! is a rounded, broad feature with significant intensity in the
1350-1400 cm™} region. Below the 924 cm L peak, there are features at
262, 295, 502 and 707 em~l. As observed in the 298 K spectrum, there is

also a broad unresolved feature at approximately 1600 em™ L,

One of the most significant differences between the 298 and 348 X
results is the reduced intensity of the features in the 2100-2300 and
2400-2600 cm™! regions. These features are reduced approximately 507 in
intensity. The 2800-3100 cn™! region has also changed. First, there is

a loss of intensity in the highest energy feature located at 3008 em”l

at
298 XK. This broad asymmetric peak has decreased in intensity so that the
maximum at 348 K has shifted to 2982 cm™l. The two unresolved shoulders

are also decreased in intensity. The feature located at 2926 em™ ! at

298 X has also lost intensity so that its maximum is observed at approxi-

mately 2904 cm”! at 348 K.

Other changes have occurred in the lower half of the spectrum. The
peak found at 266 cm—1 at 298 K has shifted to 262 crn"1 and is slightly
more intense than the adjacent peak at 295 cm™l. The broad feature with
maxima at 694 and 720 cm~ ! at 298 K appears to have a sharper more in-
tense profile at 348 K. There is a small feature found at 502 cm_1 which

was unresolved at 298 K.
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In the 1000-1500 cm™! region, the 1055 em™ ! peak seems to be reduced
in intensity because it appears as a rounded shoulder on the 1083 et
peak. However, this may be an illusion since the peak located at 1096
cm~! at 298 K has increased in intensity and at 348 X has a well-resolved
maximum at 1083 cm~! which partially overlaps the feature at 1055 em™ L.
The relative intensities of most of the other features in the 1000-1500

em™! region appear relatively unchanged at 348 K as compared to 298 X.

3.4 150 Torr s at 403 X

Figure 6, spectrum (A) shows the results obtained at 403 K. Peak
positions are shown in Table 1. In the upper region of the spectrum, the
features located in the 2100-2300 and 2400-2600 cm™ ! regions are greatly
reduced in intensity compared to 298 K and 348 K. At 403 K, there are
two rounded features observed at approximately 2172-2210 en~ ! and 2260-
2285 cm™l. The intense peak with maxima at 2480, 2510 and 2542 cm” 1
observed at 348 K is greatly reduced in intensity at 403 K and the band
shape is considerably different. At 403 K this feature is a rounded,
broad peak with partially resolved maxima at 2458 and 2500 em™l. of
special interest is the great loss in intensity above 2500 en! as com-
pared to the lower temperature spectra. This feature no longer has the

skewed bimodal appearance which it had at 298 and 348 K.

The 2800-3100 cm™! region has two main peaks at 2896 and approxi-
mately 2965 cm~l. The 2965 cm~l peak has maxima at 2957 and 2983 em 1.
These features are considerably more intense than the peaks found in this

region at 348 K. The broad feature located at 3730 cn™! at 348 K has
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shifted in position so that the maximum of this broad feature is located
at approximately 3717 cm~l. An increase in intensity between 3600-3700

em~l 1s also evident and partially resolved features are observed at 3613

and 3649 cm'l.

The most intense feature in the lower half of the spectrum is ob-
served at 922 cm™l. Compared to the feature observed at 924 em™ !l at
348 K, the 922 cm™! feature is broadened at the top. The 1000-1500 em™ !
region has changed considerably. At 403 K features are observed at 1076,
1114, 1189, 1229, 1283, 1399 and 1474 em™l. When the spectra observed at
348 and 403 K are compared, the peak intensity of the features located
between 1000-1320 cm~! is decreased at 403 K with the greatest loss in
the 1114 cm™1 peak and the least reduction in the 1052 em™! peak. The
features at 1399 and 1474 cm™ ! have increased in intensity relative to
those observed at 348 K. 1In particular, the 1399 em™l feature has an
increase in intensity between 1350-1399 cml. The 1474 cm™! feature has
increased considerably and broadened at the base as compared to the 1480
cm—l peak observed at 348 K. At 403 X there is also a broad, rounded
feature at approximately 1600 cu~! as was observed in the 298 and 348 K

spectra.

Additional features at 403 K are located at 264 and 299 em™l. Two
unresolved features are evident between 400-500 em™}. The broad peak
located at approximately 720 cm™! has increased in intensity and has two

small resolved maxima at 708 and 732 cm_l.
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3.5 150 Torr s at 473 K

Figure 7, spectrum (A) shows the results obtained at 473 K and peak
positions are listed in Table 1. In the upper half of the spectrum, weak
features are located at 2166, 2196, 2244 and 2281 cm! and a broad in-
tense feature is centered at 2465 cm™l. The maxima at 2458 and 2500 cm™!
observed at 403 K are not resolved at 473 K. The 2465 cm™ ! feature, as
well as those in the 2100-2300 cm 1 region, are significantly reduced in

intensity.

In the 2800-3100 cm™1 region, there are two main features at 2879
and 2931 cm~! which are of nearly equal intensity. The 2931 em”! peak is
broader than that at 2879 cm~! and several unresolved features are evi-
dent on the high energy side of this peak. The feature at 3706 em” ! is
broader and less intense than that observed in the lower temperature

spectra and has shifted to a lower energy.

In the 1000-1500 cm~! region, peaks are resolved at 1068, 1106,
1184, 1226, 1279, 1391 and 1464 em™l. A rounded feature is also observed
in the 1580-1620 cm™! area. As observed at lower temperatures, the 1391
em™! peak has considerable intensity in the 1340-1380 em1 region. The
features resolved at 1068 and 1106 cm™! form part of a broad band ranging
from 1040-1140 cm~l. Compared to the results at 403 K, the 1068 en”l

peak is considerably reduced in intensity at 473 K.

The asymmetric peak at 919 em~! is the most intense feature in the
spectrum. Features are observed also at 266, 301, 502, and 712 cm™! and

correspond to those seen at 403 K. The 502 em™! peak is more intense
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than that observed at lower temperatures. Several new features are re-
solved at 473 K including peaks at 443, 552, 564 and 808 eml. The slope
of the 500-800 cm~! region indicates that this region is considerably

more Iintense than that observed at lower temperatures.

3.6 150 Torr s at 523 X

Results obtained for a 150 Torr s exposure of cyclohexene at a sub-
strate temperature of 523 K are shown in Figure 8, spectrum (A). Table 1

lists the peak positions observed at this temperature.

The 2100-2300 cm™! region has only very weak features with one small
partially resolved peak at 2280 cm~l. The 2400-2600 cm™l region resem-
bles that seen at 473 K; there is only one broad, rounded feature cen-
tered at approximately 2460-2470 cn~l. This feature appears to be ap-
proximately as intense at 523 K as that observed at 473 K. The 2100-2300

em L region shows a slight reduction in intensity at 523 K.

The 2800-3100 cm™ ! region shows a number of changes in peak position
and intensity at 523 K. The most intense feature in this area is now at
2898 cm™l. The broad band at 2931 cm™! observed at 473 K is considerably
reduced in intensity at 523 K and two features are resolved, one at 2944
el and a less intense shoulder at 2978 cm™l. The 3702 cm™! feature

observed at 473 K appears to be less well-resolved and somewhat less in-

tense at 523 X.

In the 1000-1500 cm! region, there is a broad band at 1050-1150 em™!

with a maximum at 1123 cm"l. The 1068 cm~l feature which was well-
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resolved at 473 K is no longer evident at 523 K. Other features in this

region are located at 1079, 1190, 1232, 1287, 1392 and 1474 em .  The

1392 cu! feature is a broad peak similar to that observed at 473 K. As

in the lower temperature spectra, there is a weak, rounded peak located
1

at approximately 1600 ecm *. Compared to the 473 K spectrum, this feature

appears to be somewhat reduced in intensity at 523 K.

As in the lower temperature results, the most intense spectral fea-
ture is the peak located at 924 em™! at 523 K. Other features are at
263, 299, 440, 502 and 555 em™l. The broad round feature at 707 em~ ! is
similar to that observed at 473 K. The 808 cm ! shoulder on the 924 cm™!
peak which was first resolved at 473 X is also resolved in the 523 X

spectrum with a maximum at approximately 804 em L,

3.7 150 Torr s at 623 X

The results obtained at 623 K are shown in Figure 9 spectrum (A) and

peak positions are listed in Table 1.

In the upper portion of the spectrum, there are no resolved features
in the 2100-2300 cm™! region and only a small change in slope indicates
that there is any remaining intensity in this region. The broad, round

feature observed in the 523 K results at 2465 cm ™

is present also at
623 K. A close comparison of the two features indicates that the 623 K
peak is in fact broader than the 523 K feature and the additional in-

tensity is on the low energy side of this peak.
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The 2800-3100 cm™! region features are quite different than the
features observed at lower temperatures. First, there is a sharp, in-
tense peak located at 2852 em~1l which is not observed in the lower tem-
perature spectra. This new feature is the most intense feature in this
region. A second maximum is located at 2898 em™l and there is an unre-
solved shoulder on the high energy side of this peak located at approxi-
mately 2940 cm™l. The feature at 2981 cm~! which is resolved at 523 K is
not observed at 623 K and the results indicate that there is a consider-
able reduction in intensity of the higher energy features which are ob-
served in this region at lower temperatures. The 3706 em ! feature ob-
served at 523 K is less intense and downshifted to approximately 3648

em~1l at 623 X.

The 1000-1500 cm™! region is different than that observed at 523 K.
Major features are located at 1040, 1100, 1178, 1216, 1270, 1351, 1376
and 1452 cm~l. A careful comparison of the 523 and 623 K results in-
dicates that the following changes have occurred. First, the 1474 em~ L
peak observed at 523 K has downshifted to 1452 cm~! and increased in
intensity. The broad band containing maxima at 1385 and 1396 em™ ! at
523 K has a shifted profile at 623 K; the 1396 em~! feature is reduced,
the 1380-85 cm™! peak is of approximately the same intensity, and the
sloping 1350 em ! region observed at 523 K has resolved into a new
feature at 1351 cm™l. The 1287 cm™! feature observed at 523 K is a
considerably more intense feature observed at 1270 em ! at 623 K. The
1050-1150 cm™ ! region appears as a broad band with a couple of resolved

maxima in the lower temperature spectra. At 623 K, there appear to be



54

two main features in this region: a small but well-resolved peak at 1040
cm"1 and a broader, more intense, asymmetric feature with a maximum at
1100 em” L. A comparison of the spectra indicates a loss of intensity at
1079 cm—l, an increase at 1100 cm—l, a loss at 1140-1160 cu™! and little
or no change in intensity at 1122 cm_l‘ The remaining features are
observed at 1190 and 1231 cm ! at 523 K. At 623 K, these features have
shifted. The 1190 cm™! peak appears to be nearly as intense at 623 K as
at 523 K but has broadened so that the maximum intensity occurs at 1178
em~ ! at 623 K. The 1231 cm™l feature at 523 X appears to be as intense
at 623 K but an adjacent feature at 1216 en™! has grown in so that the
1231 cm"1 peak appears as a shoulder on the more intemnse 1216 cm"1
peak. The broad feature observed in the 1580-1620 cn™! region in the

lower temperature spectra is also observed at 623 K although it is less

intense, especially in the 1600-1620 crn"1 region.

The intense feature observed at 923 cm ! at 523 K is observed at 909
em™ ! at 623 K. Additional features are observed at 257, 295, 439, 499,
541, 698 and 807 em~l. The 439 and 499 cm™! features show small in-
creases in intensity but the 541 em~! feature is of approximately the
same magnitude as that observed at 523 K. The rounded feature observed
at 710 <:m’1 in the lower temperature results is of approximately the same
intensity at 623 K. However, there appears to be a decrease in the 736

en” ! region of this feature so that at 623 K the peak is less broad than

at 523 K and the maximum intensity is at 698 em™!. The 807 cn} feature

appears to be equal in intensity to the feature observed at lower tem-

peratures.
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The changes in peak position and intensity which occur at 623 K as
compared to 523 K may be ranked as follows: the greatest increases in
intensity occur at 2852 > 2898 > 1452 > 1270 > 1351 > 1100 > 439 > 499

1

cm ~. The greatest losses in intensity may be ranked as well: 2981 >

1474 > 1390 > 1140 > 1079 > 736 > 1620 cm L.

3.8 1200 Torr s at 298 K

The results obtained at 1200 Torr s are shown in Figure 4 spectrum

(B) and peak positions are listed in Table 2.

The 2100-2300 and 2400-2600 cm™! regions resemble those seen at 150
Torr s at 298 K although there is less intensity at 1200 Torr s. The bi-

modal feature in the 2100-2300 em” L region has maxima at 2175 and 2243

1

cm . The large intense feature in the 2400-2600 cm_1

region has maxima
at 2441, 2466, 2508 and 2524 cu l. The 2800-3100 cm™! region also is

similar to that observed at 150 Torr s. There are two main features: a

narrow feature at 2872 em™ !

em™!. There are two unresolved shoulders which are evident on the high

and a broader band with a maximum at 2951

energy side of the 2951 em1 peak, occurring at approximately 3008 cm™!
and 3050 em !, There is also a shoulder at approximately 2925 en” L.
There is a broad feature at 3689 em™ ! which is approximately as intense

as the feature at 150 Torr s.

The 1000-1500 cm™! region has peaks at 1041, 1075, 1109, 1179, 1221,
1271, 1364, 1395 and 1464 en”l. A rounded, weak feature is observed in
the 1580-1620 em™! region, similar to that at 150 Torr s. The 915 em™!

feature is the most intense in the spectrum. Additional peaks are
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resolved at 257, 296, 495, 549, 601, 695 and a weak shoulder on the 915
em™ ! peak is barely visible near 800 em”L. Compared to the 150 Torr s
results, several new features are resolved at 1200 Torr s, including the
495, 549 and 800 cm~! features. The most dramatic change though is the
reduction in intensity of the 2100-2300 and 2400-2600 cm—1 regions, as

well as the loss of intensity at 3008 em™ L,

3.9 1200 Torr s at 348 K

The results obtained at 348 K are shown in Figure 5 spectrum (B) and

peak positions are listed in Table 2.

The 2100-2300 em™ ! region has several maxima superimposed on a broad
background. The bimodal appearance of this region which was well-defined
at both 1200 and 150 Torr s at 298 K is less obvious at 1200 Torr s at
348 K. Peaks are resolved at 2153, 2177, 2207 and 2227 em . The 2400-
2600 cm™ ! region has features resolved at 2422, 2449 and 2492 eml. A
comparison to the results at 1200 Torr s at 298 K shows that the 2400-
2600 cm™! region is reduced in intensity at 348 K, especially above 2500
em™l. The 2800-3100 cm™} region has maxima at 2848 and 2925 cm_l, and as
before, the 2925 em™! feature is broad and asymmetric with at least two
high energy shoulders visible at approximately 2980 and 3026 em™t.  The
2800-3100 cm™! features are more intense than those observed at 298 K.

1

There is a broad, rounded feature centered at approximately 3655 cm

which appears to be of the same magnitude as that observed at 1200 Torr s

at 298 K.
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The most intense feature in the spectrum is the asymmetric band with
a maximum at 908 co~l. The 1000-1500 cm™! region has maxima at 1040,
1063, 1103, 1168, 1208, 1232, 1260, 1357, 1389 and 1450 cm L. Compared
to the results at 298 K, the 1103 cm™! feature is reduced in intensity
and the 1450 cm™! peak is increased. As observed at 298 K, there is a
broad, rounded peak at 1580-1620 em™1, Additional features are resolved

at 257, 295, 498, 701, 725 and 798 cm_l. There is also a small, unre-

solved peak at 400-430 co ! which is evident at 348 K but not at 298 K.

3.10 1200 Torr s at 403 X

The results obtained at 403 K are shown in Figure 6, spectrum (B)
and the peak positions are listed in Table 2. Figure 10 shows the 240-

2000 cm~ ! region in more detail.

The 2100-2300 cm™! region has several weak features at 2142, 2163,
2215, and 2234 cm L. There appears to be less separation between the
2100-2300 cm™! and the 2400-2600 cm™! features as compared to the results
at lower temperatures. At 403 K, there is a large, rounded feature with
maxima at 2356, 2410, 2455 and 2482 em™ L. Compared to the results at
either 298 or 348 K, the features in this region are considerably reduced

in intensity at 403 K.

The 2800-3100 cm-l region at 403 K no longer resembles the features
seen at 298 or 348 X and is considerably more intense than any of the

features observed at 150 Torr s or at lower temperatures at 1200 Torr s.

A narrow, intense feature is observed at 2829 en !, A second peak has a

1

maximum at 2878 cm * with several partially-resolved shoulders evident at
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approximately at 2925, 3002 and 3022 cm™l.

The most intense feature in the spectrum is the feature at 2829
em~l. It appears from the spectrum that the 906 em™ L feature, which was
the most intense feature in all the results obtained at lower exposures
and/or temperatures, is considerably reduced in intensity at 403 K. This
is believed to be an artifact of the computer processing which first
scales the two halves of the spectrum based on the sensitivities at which
they were measured and then reduces all the y-values so that the most in-
tense feature (in this case the 2829 cm™! peak) will fit onto the com-
puter plot of the spectrum. Virtually all of the major spectral features
discussed in this results section will vary in position and intensity as
a function of the cyclohexene exposure and as a function of the substrate
temperature. The one spectral feature which is expected to undergo the
least change in intensity is that due to the Al-O bulk stretch, found at
approximately 945 en~l. In the results presented here, this feature ap-
pears as an unresolved shoulder on the more intense 910 em”! peak, but
may still be used as an internal standard when comparing different spec-
tra. Since the computer scaling causes the features in the 240-2000 em™ !
region to appear to be less well-resolved at 403 K than at lower tempera-

tures and/or exposures, Figure 10 has been included to display the reso-

lution which is actually obtained for this region.

In the 3600-3750 cm™! region, there 1s a broad rounded feature

centered at approximately 3645 em™l. TIts intensity is analogous to that

observed at 348 K.
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In the 1000-1500 cm™! region of the spectrum, there are peaks ob-
served at 1032, 1057, 1094, 1168, 1198, 1257, 1339 and 1439 em™l.  There
is also a weak feature evident at 1580-1620 cml. Compared to the
results obtained at 348 K, a number of features are considerably more in-
tense at 403 K. These include features at 1032, 1057, 1168, 1257, 1339
and 1439 cm~!. These last three features display the largest increases

in intensity.

Additional features are resolved at 251, 301, 333, 359, 402, 433,
498, 659, 695, 729 and 787 em”l. of these, the peaks at 333, 359, 402,
433 and 787 cm~! are new features which were not resolved at 348 K. The
largest increases in intensity are observed at 333, 359, 402, 433, 498
and 787 cm~l. The features in the 650-730 cm™ ! region appear to be

approximately as intense as features observed in this region at 348 XK.

3.11 1200 Torr s at 473 K

The results obtained for a 1200 Torr s exposure of cyclohexene at a
substrate temperature of 473 K are shown in Figure 7, spectrum (B). The
240-2000 cm™! region is shown as well in Figure 11. Peak positions are

listed in Table 2.

The 2100-2300 cm™! region at 473 K is considerably reduced in in-
tensity compared to the 403 K results. There are very weak features
evident at 2177 and 2231 cm L. Between 2400-2600 cm—l, there is a broad
weak feature with maxima at 2441 and 2487 cm™! which is considerably less
intense than the features observed at 403 K. The 2800-3100 cm™! region

resembles that observed at 403 K. The most intense spectral feature is
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the narrow peak at 2826 em~l. A second feature is observed at 2871 cm~

1
and weak shoulders are located at 3004 and 3020 em™ 1. A new, weak fea-
ture at 2656 em~! 1s also resolved at 473 K which was not evident at
lower tenmperatures. The broad feature seen at 3645 em~! at 403 K is

centered at 3640 cm~ ! at 473 K and is reduced in intensity compared to

the results obtained at lower temperatures.

A conmparison of the 403 and 473 K results obtained at 1200 Torr s
shows that the 240-2000 cm~! features appear to be reduced in intensity
at 473 K as compared to 403 K. Keeping in mind the effects of the com—
puter processing on the data, this indicates that at 473 K there is an
increase in the adsorption of cyclohexene as based on the intensity of

several features, especially those in the 2800-3100 cm L.

The 1000-1500 cm™ ! region has features located at 1030, 1083, 1134,
1167, 1203, 1257, 1337 and 1436 eml. There is also a weak feature
resolved at 1602 cm~! in the 1580-1620 cm™} region. A comparison of the
403 and 473 K results shows that the greatest increases in intensity are
observed at 1436, 1337, 1257 and 1203 ecml. There is a decrease in the

feature at 1057 cm~ ! and in the 1134 cm~! region.

In the low energy region of the spectrum, features are located at
251, 294, 332, 401, 433, 488, 553, 623, 677, 698, 712,785, and 902
cm_l. This region appears to be more intense than that observed at 403 X

and the 433, 488 and 785 cm™! features in particular appear to be more

intense at 473 X than at 403 K.
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3.12 1200 Torr s at 523 K

The results obtained at 523 K are shown in Figure 9, spectrum (B)

and in Figure 12. Peak positions are listed in Table 2.

At 523 K, there appears to be little or no intensity remaining in
the 2100-2300 cm™ ! region. The 2400-2600 em”1 region has a broad,
rounded feature with maxima at 2396, 2427 and 2458 cm~l. As at 473 K,
there is a small peak at 2651 cn~l. 1In the 2800-3100 cm~! region, there
are two features at 2826 and 2873 cm™l. The asymmetry of the 2873 em”1
feature indicates that there are unresolved features on the high energy
side of this peak. The 3600-3750 em™ ! region has one broad weak feature

with maxima at 3613 and 3642 cm~l.

Compared to the 473 X results, the features in the lower half of the
spectrum appear to be reduced at 523 K, indicating an increase in the
relative intensity of the 2800-3100 cm! features. The features in the
lower half of the spectrum are best displayed in Figure 12. 1In the 1000-
1500 cm~} region, features are observed at 1029, 1082, 1132, 1167, 1205,
1259, 1338 and 1438 cm~l. There is also a weak feature present in the
1580-1620 cm"1 region which appears to be less intense than that observed
at 473 XK. The features at 1082, 1167, 1205, 1259, 1338 and 1438 em”!
appear to be more intense at 523 K than at 473 K. In the lower portion
of the spectrum, features are observed at 251, 297, 348, 402, 433, 489,
538, 699, 737, 787 and 907 em™l. The 907 em~! peak appears broadened
relative to that observed at lower temperatures and a large unresolved
shoulder is evident at approximately 850 em™l. The feature at 787 cm™ !

appears to be slightly more intense at 523 K than at 473 K.
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3.13 6000 Torr s at 298 K

The results obtained at 6000 Torr s and 298 K are shown in Figure 4,

spectrum (C) and in Figure 13. Peak positioms are listed in Table 3.

The 2100-2300 and 2400-2600 cm™! regions resemble those seen at
lower exposures although they are considerably reduced in intensity at
6000 Torr s. Features are resolved at approximately 2167 and 2213 em”L,
The 2400-2600 cm™! region has a large, broad feature with a well-resolved

1

maximum at 2490 cm *. There is also a weak feature at 2660 cm!

similar
to that seen at 1200 Torr s at 473 and 523 K. The 2800-3100 cm™! region
is different than that observed at 1200 or 150 Torr s at 298 K. It does
however resemble the features seen at 403 K and higher at 1200 Torr s.

1 and a second feature

There is a very intense, narrow peak at 2835 cm
with a maximum at 2882 em~! and a shoulder at 2912 cm'l. In the 3600~

3750 em™ ! region, a broad feature is centered at 3639 em™ L.

As explained in section 3.10, the computer processing requires that
all peaks be scaled relative to the most intense spectral feature, the
peak at 2835 em~l. This creates the illusion that the other features,
especially those in the 240-2000 em™ ! region, are less intense and less
well-resolved than those observed at lower exposures. However, it is
thought that the best choice for an internal standard is the shoulder
visible near 945 cm'l, corresponding to the bulk Al-0 stretch. It should
be kept in mind when reviewing the results at 6000 Torr s at all tempera-

tures studied that the appearance of shrinking resolution in the 240-2000
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em”! region is a result of the computer data analysis rather than reduced

resolution at this high exposure.

The 240-2000 cm~! region is shown in Figure 13. The 1000-1500 cm™!
region has features at 1033, 1065, 1091, 1166, 1202, 1259, 1345 and 1441
em~l. There is a broad weak feature at 1580-1620 cm~l. Additional fea-
tures are observed at 251, 292, 329, 408, 432, 487, 550, 689, 786 and 902
cn~l. When these results are compared to those obtained at 1200 Torr s
at 403, 473 and 523 X, that is, to the spectra which display the same in-
tense features in the 2800-3100 cm™l region, a number of similarities in
peak position and in the relative intensities of certain features are ob-

served. Most notable are those at 408, 432, 487, 786, 1259, 1345, 1441,

2835 and 2882 cm™!.

3.14 6000 Torr s at 348 X

The results obtained for a 6000 Torr s exposure of cyclohexene at a
substrate temperaure of 348 K are shown in Figure 5, spectrum (C) and in

Figure 14, Table 3 lists the peak positions.

The 2100-2300 and 2400-2600 cm~1 regions are significantly less
intense at 348 K than at 298 K. Peak positions are at 2110, 2152, 2190
and 2225 cm~l. In the 2400-2600 cm~! region there is a broad feature
with maxima at 2440, 2439, 2467 and 2489 cml. A weak feature is also
resolved at 2660 cm~l. The 2800-3100 cm™ ! region resembles that seen at
298 K and at the three highest temperatures studied at 1200 Torr s.
There is a narrow, intense feature at 2830 em! and a broader, less in-

tense peak at 2875 em™1. Compared to the 298 K results, which displayed
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a shoulder at 2912 cm"l, the 348 K results show a loss of intensity on
the high energy side of the 2875 cm~ ! feature. A weak feature is also

resolved at 3020 cm™!. A broad, rounded peak is centered at 3611 em™ L.

The lower half of the spectrum is shown in Figure 14. Features in
the 1000-1500 cm~! region are observed at 1031, 1062, 1085, 1136, 1166,
1205, 1233, 1258, 1342 and 1439 em” L. Compared to results at 298 K, the
peaks at 1258, 1342 and 1439 el are considerably more intense at 348 K.
Much smaller increases in intensity are observed for the features at
1031, 1062, 1085 and 1166 em™l. Lower energy features are located at
251, 295, 331, 407, 435, 489, 552, 667, 689, 722, 784 and 903 cm™l.  The
903 cm”! peak has an unresolved shoulder on the low energy side near 850
cm~l. The relative intensities of these features are similar to those

observed at 298 K. However, the 331 cm! peak seems slightly more in-

tense as does the shoulder on the 903 cm* peak.

3.15 6000 Torr s at 403 X

Figure 6, spectrum (C) and Figure 15 show the results obtained at

403 K. Table 3 lists the peak positions.

The 2100-2300 cm™! region is less intense than that observed at
348 XK. Weak features are barely evident at 2152 and 2233 em~ . The
2400-2600 cm~ ! feature is also reduced in intensity compared to that
observed at 348 X and appears as a broad feature centered at 2455 em~1.
A small feature is observed at 2657 cm L. The 2800-3100 cm™ ! region

resembles that seen at lower temperatures at 6000 Torr s as well as that

observed at 403 K at 1200 Torr s. The most intense feature is at
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2828 cn”! and a second, broader feature is at 2873 em™l. A broad, weak
feature is observed in the 3600-3750 cm™! region at approximately 3626

cm™ L.

Features in the lower half of the spectrum are shown in Figure 15.
In the 1000-1500 cm~! region, bands are observed at 1031, 1061, 1085,
1132, 1165, 1198, 1258, 1341 and 1439 em™ L. Compared to the 348 K re-
sults, the peaks at 1439, 1341, 1258 and at 1198 cm~! have increased in
magnitude at 403 K. The 1439 cm™ 1 peak is nearly as intense as the fea-
ture at 903 cm~l. Additional features are observed at 251, 297, 334,
405, 433, 488, 550, 695, 785 and 850 cm™l. The 850 cm™! peak is resolved
for the first time at 403 K although a shoulder was evident in this
position at 298 and 348 K. Relative to the 348 K results, the features
at 433, 488, 785 and 850 em~l have increased in intensity at 403 X.
Similar to the results at lower temperatures, a broad, low intensity

feature is observed at 1580-1620 cm™ ! at 403 XK.

3.16 6000 Torr s at 473 K

Spectrum (C) in Figure 7 shows the results obtained at 6000 Torr s
at 473 K. The 240-2000 cm™! region is also shown in Figure 16 and Table

3 1lists the peak positions.

At 473 K, a number of changes in peak intensity and position have
occurred relative to the 403 K results. There are no longer any dis-
cernible features in the 2100-2300 em™t region and only a very weak fea-
ture remains near 2465 cm™l. The 2800-3100 cm™} region has two main fea-

tures at 2823 and 2869 cm l. A very small feature is also evident at
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3024 co~l. In the 3600-3750 cm~! region, there is no evidence of a
broad, round feature as observed at lower temperatures. A small feature

is also observed at 2654 cm_l.

In the lower half of the spectrum, the 903 cm~!l feature is no longer
the most intense feature in this region. 1Instead, the narrow, sharp fea-
ture at 1436 cm” L is the most intense feature at 473 K. As explained
previously in section 3.10, this implies that all the features in the
lower portion of the spectrum have been scaled accordingly. Thus all the
features in this region appear to be less well-resolved at 473 K than at
403 K. Figure 16, however, shows the resclution that was obtained at

this temperature in better detail than can be seen in Figure 7.

In the 1000-1500 cn™! region, peaks are resolved at 1027, 1061,
1079, 1133, 1168, 1197, 1256, 1338 and 1436 cn~l. A number of changes in
relative intensity are evident when compared to the 403 K results.

First, the peak at 1436 cm—1 has increased dramatically in intensity as
have the features at 1256 and 1338 cm™}. At 403 K, the 1256 cm ! feature
was more intense than that at 1338 cm ! but at 473 K the 1338 en™ ! fea-
ture is observed to be slightly more intense. The peaks at 1027 and 1078
em™! are also more intense at 473 X but the 1061 cm™ ! peak resembles that
seen at 403 K. The 1166 and 1197 cm™! features are also more intense at
473 K. The weak feature observed between 1580-1620 em~ !l at lower tem-
peratures is less well defined at 473 K although some intensity near 1600

em”1 may remain.

In the lower region of the spectrum, peaks are resolved at 251, 313,
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339, 411, 432, 486, 550, 703, 729, 781, 852, 885, 907, 954 and 990 en” L.
Several of these features are not observed at lower temperatures and/or
exposures including the peaks at 885, 954 and 990 em” L. Compared to the
results obtained at 403 K, the peaks at 251, 339, 411, 432 and 486 cm !

show the greatest increases in intensity at 473 K.

3.17 6000 Torr s at 523 K

Results obtained at 523 K are shown in Figure 8, spectrum (C) and in

Figure 17. Table 3 lists the peak positions.

At 523 X there is a weak broad feature in the 2400-2600 em™ L region
centered at approximately 2465 cmﬁl. A small feature is also observed at
2653 cm™l. 1In the 2800-3100 cm™ ! region, there are two main features at
2823 and 2869 cm L. A weak feature is also observed at 3041 cm . There

is no resolved feature in the 3600-3750 cm” 1 region as seen at lower ex-

posures and/or temperatures.

In the 1000-1500 em™! region, features are resolved at 1028, 1076,
1117, 1166, 1201, 1258, 1336 and 1435 em~l. The 1435 cm”! peak is the
most intense feature in the lower half of the spectrum. Compared to the
473 X results, several features in the spectrum are seen to be less in-
tense at 523 K including the features at 1027, 1078 and 1133 cn~l. There

is little or no intensity in the 1580-1620 cm - region at 523 K.

Additional features are resolved at 251, 333, 407, 433, 489, 653,
694, 782, 850, 885 and 898 cm™l. Shoulders on the 898 cm™ ! peak are

evident at 907, 950 and 990 em™L, Compared to the 473 X results, the
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peak at 433 cm_l, as well as the 550 and 729 cm™! regions, is somewhat

reduced in intensity at 523 K.

3.18 6000 Torr s at 623 X

The results obtained for a 6000 Torr s exposure of cyclohexene at
623 ¥ are shown in Figure 9, spectrum (C) and also in Figure 18. The

peak positions are listed in Table 3.

At 623 K, a slight change in slope of the background in the 2400-
2600 cm™t region indicates there is some residual intensity in this
area. A weak feature at 2452 cm”1 is resolved. A peak is also observed
at 2640 em L. As at lower temperatures, two very intense features are
observed in the 2800-3100 cm ™} region at 2819 and 2865 em 1. A very weak

1

feature is observed at 2998 cm ! as well. The 3600-3750 cm™! region has

no resolved features as observed at lower temperatures.

The 1000-1500 em™ 1 region is shown in Figure 18. Features are ob-

served at 1018, 1069, 1101, 1120, 1172, 1186, 1212, 1259, 1336 and 1434
em~ L, In the lower energy region of the spectrum, features are observed
at 251, 323, 335, 361, 407, 435, 489, 678, 782, 852, 875, 913, 955 and
994 cm™l. Many of these features display relative intensities similar to
those observed at 523 or 473 K. At 623 K however, there does seem to be

a reduction in intensity of the feature located at 910 em” 1,

3.19 Cyclohexene Adsorption on Al,04

The adsorption of cyclohexene on A1203 without pre-treatment with

Zr(BH,), was studied at several exposures and temperatures. The results
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indicate that little cyclohexene adsorbs on the A1203 surface, even at

6000 Torr, the highest exposure studied.

Figure 19 shows the results obtained for a 6000 Torr s exposure of
cyclohexene at 403 K. Features are located at 309, 459, 963, 1082, 2855,
2974, 3095 and 3726 cm~l. Figure 20 shows the 2100-4000 cm™1 region in
greater detail. Features are resolved at 2833, 2970, 3075 and 3096

cm~l. A broad band with partially resolved maxima at 2872 and 2879 cm

1
is also evident. A very intense feature is also observed at 3725 em™ L.
Good quality spectra from junctions of cyclohexene adsorbed on A1203 were
consistently difficult to obtain, a further indication of the low adsorp-
tion of cyclohexene under the conditions employed. The intensity of the
features at 965 cm ! and 3726 cm'l, combined with the low intensity of

1

the features in the 2800-3100 cm - region, indicate also that little

cyclohexene is adsorbed on A1203 which has not been pre-treated with

Zr (BH,) -
4,0 Discussion

4.1 The Adsorption of Zr(BH,), on Al,0,

Zr(BH4)4 has been studied extensively by a number of techniques,
including NMR (29, 30), IR (30-34), Raman (31-35), and photoelectron (36)
spectroscopies, as well as by X-ray (37) and electron (38) diffraction.
These studies have shown that the BH, ligands in Zr(BH4)4 are tetra-
hedrally arranged around the central zirconium atom. Each boron atom is
bonded to the zirconium atom through three bridging hydrogens (designated

Hb), leaving one terminal atom (Ht) in each BH, group. This type of tri-
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dentate bonding is not found when one or more of the BH, ligands are
replaced by other groups. For example, in (CSHS)ZZr(BH4)4 the bonding
between the boron atoms and the zirconium atom is bidentate, involving

only two bridging hydrogens (39).

When Zr(BH4)4 is adsorbed onto the A1203 surface it loses one or
more BH, ligands. The remaining BH, groups do not necessarily retain
their tridentate structure and may become bidentate. Monodentate bonding
of BH, ligands in zirconium complexes has not been demonstrated although
Ballard (40) has presented the following scheme for the adsorption of
Zr(BHA)A on silica in which the bonding is through one bridging hydrogen

atom only:

N N

0—/—51—011 + Zr(BH,) o_’ Slmo\z - TR + . + B.H
) r T

Z ‘

—S5i—0H 474 =gi—07 SHeBH 2 26
J Vd 3

Zr(BH4)4 may also become either singly or multiply coordinated to
the surface oxygen atoms as it adsorbs on the surface. Eoth of the
following species have been shown to be formed when organozirconium

complexes containing halogen ligands are adsorbed on silica (2, 3).

~

—,81—0 R R
yd ™~ pd
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Similar results have been obtained with aluminum oxides (2). It has been
reported also that the coordination state of Zr can change upon adsorp-

tion to yield Zr (II) and Zr (III) complexes in addition to the more
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abundant Zr (IV) species (3, 41). Hy studies of organozirconium com-
pounds adsorbed on silica indicate that each zirconium atom retains on

the average only 1.8 of its four original ligands (3).

As Zr(BH,), is adsorbed on the Al,05 surface displaced BH, groups
may coordinate to surface Al and O atoms instead of desorbing. Studies
of diborane (BZH6) adsorption on A1203 have shown that the following

surface complexes are formed (42):

H _ N He_ _-B
_B. B
i H |
A’ 0
I 11

BH, groups displaced from the zirconium complexes may form similar struc-
tures. Zr(BH4)4 also decomposes slowly at room temperature to yield
ByHg, another possible source for the above surface species (39).

Species II would give rise to B-0 vibrations.

Nesterov et al. (18) have studied the adsorption of Zr(BH4)4 on
y—A1203 and silica gel. The interaction of the Zr complex with both
supports resulted in the evolution of hydrogen and diborane and the mole
ratio of boron to zirconium on both supports was close to 3.0. Upon
heating of the catalysts to 300°C, the mole ratio of boron to zirconium
on 810, was found to be 2.2 whereas for A1203 the ratio was 2.9. Con-
siderably more hydrogen and diborane was found to be released by the
silica-supported system than by the alumina-supported catalyst. The mole

ratio of boron to zirconium includes contributions from zirconium com—
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plexes singly bound to a surface oxygen, complexes of zirconium multiply
bound to surface oxygen atoms, and boron-oxygen complexes formed by the
evolution of BHq from the supported catalyst. The formation of boron-
oxygen complexes was found to be characteristic of Zr(BIIA)4 adsorbed on
A1203 whereas diborane evolution was favored for Zr(BHA)b adsorbed on

S8i05. The retention of the high boron content in Al,03 may also be due

to the formation of surface zirconium borides as shown below. When

zirconium tetrahydroborate is thermally decomposed at temperatures of

~

:E; Zr —— B\\\

I1I

200-300°C, zirconium borides are formed (43).

4.2 Spectral Features Associated with Adsorbed Zr(BH,),

Fvans and Weinberg (7) have identified the vibrational features
which result from the adsorption of Zr(BH4)4 on Al,05. Figure 21 shows

the IET spectrum of Zr(BH4)4 adsorbed on A1203 (7).

The B, ligands in Zr(BH4)4 give rise to characteristic vibratioms.
The B-Hy, stretching region is located between 2100-2300 cm_1 and the B-H,
stretching region between 2400-2600 cm'l- Tridentate BH, ligands give
rise to one terminal B-H stretch between 2560-2580 cm™ ', Bidentate BH,,
ligands give rise to two peaks, one asymmetric and one symmetric stretch
at frequencies between 2350-2450 cm~l. The number of features observed

in the B-Hb and B—Ht regions in Figure 21 indicates that more than one

type of surface specie is likely for adsorbed Zr(BHA)A.
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Consistent with this is the assignment of features at 693 and 910
cm_1 to different types of Zr-0 stretching modes. Zirconium complexes
multiply coordinated to surface oxygen atoms would be expected to exhibit
vibrational frequencies which are similar to those observed in bulk zir-
conium oxides or in thin zirconium oxide films. Depending on the method
of preparation, these have been shown to exhibit a number of bands in the
low frequency region (44). Collectively, these values are 730-750, 571,
513, 500, 483, 408 and 357 cm—l, the band at 730-750 cm‘1 being the most
common. In complexes which have only one Zr-0 bond or when one of the
Zr-0 bonds possesses slightly more double-bond character than others in
the same complex, vibrational frequencies are expected between 900-1000
em™ ! (45). Consequently, Evans and Weinberg (7) have assigned the 693

cm_l mode to stretching of multiply coordinated Zr atoms and the 910 cm

1
feature to stretching of singly coordinated Zr. They have also identi-
fied the unresolved features in the 480-580 cm™l region as Zr-0 modes and
a Zr-BH, stretch. The peak near 260 cu ! has been assigned as a BH,-Zr-

BH, bend or torsion and the 320 cm™! feature has likewise been assigned

to a Zr(BH4)4 torsion or a metal-oxide mode.

BH, deformation modes are expected between 1000-1400 en”l. B-0
modes, resulting from dissociated BHA ligands which form complexes in-
stead of desorbing, are expected in the 1200-1450 cm_1 region. In
Zr(BH4)4 adsorbed an alumina, Evans and Weinberg (7) have identified the
features at 1106-1130, 1173 and 1220 cm” - as B-H deformations, the
feature at 1260 em™ ! as a combination of a B-H and a B-0 stretch, and

features at 1378 and 1457 cm_1 as B-0 modes. The small feature at 1030
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-1

cm - as well as the peak near 2930 em™ L

are due to contaminant hydro-

carbon.

4.3 Cyclohexene Interactions with Supported Zr(BH,),

An examination of the spectra presented in Figures 1 through 9 re-
veals that they can be classified into two types depending on the pre-
dominant spectral features observed. The first type (I) is formed at the
lowest exposures and temperatures studied and the second type of spectra
(I1) is formed at the highest exposures and temperatures. In Table 4, a
matrix of cyclohexene exposures versus substrate temperatures summarizes

the primary type of spectra observed for each set of conditions.

Tentative spectral assignments will be discussed below for represen-—
tative spectra of both types. Due to the inhomogeneity of the surface,
several types of surface specie are expected to be formed at each set of
reaction conditions studied. However, to simplify the discussion of the
results it 1is useful to classify the spectra as representing primarily

spectra type I or type II.

4.4 Type 1

The first spectrum to be discussed in detail is that resulting from
a cyclohexene exposure of 150 Torr s at 298 K shown in spectrum (A) Fig-
ure 4 and classified in Table 4 as a type I spectrum. A number of fea-
tures may be readily assigned based on a comparison with undoped Al-

1 is due to a

1

A1203-Pb junctions (46). The feature located near 299 cm

phonon in the underlying Al film, the prominent shoulder near 945 cm
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corresponds to the bulk stretch of the aluminum oxide, the rounded fea-
ture near 1860 em™! is an overtone of the Al-0 (bulk) stretch, and the
broad feature located between 3600-3750 cm~! is due to the stretch of

surface hydroxyl groups.

The infrared stretching frequencies of various types of surface
hydroxyl groups have been extensively characterized for both alumina and
silica (47). Generally, peaks found above 3700 cm~1 correspond to vibra-
tions of free hydroxyl groups while those in the 3600-3700 em™ L region
correspond to hydroxyl groups which are involved in hydrogen-bonding on
the oxide surface. It has been noted also that adsorbed molecules per-
turb the surface hydroxyl groups resulting in a downward frequency shift
of the 0-H stretch, as well as a considerable broadening and decrease in
intensity of this feature. At 150 Torr s and 298 K, the O0-H stretch is

centered at approximately 3743 em~ L.

Based on the previous work of Evans and Weinberg (7), as well as vi-
brational studies of metal tetrahydroborates (30-35, 48), several of the
most intense features in Figure 4 may be assigned as vibrations of the
BH,, ligands. In particular, the features between 2100-2300 cm—l, located
at 2232 and 2289 cm_l, may be assigned to B-Hy stretching arising from
BH,, ligands which contain either two or three bridging hydrogens. The
bands at 2493, 2525 and 2562 cn” ! may be assigned to B-l, stretching.

The broadness of these features, as well as the fact that there are sev-—
eral modes evident in the B-H, stretching region indicates that several

types of BH,, ligands are present in the adsorbed catalyst. The bimodal

nature of the features indicates the presence of bidentate bridge bond-
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ing. However, tridentate BH, ligands exhibit B-H, stretching between

2560-2580 cm~! which correlates well with the sharp peak seen at 2562 em™ L,

The features in the 2800-3100 cn 1 region correspond to C-E
stretching vibrations of the adsorbed cyclohexene. There are two main
features located at 2927 and 3008 cm ‘. The highest frequency band may
be assigned to =C-H stretching since its position above 3000 en” ! is
indicative of unsaturated C-H stretching in non-conjugated olefins. Free
cyclohexene exhibits two =C-H stretching frequencies above 3000 cm~ L.

The highest of these is located near 3059-3067 cm"1 and has a weak to
medium intensity whereas the second is a very strong peak located at
3021-3026 cm™ ! (49). CH, stretching frequencies have been noted in
cyclohexene to occur at 2993 (medium), 2960 (strong), 2940 (very strong),
2929 (very strong), 2898 (very strong), 2882 (very strong), 2860 (very
strong) and 2840 cm L (very strong) (49, 50). All of these have been
assigned to symmetric and antisymmetric CH, stretching. The peak at 2927

em ! in Figure 4 may therefore be assigned to CH, stretching.

The 933 cm"1 peak may be assigned to a Zr-0 stretching mode corre-
sponding to singly coordinated Zr atoms and the broad band with maxima at
698 and 720 cm”! may be assigned to multiply coordinated Zr-0O. The 266
em~ ! feature was assigned by Evans and Weinberg (7) to a BHa—Zr—BHA bend

or torsion. The 302 cm"1 feature may be assigned to the Al phonon.

Cyclohexene also exhibits a number of vibrations in the low
frequency range (49-53). Ring deformation vibrations occur at 876, 810,

640 and 525 cm™! and ring bending modes at 492 and 453 cm~l. At higher
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frequency, there is a strong CH, rocking mode at 917 cn! and a Raman
active mode at 966 em™l. Kumar et al. (51) assigned the strong band at
719 ca ! to out—of-plane CH bending in cyclohexene. A medium to strong
band at 904 cm! has been identified by Sakashita (49) as a ring deforma-

tion mode. Several of these modes could conceivably contribute to the

intensity of the 933 em™ ! peak.

In the 1000-1500 cm™! region a number of characteristic frequencies
are expected both for the adsorbed Zr(BH4)4 complex and for cyclo-
hexene. BH, deformations are expected between 1000-1400 cm ! and B-0

1

modes are expected in the 1200-1450 cm - region. In addition, C-C

stretching, CH, vibrations, and CH modes are expected.

Cyclohexene exhibits a number of vibrations in the 1000 to 1500 c:m”1

region. A very strong band at 1037 cn! has been assigned as a ring
stretching vibration (51) and alternatively, as a CH, deformation (49).
Sakashita (49) has assigned the very strong band at 1138 em ! to a CH,
deformation vibration and Kumar et al. (51) has assigned it to a ring
deformation. Other features include two wagging modes of the CH2 group
at 1241 and 1266 cm_l, three CH, twisting modes at 1307, 1323 and 1351
em™ ! and one CH, scissoring mode at 1435 em™t. A strong Raman band at
1222 cm ! has been assigned to a =CH deformation and a very strong band
appearing at 1450 em™! has been assigned to a CH, deformation (49). A
band near 1007 cm ! has also been assigned as a CH, deformation and a
Raman active band near 1068 cm ! has been identified as a ring stretching

vibration. A band near 1150 cn~!l has also been previously assigned to a

CH2 deformation mode.
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Referring to figure 4, the 1055 cn! feature is probably best
assigned as either a CH, deformation mode or a ring breathing mode
although bidentate and tridentate BH, ligands, which have only very weak
bands in this region, do exhibit a medium to weak band at 1058 em™! (33).
Evans and Weinberg (7) also assigned a feature at 1030 en ! to hydro-

carbon contamination.

The 1096 cm™! feature may be assigned as a deformation mode of the
BH, terminal group. Smith et al. (39) state that this feature is one of
the most strikingly characteristic features of doubly-bridged BH, groups.
The 1134 cm—1 feature could be assigned to either the strong CH, deforma-
tion vibration band assigned by Sakashita (49) to the 1138 en b band, the
cyclohexene ring deformation mode assigned by Kumar et al. (51) to the
same band, or to a B-H deformation mode (7). However, the assignment of
this band to a B-H deformation mode is the best choice based on a com-

parison of spectra which exhibit greatly reduced BH, features.

Studies of Zr(BH,), report a strong band at 1213-1217 cn™! and a
medium intensity feature at 1170-1178 em™l., Bidentate BH, ligands in
(CgHg)oZr(BH, ), do not exhibit a band in this region (39). The small
feature at 1202 cm ! may therefore be assigned to a tridentate BH defor-
mation mode. The strong Raman band at 1222 en~! in cyclohexene, assigned

to a =CH deformation, may also contribute to intensity in this region.

The peak at 1293 cm_1 may be assigned to a combination of CHy twist-
ing and M-BH, deformation. Zr(BH4)4 has a strong HBH bend at 1285 cm.-1

(33, 34) while bidentate M-BH, groups exhibit a weak or medium intensity
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band at 1294-1300 cm™! (39). Cyclohexene exhibits a CHy twisting mode at

1307 cm—l.

The next feature to be discussed is that at 1425 cm™l. This feature
is very broad and clearly has a shoulder on the low energy side near
1360-1370 cm™}. Possible assignments include B-0, B~H or C-H modes. B-0
modes have been reported at 1370 and 1330 cm_l (42). Evans and Weinberg
(7) assigned a peak at 1378 cm” ! to a B-0 mode. However, this feature is
not particularly intense in the spectrum of Zr(BH4)4 adsorbed on Al,04
and therefore cannot account alone for the intense feature located in
this region. A B-H deformation mode has been assigned to a feature at
1345 cm~! in the IR spectrum of a hafnium borohydride complex (48). The
most probable assignment of this feature is to the strong CHy scissoring

mode reported at 1435 cm™l. (49, 51).

The feature observed at 1494 cm™ !

may be assigned to a cyclohexene
mode based on a comparison of its intensity in Figure 4 with that seen
for Zr(BH4)4 adsorbed on Al,04 alone. Matsuda and Kawashima (42) have
identified the peak found at 1470 em™! in their studies as a B-H deforma-
tion of the Al—BHa surface specie as has Maschenko (54). A very strong
band in cyclohexene at 1450 cm™! has been assigned to a CH, deformation

(49). Generally, CHy deformation vibrations are expected in the 1465 %

20 cm~! region (55).

Another possible assignment for the 1494 cn~! band which must be
considered is a combination of CH, deformation and C=C stretching modes.

Cyclohexene exhibits a medium intensity feature at 1652-1658 em” L,
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Figure 4 shows that there is only a very weak feature located from 1600-
1650 cm™ ! in this region although the C-H stretching features clearly
indicate that the adsorbed specie is unsaturated. Studies of the C=C
shift in [(CSHS)Fe(CO)ZOIefin]PF6 (56) found that the C=C bond of cyclo-
hexene shifted to 1515 cm—l, a shift of 140 cm™!. Studies of Zeise's
salt have assigned the weak mode near 1520 cm"1 to the C=C stretch of
ethylene which occurs at 1623 co ! in free ethylene (57, 58). 1In com-
plexes of (cyclohexene-Ag)+BF4- the C=C stretch occurs at 1583 cm™! as a
sharp intense feature (59). A low temperature infrared study of ethylene
adsorption on A1203—supported Pt, Pd and Rh found that the C=C stretch
shifted downfield 113 cm™! for Pd and approximately 125 en”! for Pt and
Rh and that the CH, scissoring vibrations shifted 143 em ! for Pt, 128
em ! for Rh, and 101 en~ 1 for Pd (60). It is also known that the C=C
stretching mode of an olefin often couples to other modes such as CH2
scissoring and that the magnitude of the shift cannot be used as a quan-
titative measure of the strength of the coordination bond (58). 1In fact,
Hiraishi (61l) assigned the strong Raman band at 1243 crn_1 in Zeise's salt
to C-C stretching and the band at 1520 en ! to a CH, scissoring mode

although he stated that there was mixing of both modes in each band.

Powell et al. (59), in a study of Ag and Pt olefin complexes, found
that the perturbation of other CH modes such as the CHy scissoring vibra-
tion is much more pronounced in ethylene complexes than it is for other
types of olefin complexes and that the extent of perturbation also de-
pends on the metal to which the olefin is coordinated. Silver forms

weaker complexes with olefins than platinum and the silver complexes
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showed much less shift of the coupled C=C and CH vibrations. 1In the
silver cyclohexene complex, the C=C band shifted 4.5% and the CH in-plane
deformation did not shift at all. It was noted also that in complexes in
which the perturbation of the C=C stretching mode is small, this mode
usually appears with an intensity equal to that found in the free mole-
cule, but in complexes in which the mixing of this mode with a CH mode is
greater, this bond usually appears with much less intensity than in the

free molecule.

Another possible assignment of the 1494 em~! feature is to the C-C
stretching mode of an allylic ligand. Diallyldicyclopentadienyl zirco-
nium and related complexes have been characterized by infrared and NMR
(65). Complexes such as Cp2V(CBH5) with a o-bonded allylic group show a
strong C=C band in the 1650-1580 em™} range but in complexes with
n-bonded allylic ligands the corresponding band (the asymmetric CC

stretch) is in the range 1550-1450 em™ L.

A number of comments may be made concerning the feature located
between 1600-1650 em~ L. Although this band is near in frequency to that
observed for free cyclohexene, its lack of intensity and broadness may
indicate the presence of more than one type of surface specie as cyclo-
hexene coordinates with the adsorbed Zr(BH4)4 complexes through the C=C
bond. This is expected based on the diversity of possible Zr bonding to
the oxide support and is indicated also by the evidence of both bidentate

and tridentate BH, bonding.
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An alternate assignment for this weak band would be to a Zr-H
stretch. Cp*ZZr(H)NC(H)C6H4Me has a broad IR adsorption at 1500 cm L
which is characteristic of a Zr-H bond (62). The hafnium complex
{HE[N(SiMe,CH, PMe,) 1}, (H)4(BH,) , exhibits a strong band at 1545 em L
which has been assigned to B-H and Hf~-H modes (48). Additional Zr
hydrides (N1°-CsHs),W=CHOZr(H) (N ~CsMes)y, (N ~CsHs),Mo=CHOZX(H)-
(HS-CSMeS)z and (nS—CSHS)Z(H)Nb=CHOZr(H)(nS—CSMeS)z also exhibit Zr-H
stretching at 1560, 1543 and 1567 em”1 respectively (63). The tantalum
complexes, Ta(CCMeq)(H)(dmpe),(ClAIMe,Cl) and Ta(CCMey)(H)(dmpe),-

(CF,50,) exhibit Ta-H stretches at 1595 and 1610 cn L respectively (64).
303

The spectral features resulting from a cyclohexene exposure of 150
Torr s at 298 K to Zr(BH,), supported on alumina indicate that the ad-
sorbed cyclohexene is clearly an unsaturated hydrocarbon. At this ex-
posure, cyclohexene coordination to the Zr catalyst does not appear to
require an appreciable displacement of BH, ligands as evidenced by the
magnitude of the characteristic BH, stretching vibrations. There is
evidence of both bidentate and tridentate BH, bonding but less evidence
of B-H vibrations arising from B-0 complexes since no B-0 vibrations were
able to be conclusively assigned in the spectrum. Cyclohexene coordina-
tion to the catalyst is presumed to be through the double bond as evi-
denced by the lack of a C=C mode which corresponds closely to that seen
in cyclohexene. The features indicate that the C=C mode is either down-
shifted in frequency or very weak. An alternate assignment for the weak
broad feature at 1600-1650 en™} is to a zirconium hydride specie. The

spectral features indicate that there are several types of adsorbed zir-
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conium speclies and the position of the hydroxyl stretch is characteristic

of free hydroxyls rather than hydroxyls which are involved in hydrogen

bonding.
4.5 Type II

The type 11 spectra are characterized by several features which are
not observed in type I spectra. Figure 4 spectrum (C), a 6000 Torr s
exposure of cyclohexene at 298 K to Zr(BH,), supported on Al,03, is an
example of a type II spectrum. It should be noted that this spectrum
exhibits well-resolved features in both the B-Hy and B-H, regions in-
dicating that bridging BH, ligands still remain coordinated to the Zr.
Consequently, the 1000-1500 cm”! region still exhibits B-H deformation
modes which complicates the assignment of hydrocarbon modes. In spectra
resulting from junctions in which the substrate was heated however, very
few indications of B-H features remain and these spectra are therefore

useful in assigning the hydrocarbon bands.

At 6000 Torr s and 298 K, the BH, stretching features are greatly
reduced over those seen at 150 Torr s. Two B-H, modes are evident at
2167 and 2213 co™! and a broad feature with a maximum at 2490 cm™! is
observed in the B-H, region. Compared to the 150 Torr s spectrum, there
is a loss of intensity around 2560 cm'l, assigned to B-H, stretching in
tridentate BH, ligands. This implies that there is less tridentate BH,
bonding at the high cyclohexene exposure and that most of the coordinated

BH, groups are involved in bidentate bridge bonding.

The CH stretching region exhibits a very intense feature at 2835
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el which was not present in the 150 Torr s spectrum. Two additional

features are observed at 2882 and 2912 cm™l. Compared to the 150 Torr s
spectrum, the 6000 Torr s spectrum displays a greatly reduced intensity
at frequencles near 3000 em™l.  The presence of the new 2835 em™ ! peak,
as well as the fact that the major stretching features are below 3000
cm—l, indicates that the primary type of surface specle is a saturated

hydrocarbon. There is also a very weak feature located at approximately

2650 cm ! which is seen in all the type 11 spectra.

Features in the 1000-1500 cm™! region may be assigned primarily to
hydrocarbon modes although some B-H deformation modes as well as B-0
modes may contribute to the intensity of several features in this region.
However, most modes are easily assigned as hydrocarbon features based on
their increased intensity in other type 11 spectra which involved sub-
strate heating. The feature at 1091 cm~1 may be assigned to the deforma-
tion mode of terminal BHy groups observed near 1102 cm™! (39). The un-
resolved intensity near 1370-1390 em™! may be assigned to a B-0 mode.

The feature at 1260 cm™l has also been assigned to a combination of B-H

and B-0 modes (7).

The shoulder on the 1091 cm™! peak may be assigned to a CH mode.
Type 11 spectra from heated junctions do not have large features near
1100 cm~! but consistently exhibit a band near 1080 em L. Type 11 spec—
tra also have features at or near 1030, 1080, 1166, 1202, 1259, 1336 and
1435 cml. The 1030 cm™! band may be assigned to either a ring stretch-
ing vibration (51) or a CH, deformation mode (49). The 1080 en~! band

may correspond to the Raman active band near 1068 cm~l which has been
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identified as a ring stretching vibration. The 1167 em™1 peak may be
either a CH, deformation mode or a ring deformation. The 1205 cm"1
feature corresponds to the Raman band at 1222 cm'l, assigned to a =CH
deformation (49) and the 1259 em™ ! peak is probably due to a CHZ wagging
mode. The 1336 cm™! band may be assigned to -CH- bending and the intense

1435 cm~ ! feature may be assigned to CH, scissoring (55).

Several features in the lower region of the spectrum may be assigned
to Zr-0 modes: the 902 cm™! peak to singly coordinated Zr and the peak
near 690 cm~! to multiply coordinated Zr. However, a medium to strong
band at 904 cm™! in cyclohexene has been assigned as a ring deformation
mode. The 251 cm™! feature is probably a Zr bend or torsion and is lower
in frequency than that observed at 150 Torr s. The feature at 329 cm”1

may be a metal oxide or a torsional mode of the Zr.

Several features are found in type II spectra in the low energy
range which were not observed in the 150 Torr s spectrum. A strong

doublet at 408 and 432 cm'l, a feature at 487 cm-l, a smaller band at

1 1

approximately 540 cm *, a new feature near 785 cm  © and a shoulder on the
902 cm”! peak near 850 em~l. A definitive assignment for all of these
new features is difficult. The peaks between 350-500 cm™l are similar to
long chain skeletal deformation modes that are typical of all polymer
vibrational spectra (66). However, some zirconium oxides exhibit bands
at 408 and 483 em™! (44). One or more features due to Zr-C bonding is
also expected but this feature would not be expected to increase in in-

tensity nearly as much as the CH features. A tentative assignment may be

made of the 550 cm~l feature, or possibly the 487 cm™1 peak, to a Zr-C
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mode. A band at 850 ecm™! has been observed in polyvinylcyclohexane (67)
and polycyclohexylacetylene (68) as well as cyclohexane and is indicative
of Cg rings. The 786 e~ may be assigned to thevB (ring) mode

identified in virtually all substituted cyclohexanes (69).

The spectral features discussed above indicate that type II spectra
are clearly different than the type I. 1In type II spectra, the adsorbed
cyclohexene is clearly a saturated hydrocarbon. Although the saturated
hydrocarbon is formed at a higher exposure of cyclohexene, the spectrum
of a 6000 Torr s exposure of cyclohexene to the supported catalyst re-
veals clearly that BH, ligands remain coordinated to the zirconium.

There is evidence of both bridging and terminal BH, stretching and peak
positions indicate that the BH,, bonding 1is primarily bidentate. There is
some evidence also of B-0 stretching. The weak feature seen at 1600-1650
em~l at 150 Torr s 1is present also at 6000 Torr s and possibly indicates
the presence of Zr-H species. There is little or no evidence of a C=C
stretching mode and the great loss of intensity near 3000 el indicates
that the predominant type of surface specie is a saturated hydrocarbon.
Several new low energy features are observed in type II spectra and may
correspond to torsional modes, Zr-C modes, skeletal deformation modes and

ring bending of substituted cyclohexane. The hydroxyl stretching peak is

also downshifted at 6000 Torr s, indicative of hydrogen bonding.

4.6 Temperature and Pressure Dependence of I and I1

Figures 1 through 9 show the temperature and pressure dependence of

type I and II and Table 4 summarizes the results.
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At 150 Torr s, type I spectra result at all temperatures except
perhaps the highest investigated, 623 K. At this temperature the
spectrum resembles that of a type 11, characterized by a narrow, intense
low energy hydrocarbon stretching band, although at this exposure and
temperature the hydrocarbon stretching frequencles are not as low as
those observed at higher exposures. The two main stretching features at
150 Torr s and 623 K are located at 2852 and 2898 cm™ ! but at 6000 Torr s
and 623 K they are located at 2819 and 2865 en” L. Although the relative
intensities of the two hydrocarbon stretching features are similar, the
differences in peak position indicate that they do not represent the same
surface specie or, that they reflect differences in the relative amounts

of two types of specie present on the surface.

Figures 22, 23 and 24 show the shifts in position of several major
spectral features as a function of substrate temperature and exposure to
cyclohexene. From this analysis it appears that the major spectral fea-
ture present at 623 K at 150 Torr s may be indicative of an "incipient”
type II spectra. It should be kept in mind that only some of the major
spectral features are shown in Figures 22, 23 and 24; shoulders and other

unresolved features are not included.

The peak positions observed at 6000 Torr s and at 1200 Torr s at
temperature of 403 K and higher are representative of the type II spec-
trum. Figures 22, 23 and 24 clearly show the transformation that occurs
between 348 and 403 K at 1200 Torr s. It is interesting to note however
that shifts of some peak positions also occur at 6000 Torr s as a func~-

tion of increasing substrate temperature. Since the relative intensity
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of the hydrocarbon-related features increases greatly as a function of
temperature, these shifts in position correlate with the increase in
hydrocarbon adsorption. Not all of the features shift with increased
cyclohexene adsorption; the feature at 1259 em! is very stable in
position from 298 K to 623 XK. The feature near 1440 en~! shifts only 8
em™l from 298 K to 623 K and the feature near 1345 cm™! shifts 9 cm™l.
The CH stretching features shift the most. The narrow feature shifts

downward by 16 e}

and the higher energy feature shifts by 17 cnl. The
origin of these small shifts at high exposures may be physical rather
than chemical in nature, especially because all of the shifts are
decreases in position. Frequency decreases (red shifts) between IETS and
other vibrational spectroscopies such as IRS or HREELS have been studied
theoretically and experimentally (70, 71) and are a consequence of the

interaction of the charge distribution of a vibration with its induced

image in the top metal layer. The frequency decrease is proportional to:

Mo = c(a)(a/mo a)

where w, is the unshifted frequency, u is the reduced mass of the
oscillator, q; 1is the dipole derivative and d is the distance to the top
layer. C(d) depends only slightly on d. It may be that the small red
shifts seen in the present case reflect a decrease in the "effective”
distance to the top metal layer, d, as the hydrocarbon adsorption in-
creases as a function of temperature. That the CH stretching modes in
particular could be effected by this is indicated by previous IETS

studies (71).
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A chemical origin of these red shifts is possible. It may be that
as saturated hydrocarbon builds up on the surface intermolecular inter-
actions are responsible for the decrease in frequency. Hydrogen bonding
of the a-hydrogen atom in Ta(CHCMe3)(dmpe)2C1 results in a very low
energy CHZ vibration at 2200 cm™ ! (64), but the small decreases seen in
these IET spectra, as well as the narrow width of the CH stretching fea-
tures, appears to rule out a strict hydrogen bonding interpretation of
the shifts. The shifts observed here are probably a result of a change

in the dielectric constant as hydrocarbon accumulates on the surface of

the junction.

A comparison of the peak positions of type II1 versus type I spectra
reveals that the type II spectral features are very stable compared to
the type I. For all the type I spectra, shifts in both peak positions
and intensities occur as the substrate temperature or the cyclohexene
exposure is increased. For type II spectra, there are few shifts in peak
positions but the intensities of the hydrocarbon bands increase as a
function of both increasing temperature at constant exposure and as a
function of exposure at constant temperature. This behavior implies that
type I1 spectra are representative of one main type of surface specie and
that type 1 spectra represent at least two species. Type I spectra are
indicative of the initial adsorbate formed when cyclohexene interacts
with the supported Zr(BH,), as well as any intermediate species which may

be formed during the conversion of the cyclohexene to a saturated surface

hydrocarbon.
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The spectra show that the catalyst decomposes as a function of tem-
perature and cyclohexene exposure. At 150 Torr s, the strong B-Hy and B-
He features are reduced as the substrate is heated. At 473 K, few
bridging BH, features remain yet the BH, features are still quite in~-
tense, indicating the presence of 0-Bl, surface species and possibly Zr
borides (43). The OBHZ or ZrB species are thermally stable since little
change in this feature occurs at 523 or 623 K. The hydroxyl group also
decreases in intensity and downshifts as the substrate is heated indi-
cating partial dehydroxylation of the surface. Burwell (72) states that
dehydroxylation of hydroxylated y-alumina begins at 200°C and the results
here confirm this observation since the hydroxyl band intensity dimin-
ishes with increasing substrate temperature at 200°C and above. Similar
results are observed in the 1200 Torr s spectra. At 6000 Torr s there is

virtually no hydroxyl feature remaining at 473 K and above.

The decomposition of the catalyst as a function of cyclohexene
exposure can be seen in Figure 4 and in Figure 3. As the cyclohexene
exposure is increased, the BHA features undergo a great reduction in
intensity. At 6000 Torr s, the catalyst is further decomposed as a
function of temperature so that there is only a very weak feature due to
B-H, stretching at 473 X and above. This indicates that the thermally
stable OBH, or ZrBH, formed at 150 Torr s do not form or are not stable

when subjected to a 6000 Torr s cyclohexene exposure.

4,7 11dentification of the Saturated Specie

The spectral features indicate that two reactions may have occurred:
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polymerization or hydrogenation of the adsorbed cyclohexene.

The possibility of hydrogenation is quite likely. Previous studies
(41,73) have shown that zirconium hydrides are active hydrogenation
catalysts for olefins. By reacting the monohydride, (CSH5)zzr(H)C1, with

cyclohexene, the alkyl complex was formed (54):

C_H Zr

5
5 \01

The zirconium dihydride was found to react stoichiometrically to yield an
unstable alkyl intermediate which reacted with hydrogen to reform the
zirconium hydride and cyclohexane. The monohydride zirconium catalyst
also reduces cyclohexene as shown above, but requires longer reaction
times or higher temperatures. In the study by Wailes et al. (54) the
reaction was carried out at 80°C. It was further noted that the alkyl
complexes formed are unstable and decompose slowly in the solid state and

more rapidly in solution.

In the present case the BH, groups serve as a limited hydrogen
supply. Since Zr(BH,), decomposes at room temperature to H and BHj, each
BH, ligand may supply one H atom to the double bond of a coordinated
cyclohexene molecule to yield the corresponding alkyl ligand. Some
zirconium complexes may supply two H atoms to cyclohexene resulting in a
small amount of evolved cyclohexane as the reaction proceeds. At 473 K
and above, the partial dehydroxylation of the surface may also serve as a

limited source of hydrogen. The magnitude of the CH stretching features
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indicates that a significant number of alkyl groups remain on the surface
and that the amount of saturated hydrocarbon increases without apparent
limit as a function of cyclohexene exposure and substrate temperature
even when there appears to be no readily available source of hydrogen, as
for example at temperatures of 403 K and above at a 6000 Torr s

cyclohexene exposure.

This indicates that the saturated hydrocarbon which is formed from
the adsorbed cyclohexene may in fact be polycyclohexene. The homopoly-
merization of cyclohexene under mild conditions has been reported (23,
74) and characterized by NMR and IR spectroscopies. The physical and
chemical evidence indicates that the polymer formed is a totally satur-
ated polymer. The 300 MHz NMR spectrum shows only aliphatic proton
signals and there are no olefinic proton bands observed. The L3R

spectrum of polycyclohexene shows around 30 signals in the ppm 13.9-35.9

range and its complexity indicates the polymer is not stereoregular.

The IR spectrum also shows only the presence of a saturated hydro-

carbon. Several structurally significant bands are observed in the IR

spectrum. Aliphatic CH stretching bands are observed at 2960-2800 cm_1

and the band at 2650 cm™! indicates that the cyclohexane rings are intact
(75). The CHy scissoring vibration in the polymer is observed at 1440
!

c , indicating that the six-membered rings are retained in the polymer

since the same vibration in straight-chain alkanes appears at 1470

em™l. Bands at 890 and 850 cm~! provide further evidence of a

polymerized ring system since these same bands have been observed in

polyvinylcyclohexane (67) and polycyclohexylacetylene (68) as well as in
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cyclohexane. There are no bands observed in the 1600-1700 cn” ! region

arising from C=C stretching modes.

The evidence indicates that the polymer derived from cyclohexene 1is
an addition type polymer and that the rings are retained. The complex
13C-NMR spectrum seems to indicate that the polycyclohexene is made up of

either repeating 1,2~ 1,3- and/or 1,4- repeating units as shown:

or

The IR spectrum of polycyclohexene reported by Woon (68) is shown in
Figure 25. A comparison of the polycyclohexene spectrum and the type II
IET spectra shows that the spectral features are closely matched in terms
of peak position and relative intensity. The saturated surface specie
produced by the interaction of cyclohexene with Zr(BH,), adsorbed on
Al,04 can be identified as polycyclohexene. Additional evidence in sup-
port of this conclusion is the apparent lack of a saturation coverage of
cyclohexene as judged by the increase in both junction resistance and

hydrocarbon peak intensities as a function of cyclohexene exposure and

substrate temperature.
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4.8 The Cyclohexene Reaction Mechanism

The traditional view of the polymerization reaction has involved
initial coordination of the olefin to the transition metal atom via the
double bond to form a m-complex. 0lefin coordination is thought to be
possible without displacing additional ligands from the supported
catalyst. This first step in the polymerization process is followed by
insertion of the hydrocarbon between the metal atom and one of its
remaining ligands. The polymer grows by repeated coordination and in-
sertion of other olefin molecules. It has been postulated that hydrogen

ligands form the active polymerization centers (2, 16 - 18, 76).

In recent years however, there has been a growing awareness of the
many similarities of polymerization and metathesis reactions (77).
Research on alkene metathesis reactions has led to a re-examination of
the polymerization reaction. In particular, the metathesis of some
cyclic olefins was found to result in ring-opening polymerization and
some Ziegler-Natta systems catalyze both ring-opening and normal
polymerization (78). Recent work on alkene metathesis reactions indicate
that the catalytic chain is propagated by two different odd-carbon-number

species; metal-carbenes and metallocyclobutanes.

A unifying mechanism for metathesis and polymerization has been
proposed by Ivin et al. (79) where R represents the growing polymer

chain:
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H MeCH=CH2 H

|
LxMCHMeR =% LxM=CMeR > LxI|'1=CMeR

Me=CH

H H
!

LxM CHRMe LxM CHRMe Lx§~—-CMeR
‘ | _ l l ———— ' I

MeC———CH2 MﬁeCH———-CH2 MeCH——CH2

Two main routes for the formation of metal-carbenes and metallo-
cyclobutanes have been proposed: o-elimination and n3—allyl-metallo-
cyclobutane interconversion. The a-elimination pathway for a

heterogeneous system is shown below:

H
CH2=CHR |
LM-H —==S-mmmmm > LMCH,CH, R ——===——- > LM=CHCH,R
| | 22 |2
OX 0X 0X

A n3-allyl—metallocyclobutane interconversion may also be possible in

some systems:

CH CH CH
CH,,=CHCH,,R /2\ 23 N
L M mmmfmmme B >LM & CH—--—)LM———-)CH————)LM CcH
X X x‘ //’ X N\ /// 2
CH, R 1 car CHR

The only previously reported homopolymerization of cyclohexene was
catalyzed by a rhenium olefin metathesis catalyst (23, 74). The homo-

geneous catalyst system is Re(C0)5C1/CZH5A1012, which is known to be an
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active catalyst for the metathesis of internal and terminal olefins
(80). This system polymerizes 5, 6, 7, and 8-membered rings provided no
steric hindrance is encountered. Methyl groups as close to the double
bond as the allylic carbon make the cyclic alkene inert to polymeriza-
tion. Optimum reaction conditions for polymerization are 110°C and ex-
tended reaction times. Interestingly, the susceptibility of the monomer
to polymerization and the yield of polymer increase as the ring increases
in size, although the molecular weight decreases. This contrasts with
the observations in other cases that only highly strained cyclic alkenes
can form addition polymers (81). When the catalyst system is Re(CO)Scl/
C2H5A1C12, polymerization of cyclic olefins is enhanced as the ring

strain decreases.

The active form of the Re(CO);C1/CyH5A1Cl, catalyst has been shown
to be [(CO)ARe=CHCHZCH+3], a coordinated propylidene specie (80).
Because the only difference in the conditions between metathesis and
polymerization of cyclic olefins is the temperature at which reation
occurs (90°C for metathesis, 110°C for polymerization), it appears that
the same specie is responsible for polymerization. Several studies

confirmed this hypothesis (74).

Tsonis and Farona (74) have suggested that the first steps of
polymerization are similar to those of metathesis and have proposed the
following reaction for the formation of a four-membered metallacycle

specie, where M=CHR is the catalyst initiator:
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O

M=CHR + =<=——> M=CHR ®&=———= M—CHR

I

Specie (I) is the first step in metathesis. When the second olefin
coordinates, an addition polymer, rather than a ring-opening polymer, can

arise by a slight modification of the metathesis mechanism:

*—— M —CHR

e
M CHR <=—— Q_M_HR
W,

I Z

Though this mechanism is speculative, it does account for the formation

of an addition polymer by incorporating a metathesis-type initiation and

a Ziegler-Natta type polymerization.

In the present study, the initial complex formed by the adsorbed
cyclohexene is probably a m—complex. The IET spectra support this
conclusion as well as the possibility of conversion to a n3— allyl
ligand. The IET spectra show that the initial complex and possibly one
or more reaction intermediates are clearly unsaturated. The results show
that the unsaturated specles are converted to a saturated hydrocarbon

which continues to accumulate on the surface as judged by the increases
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in the associated vibrational features. The spectra also show that no
olefinic features (such as C=C or =C-H stretching) increase in intensity
as either the cyclohexene exposure and/or the substrate temperature is

increased.

These results are therefore consistent with the mechanism proposed
for cyclohexene polymerization by Tsonis and Farona (74). The conversion
to a metallacycle would result in a vibrational spectrum exhibiting
features associated with a saturated hydrocarbon and continued coordina-
tion and insertion of the cyclohexene molecules into the growing chain
would result in increased intemsity of the associated spectral fea-
tures. In the present study, the spectra do not allow a conclusive
identification of the adsorbed intermediate but the formation of an

intermediate alkylidene specie cannot be ruled out.
4.0 Conclusions

Cyclohexene has been shown to form a saturated polymer consisting of
cyclohexane rings formed by homopolymerization. The transformations of
the supported catalyst, Zr(BHA)A, and the surface product, have been
studied as a function of both cyclohexene exposure and temperature by
inelastic electron tunneling spectroscopy. A tentative reaction
mechanism, combining features of metathesis and polymerization reactions,
has been considered. This study demonstrates that the unique and sensi-
tive properties of this spectroscopy are highly suited not omnly for the
study of well-understood supported catalytic systems but may also be
applied successfully to characterize and identify the nature of new

catalytic systems and unexpected new products of reaction.
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Figure Captions

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Comparative view of IET spectra of cyclohexene at an
exposure of 150 Torr s interacting with Zr(BH,), supported
on A1203. Substrate temperatures during the cyclohexene
exposure were (A) 298 K, (B) 348 K, (C) 403 K, (D) 473 X,

(E) 523 K and (F) 623 K.

Comparative view of I1IET spectra of Cyclohexene at an
exposure of 1200 Torr s interacting with Zr(BH,), supported
on Al,03. Substrate temperatures during the cyclohexene
exposures were (A) 298 K, (B) 348 K, (C) 403 K, (D) 473 K,

(E) 523 K and (F) 623 K.

Comparative view of IET spectra of cyclohexene at an
exposure of 6000 Torr s interacting with Zr(BH4)4 supported
on Al,03. Substrate temperatures during the cyclohexene
exposures were (A) 298 X, (B) 348 X, (C) 403 ¥, (D) 473 K,

(E) 523 K and (F) 623 X.

IET spectra (240 - 4000 cm‘l) of cyclohexene interacting
with Zr(BH,), supported on Al,03 at a surface temperature of
298 X during cyclohexene exposures of (A) 150 Torr s, (B)

1200 Torr s and (C) 6000 Torr s.

IET spectra (240 - 4000 cm'l) of cyclohexene interacting
with Zr(BH,), supported on Al,05 at a surface temperature of
348 K during cyclohexene exposures of (A) 150 Torr s, (B)

1200 Torr s and (C) 6000 Torr s.



Figure 6:

Figure 7:

Figure 8:

Figure 9:

Figure 10:

Figure 11:
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IET spectra (240 - 4000 cm_l) of cyclohexene interacting
with Zr(BH,), supported on Al,03 at a surface temperature
403 X during cyclohexene exposures of (A) 150 Torr s, (B)

1200 Torr s and (C) 6000 Torr s.

IET spectra (240 - 4000 cm_l) of cyclohexene interacting
with Zr(BH,), supported on Al,0q at a surface temperature
473 K during cyclohexene exposures of (A) 150 Torr s, (B)

1200 Torr s and (C) 6000 Torr s.

IET spectra (240 - 4000 cm_l) of cyclohexene interacting
with Zr(BH4)4 supported on Al,05 at a surface temperature
523 K during cyclohexene exposures of (A) 150 Torr s, (B)

1200 Torr s and (C) 6000 Torr s.

IET spectra (240 - 4000 cm'l) of cyclohexene interacting

with Zr(BH,), supported on Al,0q at a surface temperature

of

of

of

of

623 X during cyclohexene exposures of (A) 150 Torr s and (B)

6000 Torr s.

IET spectrum (240 - 2000 cm—l) of cyclohexene interacting

with Zr(BH4)4 supported on A1203 at a surface temperature

403 K and a cyclohexene exposure of 1200 Torr s.

of

IET spectrum of (240 - 2000 cm_l) of cyclohexene interacting

with 2r(BH,), supported on Al,04 at a surface temperature of

473 K and a cyclohexene exposure of 1200 Torr s.



Figure 12:

Figure 13:

Figure 14:

Figure 15:

Figure 16:

Figure 17:

Figure 18:
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IET spectrum (240 - 2000 cm'l) of cyclohexene
with Zr(BH,), supported on Al,04 at a surface

523 X and a cyclohexene exposure of 1200 Torr

IET spectrum (240 - 2000 cm-l) of cyclohexene
with Zr(BH,), supported on Al,03 at a surface

298 K and a cyclohexene exposure of 6000 Torr

IET spectrum (240 - 2000 cm‘l) of cyclohexene
with Zr(BH,), supported on Al,05 at a surface

348 K and a cyclohexene exposure of 6000 Torr

IET spectrum (240 - 2000 cm_l) of cyclohexene

with Zr(BH,), supported on Al,04 at a surface

403 K and a cyclohexene exposure of 6000 Torr

IET spectrum (240 - 2000 cm_l) of cyclohexene
with Zr(BH4)4 supported on A1203 at a surface

473 K and a cyclohexene exposure of 6000 Torr

IET spectrum (240 - 2000 cm"l) of cyclohexene

with Zr(BH,), supported on Al,03 at a surface

523 K and a cyclohexene exposure of 6000 Torr

IET spectrum (240 -2000 cm‘l) of

with Zr(BH,), supported on Al,05 at a surface

623 K and a cyclohexene exposure of 6000 Torr

interacting
temperature
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interacting
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Figure 19:

Figure 20:

Figure 21:

Figure 22:

Figure 23:

Figure 24:
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IET spectrum (240 - 2000 cm"l) of cyclohexene interacting
with Al,04 at a surface temperature of 403 X and a

cyclohexene exposure of 6000 Torr s.

IET spectrum (2000 — 4000 cm-l) of cyclohexene interacting
with Al,04 at a surface temperature of 403 K and a

cyclohexene exposure of 6000 Torr s.

IET spectrum of Zr(BH,), supported on Al,03 at 300 K over
the energy range (a) 240 - 2000 em™! and (b) 2000 - 4000

ca 1. Reproduced from H. E. Evans and W. H. Weinberg (7).

Graph showing shift of resolved IET spectral features in the
2800 - 3100 cm™ L range as a function of surface temperature
for cyclohexene interacting with A1203-supported Zr(BH4)4 at
cyclohexene exposures of 150 Torr s ( A& ), 1200 Torr s

( @ ) and 6000 Torr s (@ ).

Graph showing shift of resolved IET spectral features in the
1300 - 1500 cm™} range as a function of surface temperature
for cyclohexene interacting with A1203—supported Zr(BH,), at
cyclohexene exposures of 150 Torr s ( & ), 1200 Torr s

( @ ) and 6000 Torr s (m ).

Graph showing shift of resolved IET spectral features in the
1180 - 1300 cm™} range as a function of surface temperature

for cyclohexene interacting with A1203—supported Zr(BH,), at
cyclohexene exposures of 150 Torr s ( & ), 1200 Torr s

( ®) and 6000 Torr s (@ ).
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Figure 25: Infrared spectrum of polycyclohexene reproduced from P. Woon

(68).
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Table 4

OBSERVATION OF TYPE I AND II SPECTRA
AS A FUNCTION OF TEMPERATURE AND EXPOSURE

298 K 348 K 403 K 473 K 523 K 623 K
150 Torr s I 1 1 1 I 1I1?
1200 Torr s I I IX II 11 -
6000 Torr s 11 11 I1 II 11 I1
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Chapter 3

The Interactions of 1,3-Cyclohexadiene with

Zr(BH,), Adsorbed on Al,0
474 273
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1.0 Introduction

Inelastic electron tunneling spectroscopy (IETS) has been used to
investigate the temperature and pressure dependent reactivity of 1,3-
cyclohexadiene with the known polymerization catalyst Zr(BH4)4 supported
on Aly0q- This study is part of a continuing research effort to char-
acterize the structure and catalytic reactivity of supported homogeneous
cluster catalysts. Previous papers have reported on the interaction of
Zr(BH,), with the Al,03 surface (1), the interactions of the adsorbed
catalyst with Dy, D50 and Hy0 (2), and with ethylene, propylene, and
acetylene (3). 1In the latter study the vibrational spectra revealed
polymer formation upon interaction with acetylene at elevated tempera-
tures. The interactions of Zr(BH4)4 supported on Al,03 with cyclohexene

have also been studied as a function of temperature and pressure (4).

An extensive effort has been made to polymerize 1,3 and 1,4-cyclo-
hexadiene (5-10), as well as to characterize the polymers by infrared
spectroscopy and nuclear magnetic resomance. A great number of catalytic
systems have been investigated including TiCl,-Al(i-C4Hq)5 (5), TiCl,
(5), n-C,HqLi (6,7), TiCl,-A1(CyH5)3 (10), and various 7m—allyl complexes

of nickel (9).

In general, all of the systems catalyzed the 1,4 homopolymerization

of 1,3-cyclohexadiene to yield poly-1,3-cyclohexadiene (II):
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4

II

Several authors have also reported a much smaller percentage of 1,2

linkages:

While the Ziegler catalytic systems and the organolithium compounds
resulted in amorphous polymers, the nickel m-allyl complexes (9) were
reported to yield crystalline stereoregular polymers of 1,3-cyclo-
hexadiene. Several studies of 1,4-cyclohexadiene, in particular the
study by Yousufzai et al. (10), have demonstrated that the polymer first
isomerizes to 1,3-cyclohexadiene and then undergoes a 1,4 homopoly-
merization to yield poly~1,3-cyclohexadiene (II) in the presence of

Ziegler catalysts.

Many of the polymerization studies of 1,3-cyclohexadiene have
ultimately been concerned with the aromatization (dehydrogenation) of the

rings to yield p-polyphenyl (III):
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These polymers have interesting physical properties being conductive and
their extremely high melting points make them commercially highly
desirable. The dehydrogenations have been carried out chemically and

catalytically (8).

It is hoped that the vibrational information provided by this study
of the interaction of 1,3-cyclohexadiene with Zr(BH,), supported on Al,0j
will lead to a greater knowledge of the surface species formed in these
industrially important catalytic systems and to a greater understanding
of the polymerization mechanism of cyclic olefins by heterogeneous

systems.

2. Experimental

Inelastic electron tunneling spectroscopy (IETS) is an effective
means of monitoring the vibrational modes of molecules adsorbed on or
near insulating surfaces. The IETS procedure involves monitoring the
current due to electrons tunneling inelastically through a thin insul-
ating barrier between two electrodes. While most of the tunneling
current arises from electrons tunneling elastically, some electrons may

tunnel inelastically by exciting the vibrational modes of the adsorbates.
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Inelastic transitions occur only when the bias voltage across the barrier
is greater than or equal to a vibrational activation energy. These
transitions result in an increase in conductance across the barrier by
providing additional channels for electron tunneling. The conductance
increases are observed as peaks when dZV/dIZ, proportional to dZI/dVZ, is
plotted as a function of the bias voltage, V. Peak positions correspond
to vibration frequencies. Both electron-dipole and electron-induced
dipole interactions, analogous to infrared and Raman modes, are observed
in IET spectra. Additional details on the interpretation of IET spectra

are available elsewhere (11, 12).

The TET junctions used in this study were prepared in an oil
diffusion-pumped bell jar with a base pressure of 5 x 1078 Torr. Before
beginning an experiment, an oxygen plasma discharge was run to help clean
the system of hydrocarbon contaminants (13). The oxidation voltage was
-1000 V, the 0, pressure was 150 microns and the oxidation time was 1000
seconds. Aluminum strips approximately 800 A in thickness were evap-
orated onto Corning 7059 borosilicate glass slides. Film thicknesses
were monitored using a quartz crystal microbalance. After evaporation,
the aluminum strips were annealed in vacuum by heating to 520 K for at
least 10 minutes. The technique developed by Bowser and Weinberg (14)
for simultaneous heating and temperature measurement was used for all
heating operations. The annealing step is necessary to preserve the
integrity of the thin oxide barriers during subsequent heating oper-
ations. After annealing, thin oxide barriers are formed by oxidizing the

aluminum strips in a plasma discharge of 0, containing a trace of Hy0
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vapor. The oxidation voltage was -1000 V, the 0, pressure was 150
microns and the oxidation time varied between 350 and 800 seconds
depending on the adsorbate exposure and temperature to be studied. The

oxide formed in this manner is 20 to 25 A in thickness.

After the oxidation, the Zr(BH,), complex was adsorbed onto the
oxide surfaces by exposing the samples to 5 x 1072 Torr of Zr(BH4)4 for
15 minutes, corresponding to a saturation coverage (1). This produced
the supported catalyst. After the excess was evacuated from the bell
jar, 1,3-cyclohexadiene was introduced as a vapor into the bell jar and
allowed to interact with the supported catalyst. Exposures ranged from
1.5 x 10! Torr for 1000 seconds to 5 Torr for 1200 seconds. In some
experiments, the slides were heated after the 1,3-cyclohexadiene was
introduced into the bell jar. Temperatures ranged from 198 K to 473 K.
In some experiments, the slides were not exposed to the catalyst and the

oxide was allowed to interact with the 1,3-cyclohexadiene alone.

After the bell jar was evacuated to a pressure below 1 x 106 Torr,
Pb cross strips were evaporated onto the samples. The glass slides were
then removed from the bell jar and mounted onto holders used to measure
their spectra while immersed in liquid helium. Before the spectra were

recorded, the resistance value of each junction was measured.

Spectral measurements were recorded with PDP-11/10 digitally-
controlled electronics (15). Measurements were carried out over the
spectral range of 240 to 4000 em™1 using multiple scan averaging. The

recorded data were then smoothed, the sloped background was subtracted,
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peaks were located and peak energies assigned after correcting for the Pb
superconducting band gap and for modulation effects (16). Spectra were
originally recorded in two sections, from 240 to 2240 cn~! and from 2000
to 4000 cm™l. The two halves of the spectra were then matched and the y-
values were scaled using the modulation voltages at which the spectra
were recorded. It should be noted that the y-values were further scaled
relative to the most intense feature in the spectrum (usually a hydro-

carbon stretching peak) in order to fit the spectrum onto the graph.
3.0 Results

3.1 General Observations

Spectral measurements of junctions of Zr(BH4)4 exposed to 150 and
6000 Torr s of 1,3-cyclohexadiene are shown in Figures 1 and 2 respec-

tively. Substrate temperatures are 298, 403 and 473 K.

As with previous studies of cyclohexene adsorption, the 1,3-cyclo-
hexadiene system did not reach an apparent saturation coverage at the
exposures and temperature studied. Increases in 1,3-cyclohexadiene ex~
posure or substrate temperature resulted in an increased adsorption of
1,3-cyclohexadiene as judged by increases in intensity of the hydrocarbon
vibrational modes and by increases in junction resistance. Hydrocarbon
concentrations can be monitored qualitatively by measuring the resistance
of the insulating barrier comsisting of the aluminum oxide plus adsorbed
species. Junctions exhibiting the best signal/noise ratios with our

electronics fall in the 30-200 Q range (for an area of approximately
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1 mmz). The thickness of the oxide layer can be controlled by varying
the length of time of the 0o plasma discharge used to form the Al,04
insulating layer. The resistance of the junctions can thus be adjusted
in an attempt to provide a resistance value in the desired range. 1In the
case of 1,3-cyclohexadiene however, there was no apparent limit to the
junction resistance that could be obtained when increasing the 1,3-cyclo-
hexadiene exposure and/or substrate temperature. Similar behavior was
observed when cyclohexene was the adsorbate but with 1,3-cyclohexadiene

this effect was even more pronounced.

Studying the interactions of 1,3-cyclohexadiene with the supported
catalyst Zr(BH,), proved to be much more difficult than studying other
adsorbates, such as cyclohexene. With 1,3-cyclohexadiene, it was very
difficult at the higher exposures studied to fabricate junctions which
displayed good signal/noise ratios. It may be that this is due to the
unsaturated nature of the hydrocarbon barrier formed from 1,3-cyclohexa-
diene as opposed to the essentially saturated hydrocarbon barrier formed

at high exposures of cyclohexene.

3.2 150 Torr s at 298 K

Figure 1, spectrum (A) shows the result obtained for a 150 Torr s

exposure of 1,3-cyclohexadiene at 298 K. Peak positions are listed in

Table 1.

In the upper region of the spectrum, there are two small rounded
features near 2170 and 2256 cm_l. A more intense broad feature centered

at approximately 2450 em~1 displays several small maxima at 2386, 2422



151

and 2477 em™}. 1In the 2800-3100 cm™} region, there is an intense feature
with two well-resolved maxima at 2856 and 2917 cm™l. On the high energy
side of the 2917 cm~! peak there are at least two unresolved shoulders
located at approximately 2950-2970 em™! and 3010 cm™l. There is also a

broad feature located at approximately 3640 cm L.

The most intense feature in the spectrum is the asymmetric peak at
914 cm~l. The lower region of the spectrum displays several features.
There is a well-resolved intense feature at 1061 cm™ ! superimposed on a
broad feature with several very small peaks at approximately 1115, 1140
and 1166 cm~l. Another rounded, broad band has a maximum at 1271 em™ L.
A somewhat better resolved feature is located between 1340-1390 cm™! with
a maximum at 1387 cm l. An intense feature located at 1454 cm ! is

approximately as intense as the feature located at 1061 cm_l. A broad,

rounded feature is centered at 1610 cm 1.

The lower region of the spectrum displays a feature at 292 el and
there is also a broad band centered near 727 cm_l. Two other very weak

features are observed at 390 cm~! and at approximately 450 en” L,

3.3 150 Torr s at 403 K

The results obtained for a 150 Torr s exposure of 1,3-cyclohexadiene
at 403 K are shown in Figure 1, spectrum (B) and peak positions are

listed in Table 1.

The upper half of the spectrum shows weak features at 2122 and 2178

cn~!l and a broad, round feature exhibiting maxima at 2309, 2366, 2423 and
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2457 cm™l. The 2800-3100 cm~l region has two main features located at
2822 and 2866 cm™l. The 2866 cm™! feature appear to have shoulders
located near 2900 and 3010 cm !. A broad feature is centered near 35756

em L.

The most intense spectral feature is located at 917 em !, Addi-
tional features in the lower spectral region are located at 1047, 1334,
1377 and 1437 cm™l. Much weaker features are observed at 1119 1158, 1232
and 1273 cn™!. There are also two well-resolved broad features at 1563
and 1602 cm‘l. In the low energy region, features are observed at 292,
680, and 732 em”!. Sseveral unresolved, weak peaks are seen in the 350-
550 cm” L region as well. Compared to the results obtained at 150 Torr s
at 298 K, there appears to be a loss of intensity in the 1070-1170 cm"1
region at 403 K. The features at 1334 and 1377 em~! are also much better
resolved than at 298 X, as are the features in the 670-740 en”! range.

An interesting observation is the splitting of the broad feature located

1

near 1610 cm * at 298 K into two separate modes at 1563 and 1607

em™l. The 2800-3100 cm™! region is also different at 403 K than at 298 K.
The bands located at 2822 and 2866 cm ! at 403 K are closer in intensity

than the two features located at 2856 and 2917 cm_1 at 298 K.

3.4 150 Torr s at 473 X

Results obtained by exposing the adsorbed Zr(BH4)4 catalyst to 150
Torr s of 1,3-cyclohexadiene at 473 K are shown in Figure 1 spectrum (C)

and peak positions are listed in Table 1.
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The 2100-2300 cm™! region appears to be much reduced in intensity at
473 K. There are no discernible features in this region and only a
broad, rounded feature in the 2400-2600 em™ ! region centered at 2449
co~l. The features in the 2800-3100 cm~! range are the most intense

features in the spectrum. There are two main peaks located at 2859 and

2904 em™ L, A broad feature is also resolved at 3635 em™ L,

The lower half of the spectrum appears to be reduced in intensity
compared to the results obtained at 298 and 403 K. However, it should be
noted that this is due to the computer processing of the spectra which
first scales each half of the spectrum according to the modulation volt-
age at which it was recorded and then further reduces the y-values rela-
tive to the most intense spectral feature. Since many of the spectral
features change in position and/or intensity as a function of either the
1,3-cyclohexadiene exposure and/or the substrate temperature, the best
choice for an internal standard in these IET spectra is the Al-0 bulk
stretch, located at approximately 945 ca L. In the present study, this
feature appears only as an unresolved shoulder on the more intense
feature near 914 cm ' but is nonetheless useful when comparing the

relative Intensities of spectral features observed at different 1,3-

cyclohexadiene exposures or substrate temperatures.

In the lower region of the spectrum several features are much better
resolved at 473 K than at 403 K. The features at 914 and 1061 cm™! are
both well-resolved, as at lower temperatures. In the 1130-1170 em !
region there is a more intense band at 473 K with a maximum observed at

1147 cm~l. There is also increased intensity in the 1240~1390 em™ 1 range
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with several features evident at 1248, 1279, 1325 and 1381 en”l.  The
feature located at 1453 cm™! is much more intense than that observed at
lower temperatures. At 473 K, it is considerably more intense than the
1061 cm ! peak. The broad band at 1603 em™! is also much more intense at

473 X and the band shape is much narrower than that observed at 298 K or

403 K.

Additional features are observed at 262, 294, 393, 692 and 730
em™l. As at 403 KX, several unresolved features are observed in the 350-

550 cm ! range.

3.5 6000 Torr s at 298 ¥

Figure 2, spectrum (A) shows the results obtained for a 6000 Torr s
exposure of 1,3-cyclohexadiene at 298 K. Peak positions are listed in

Table 2.

The upper region of the spectrum has only one very weak feature in
the 2100-2300 cm™} region at 2252 cm™l. In the 2400-2600 cm! region
there is a broad, weak feature centered at 2445 em~l. There are three
very intense peaks in the 2800-3100 em™1 region at 2848, 2922 and 2960

em l. A weak feature is also observed at approximately 3626 em 1.

In the lower half of the spectrum, the feature at 923 cnt is the
most intense. There is an unresolved shoulder which is evident on the
low energy side of this peak near 850 cml. Other features are observed
at 1057, 1135, 1340, 1370 and 1446 em™l. A broad feature is also

resolved at 1272 cm ‘. The relatively narrow feature at 1603 cm™t
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observed at 150 Torr s at 473 X 1is broader at 6000 Torr s. Features are
resolved at 1583, 1604 and 1641 em 1. In the low energy region of the
spectrum, features are observed at 278, 385, 450, 650, 696 and 724

cm™l. The feature at 450 cm ! was not well resolved at 150 Torr s.
Compared to the results obtained at 150 Torr s, several new features are
evident at 6000 Torr s, in particular, the features at 1135, 1340 and
1370 cu”! are much more intense. Also the features in the 2800-3100 cm *

region have increased in intensity, the band shape has changed and a new

feature near 2960 cm~! is resolved.

3.6 6000 Torr s at 403 K

The results obtained for a 6000 Torr s exposure of 1,3-cyclohexa-
diene at a temperature of 403 K are shown in Figure 2 spectrum (B).

Table 2 lists the peak positions.

Compared to the results obtained at lower exposures and tempera-
tures, heating the junctions to 403 K or 473 X results in spectra with
considerably noisier baselines. Another difference which is observed in
the 6000 Torr s spectra at 403 and 473 K is the variability in a number
of spectral features, primarily in terms of the intensity but also in
position or resolution for some features, even in junctions fabricated on
the same slide. This is in sharp contrast to the spectra obtained at
high exposures of cyclohexene which were highly reproducible from
experiment to experiment over the long period of time that this adsorbate

was studied.
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In the upper region of the spectrum only a weak feature remains in
the 2400-2600 cm™! region, centered near 2425 cn”l. The 2800-3100 cm™!
region is very intense. Features are resolved at 2837 and 2915 em” L.
There are two shoulders evident on the 2915 cm i peak, one on the low
energy and one on the high energy side. There appears to be a weak
feature in the 3650 cm™! area although the noisy baseline complicates

this.

The lower region of the spectrum has a number of intense features.
The 922 cm™! feature has a well-resolved shoulder located at 865 cm
which was not resolved at 298 K and not observed in any of the 150 Torr s
spectra. Other features are the broad band at 1055 cn ! and the sharp
feature at 1135 cm !. New features are resolved at 1242 and 1272 cm !.
A doublet is observed at 1341 and 1361 cm ! which is more intense
relative to the feature at 1442 cm™ ! than at 298 K. There are two broad
features in the 1550-1650 cm™} region located at 1584 and 1631 em™!. 1In
the low energy portion of the spectrum, features are resolved at 258,
282, 378, 450, 687, 711 and 732 em™l. A few other unresolved peaks are
observed in the 350-650 em” ! range as well. A comparison to the results
obtained at 298 K shows that the feature at 1055 cm™! is reduced in
intensity whereas several other features are more intense at 403 X.

Relative to the 922 cm ! peak, the feature at 1422 cm-l, as well as the

features in the 2800-3100 cm™! region, are more intense at 403 K.

3.7 6000 Torr s at 473 K

Figure 2 spectrum (C) shows the results obtained at a 1,3-cyclohexa-
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diene exposure of 6000 Torr s at 473 K. Peak positions are shown in

Table 2.

The 2100-2300 and 2400-2600 cm ™t regions display only a couple of
very weak features at 2428 and 2455 em~l. In the 2800-3100 cm™} region,
three major very intense features are resolved at 2837, 2916 and 2949

em™}. There doesn't appear to be any discernible feature remaining in

the 3600-3700 cm™1 region.

The lower half of the spectrum displays a number of intense
features. Peaks are located at 924, 1059, 1136, 1244, 1265, 1337, 1368
and 1442 cm~l. The 924 cm”! peak has two shoulders located at 815 and
865 cm L. Compared to the results observed at lower temperatures, the
1442 cn~! band is more intense at 473 K. There is also a broad band

observed near 1609 cm™t.

The low energy region displays several features. Peaks are observed
at 278, 391, 443, 472, 688 and 727 cn~l. These are considerably more
intense than at 403 K. There also appears to be a shoulder near 350

et

3.8 1,3-Cyclohexadiene Adsorption on Al,0,

Several attempts were made to fabricate measurable junctions of
Al,04 exposed to moderate and high pressures of 1,3-cyclohexadiene with-
out pre-—adsorption of Zr(BH4)4. Unfortunately, none of these junctions
produced measurable spectra. In most cases, the spectra that resulted

were subject to glitches and showed that little or no adsorptionm of 1,3~
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cyclohexadiene occurred on junctions which had not been exposed to the

Zr(BH4)4 catalyst. A previous IETS study (17) also investigated the ad-
sorption of cyclohexadiene on A1203 and reported that despite numerous

attempts at a variety of partial pressures, vapor doping was unsuccessful.

4.0 Discussion

4.1 Spectral Assignments for the 150 Torr s Results

A number of features in the spectra may be readily assigned based on
a comparison with undoped A1—A1203—Pb junctions (18). These include the
feature located near 299 cm ! due to a phonon in the underlying aluminum
film; the prominent shoulder near 945 cm ! assigned to the Al-0 (bulk)
stretch; the weak, broad feature near 1860 em”! which is an overtone of
the Al1-0 (bulk) stretch; and the broad feature located between 3600 -

3750 cm ! due to the stretch of surface hydroxyl groups.

Evans and Weinberg have identified the vibrational features which
result from the adsorption of Zr(BH4)4 on Al,04 (1). These assignments
as well as the surface structures which are expected from the adsorption
of Zr(BH4)4 on A1203 have been discussed elsewhere (1, 2, 4). Based on
these results, several of the features in Figure 1, spectrum (A), may be
assigned to vibrations of the BH, ligands. In particular, the features
between 2100 - 2300 cm—l, located at 2170 and 2256 cm'l, may be assigned
to B-Hy stretching and the broad peak located between 2400 - 2600 cn” !
may be assigned to B-H, stretching. BH, deformation modes are expected
in the 1000 - 1400 cm™! range. In Zr(BH,), adsorbed on Al,05, Evans and
Weinberg (1) identified features at 1106 - 1130, 1173 and 1220 em ! as

B-H deformations. In the present study, the weak features in the 1115 -
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1167 cm ! range may be assigned as B-H deformation modes. B-0 modes,
resulting from disassociated BH, ligands which form surface complexes
instead of desorbing, are expected in the 1200 - 1450 cm_1 region. In
the present work, the rounded, broad band with a maximum at 1271 em L may
be due in part to B-O modes. Other features are expected from Zr0
stretching modes. Evans and Weinberg (1) have assigned the intense

1

feature near 910 cm * to the stretching of singly coordinated Zr atoms

and a broad feature near 690 cm™! to multiply coordinated Zr atoms.

The most intense spectral features resolved at 298 K at a 150 Torr s
exposure of 1,3-cyclohexadiene may be assigned as features associated
with the adsorbed 1,3-cyclohexadiene rather than features associated with
the Zr(BH4)4 catalyst. This is supported by the observation that the
stretching features due to the BH, ligands of the catalyst are rather
weak, especially in comparison with studies done at comparable exposures
of other adsorbates, for example, cyclohexene. Additionally, most of the
resolved features are observed to grow in intensity as the 1,3-cyclo-

hexadiene exposure or the substrate temperature is increased.

The CH stretching region from 2800 - 3100 cn™ ! displays two resolved
features at 2856 and 2917 cm™l. At least two unresolved features are
evident near 2950 - 2970 cm™! and 3010 cm™l. These unresolved features
may be assigned as =C-H stretching modes which are expected to be higher
in frequency than the CH2 stretching modes. The 2917 cm_1 feature may be
due to either =CH or CH, stretching and the 2856 em”! feature may be
assigned as CH2 stretching. A second feature due to CHZ stretching is

expected near 2875 em~! but is not resolved in the present study. These
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assignments are in agreement with reported IR and Raman vibrational
studies of 1,3-cyclohexadiene and 1,4-cyclohexadiene (19 - 22). The main
features in the CH stretching region are expected at 3042, 2938, 2873,
2854, and 2822 cm™ ! (20). Several weaker features are also seen and
several of these bands shift by 10 - 15 cm™ L depending on the physical

state of the 1,3-cyclohexadiene.

Features in the 1000 - 1400 cm™! region may be assigend to CH, wag,
twists and rocks as well as CH in~plane and out-of-plane bending modes.
Features have been reported at 1059, 1165, 1178, 1243, 1330, and 1377
cm_1 (19). Additional features have been assigned as CH2 scissoring
modes at 1444 and 1435 cm™! and a ring C-C stretch has been assigned to a
feature at 1408 cm™l. Based on these findings, the feature at 1454 cm—l

may be assigned to CH, scissoring and the other features to Cll, and CH

deformation modes.

Several strong bands are expected at 657, 671 and 745 em™! and may

contribute to the broad feature observed in this region.

The broad feature centered near 1610 cm ! may be assigned to C=C
stretching of the adsorbed 1,3-cyclohexadiene. Weak to medium features
in this region, assigned to ring C=C stretching, have been reported at
1581 and 1602 cm™! in Raman and IR studies of 1,3-cyclohexadiene (19,

20).

The spectra obtained at 150 Torr s indicate that the adsorbed 1,3-
cyclohexadiene is an unsaturated hydrocarbon specie as judged by the

position of the CH stretching features and perhaps more importantly, by
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the presence of the broad ring C=C stretching feature.

4.2 Temperature Dependence of the 150 Torr s Results

Figure 1 shows the spectral changes which result from increasing the
substrate temperature during the 1,3-cyclohexadiene exposure. Several
interesting changes are evident. Most important is the increase in
intensity of the ring C=C stretching features located in the 1500 - 1650
ctn"1 region. At a surface temperature of 403 K, this feature splits into
two main bands, at 1563 and 1602 cm_l. Other spectra obtained at 403 K,
not shown here, displayed variable splitting of this feature, but in all
cases increased intensity in the ring C=C stretching region. At 473 K,

the ring C=C stretching feature is seen to be even more intense and the

band shape appears narrower than at lower surface temperatures.

Several other features increase in intensity as a result of increas-
ing the substrate temperature during the 1,3-cyclohexadiene exposure.
The CH stretching features greatly increase in intensity as can be seen
in the 473 K spectrum shown in Figure 1. The 1450 em™ L peak also in-
creases and features begin to be resolved in the 1130 - 1160 em™ ! range.
The 1240 - 1380 em~ L range also increases in intensity as several fea-
tures are resolved. Most of these features do not display shifts of peak
position as the temperature is increased, only increases in intensity.
However, the results at 403 K do show a downward shift of the CH stretch-
ing features in particular. The observed values are nonetheless consis-

tent with reported values for 1,3-cyclohexadiene and the increased ring

C=C stretch indicates that the surface complex formed at 403 K is still
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primarily an unsaturated hydrocarbon. A comparison of the peak positions

observed at 298 K and 473 K shows that they are nearly identical.

The B-H stretching features also are reduced in intensity as the
surface temperature is increased, corresponding to further disassociation
of the adsorbed catalyst. At 473 K, there is little or no evidence of
B-H bridging stretching and the broad, rounded band in this spectral
reglon is due primarily to B-H terminal stretching. The hydroxyl stretch
located in the 3600 - 3750 em” ! region also undergoes only a small re-

duction in intensity, if at all, as the surface temperature is increased.

The spectra indicate that the primary surface specie formed by 1,3-
cyclohexadiene at 298 X continues to accumulate on the surface as the
temperature is increased to 473 K and that the hydrocarbon specie is

unsaturated as evidenced by the C=C stretching region.

4.3 Spectral Assignments for the 6000 Torr s Results

The spectra obtained for a 6000 Torr s exposure of 1,3-cyclohexa-
diene interacting with Zr(BH4)4 adsorbed on Al,04 show several new
features not evident at lower exposures. Figure 3 compares the 150 and

6000 Torr s results at 298 XK.

At 6000 Torr s, there is only a very weak feature in the B-H

bridging stretching region located at 2252 en b

and a rounded, weak
feature in the B-H terminal stretching region. These features are

greatly reduced in intensity compared to the results at 150 Torr s.

The CH stretching features located in the 2800 - 3100 em™! region
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have dramatically increased in intensity compared to the 150 Torr s
results and a major new feature is observed at 2960 em™! which was not
resolved at 150 Torr s. Additional features are located at 2848 and 2922
e~} which compare favorably with the two features observed at 150 Torr s
at 2856 and 2917 cm~l. There is also evidence of a shoulder on the low
energy side of the 2922 em™ ! peak near 2860 - 2880 em™l. Based on
previous studies (19 -22), the feature at 2960 em™1 masy be assigned to
=C-H stretching and the feature at 2848 cm™! as well as the shoulder near
2870 cm_l, may be assigned to CH, stretching. The assignment of the 2922
em~! feature has been made to either =CH stretching (20) or CH,

stretching (5).

Features in the 1000 - 1500 em”1 region may be assigned primarily to
hydrocarbon modes although some B-H deformation modes as well as B-0
modes may contribute to the intensity of several features in this region.
Most modes may be assigned as hydrocarbon modes based on their increased
intensity at higher 1,3-cyclohexadiene exposures and substrate tempera-
tures. The feature at 1272 em™! is similar to that observed at 1271 cn !
at 150 Torr s and may be assigned as the combination B-H and B-0 mode

observed by Evans and Weinberg at 1260 em ! ().

Several new features are resolved at 6000 Torr s that were not major
features in the spectra at 150 Torr s. Among these 1s the intense fea-
ture located at 1135 <:m—1 which may be assigned to the CH2 deformation
band observed by Sakashita (23) at 1138 em™! in cyclohexene or to the
ring deformation mode assigned by Kumar et al. to this same feature (24).

Additional features are resolved at 1340 and 1370 cm_l. The 1370 cm"1
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feature corresponds to the strong band observed at 1372 e} in 1,3-

cyclohexadiene which is probably a CH, twisting mode (19). The 1340 em 1

band may be another CHoy twisting mode or a -CH bending mode (20).

The C=C stretching region is considerably more intense at 6000 Torr
s than at 150 Torr s and several features are resolved at 1583, 1604, and
1641 cm™l. The band shape appears to be somewhat broader than observed

at 473 X at 1500 Torr s.

Several new features are observed in the low energy region of the
spectrum. The 650 ca! feature may correspond to the IR band at 658 em™ L
in 1,3-cyclohexadiene. 1,3-cyclohexadiene also exhibits a strong band at

924 cm! (19) and a ring breathing mode at 850 cm! which can be assigned

1 1

to the strong shoulder seen on the 923 cm - peak near 860 cm . A new

1

feature near 450 cm - may be a ring bending mode (20).

The spectra show that a great deal more 1,3-cyclohexadiene is
adsorbed at 6000 Torr s than at 150 Torr s. The surface specie formed is
unsaturated as indicated by the position of certain CH stretching
features and the well-resolved C=C stretching region. The ring structure
of the adsorbed specie is retained as ring breathing and ring bending
modes are observed in the IET spectra. The stretch of surface hydroxyl
groups is reduced at the 6000 Torr s 1,3-cyclohexadiene exposure and the
BH stretching region indicates further decomposition of the catalyst at

this exposure as compared to 150 Torr s.
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4.4 Temperature Dependence of the 6000 Torr s Results

As the surface temperature is increased, several features evident at
298 X continue to increase in intensity and several new features are
observed. At 403 and 473 K, several features display an increased
variability in peak intensity and a number of bands in the low energy

region of the spectrum split or shift in position.

At 403 and 473 X features assigned to ring deformation modes
increase greatly in intensity. At 403 K a new feature, evident only as a
shoulder at 298 X, has been resolved at 864 en”l. At 473 K, there is a

1 and the 865 cm™! feature appears as a shoulder on

new feature at 815 cm~
the 924 cm™ ! peak. Several new low energy features are observed at 403 KX
including features at 258 and 398 cn™l. The 690 - 732 cm”! region also

displays increases in intensity at both 403 and 473 K. Several unlabeled

peaks are observed in the 500 - 650 cm L region.

The C=C stretching region is split into two main peaks at 403 X,
located at 1584 and 1631 em™l. At 493 K, a broad band is centered at

1609 cm~l.

Several spectral features indicate that more hydrocarbon is adsorbed
on the surface as the surface temperature is increased. 1In particular,
the increased intensity of the ring deformation modes in the 880 - 800

em™ ! region and of the 1442 em™ !

CH, scissoring mode relative to the 924
c:m_1 feature show that the adsorbed hydrocarbon is accumulating on the

surface. The relative intensities of the CH stretching features also

change. At 403 and 493 K, the high energy feature near 2930 cn! has
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increased in intensity relative to the 2837 em b feature.

The CH stretching features also show small red shifts as the surface
temperature 1s increased. At 473 K, the feature observed at 2848 em™ ! at
298 K has shifted to 2837 cm'l, a shift of 11 cm_l; the 2922 cm™ ! peak
shifts down 6 cm™ ! to 2916 cm ! and the 2960 cm™! feature shifts 11 cm™ !
to 2949 cm~l. Other features show lesser shifts, for example, the 1446
em~! feature observed at 298 K only shifts 4 em™! to 1442 ceml at
473 K. The red shifts may be the result of molecular association of the
adsorbed 1,3-cyclohexadiene, similar to the shifts observed in IR spectra
for liquid versus vapor states (25). They probably reflect slight

changes in the dielectric constant in the adsorbed hydrocarbon layer.

The BH stretching region displays only a very weak feature at 403 K
and there is no evidence of B-Hy stretching. At 473 K, there is even
less intensity in the B—Ht region indicating that few BH, or BH, groups
remain on the surface. The hydroxyl stretching peak is also reduced in

intensity as the surface temperature is increased to 403 and 473 K.

4.5 ITdentification of the Adsorbed Species

1,3~cyclohexadiene interacts much more with the adsorbed Zr(BH4)4
catalyst and promotes its decomposition more readily than other adsor-
bates such as cyclohexene. Figure 4 shows a comparison of the 150 Torr s
results for cyclohexene and 1,3-cyclohexadiene interacting with adsorbed
Zr(BH4)4 at 298 K. Cyclohexene clearly perturbs the catalyst much less
than 1,3-cyclohexadiene. The spectra show that at 150 Torr s the 1,3-

cyclohexadiene has interacted with the adsorbed catalyst much more
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extensively than has cyclohexene. Figure 5 shows a comparisoun of the
6000 Torr s results for cyclohexene and 1,3-cyclohexadiene interacting
with adsorbed Zr(BH,), at 298 K. As at 150 Torr s, the 1,3-
cyclohexadiene spectra indicate that the Zr(BH4)4 catalyst has disso-
ciated a great deal more in the presence of 1,3-cyclohexadiene than when
interacting with cyclohexene. These comparisons illustrate that the
surface species formed by these two adsorbates are quite different. At
6000 Torr s, the cyclohexene specie forms a saturated hydrocarbon and the

adsorbed 1,3-cyclohexadiene is unsaturated.

The spectral evidence indicates that 1,3-cyclohexadiene readily
interacts with the adsorbed Zr(BH4)4 to form a coordinated cyclohexene
complex, using the BH, groups as a limited source of hydrogen. The
spectra show that the unsaturated hydrocarbon which results does not
continue to add hydrogen to become a totally saturated species. If such
species do in fact form, they must desorb from the surface rather than
stay coordinated to the catalyst since there is no spectral evidence that
such species occur. Instead, there is limited evidence that the
coordinated 1,3-cyclohexadiene may start to polymerize, forming a chain
of cyclohexene rings as new 1,3-cyclohexadiene molecules coordinate and

insert at the metal center.

In sharp contrast to the cyclohexene IET spectra, the 1,3-cyclohexa-
diene spectra do not exhibit dramatic peak shifts and new features as-—
signed to the growing polymer because in the case of 1,3-cyclohexadiene
all of the surface species are unsaturated hydrocarbons whereas with the

cyclohexene polymerization the dramatic spectral changes result from the



168

conversion of the unsaturated monomer to a completely saturated hydro-
carbon. The spectral changes that occur in the 1,3-cyclohexadiene

adsorbate system are much more subtle.

Marvell and Hartzell (5) reported that the IR spectra of poly-1,3-
cyclohexadiene films show absorption maxima corresponding to =C-H
stretching at 3010 cm—l, -CHy- stretching at 2925 and 2850 cmfl, C=C
stretching at 1647 cm—1 and -CHy- deformation at 1450 cm™!. Lefebvre and
Dawans (8) investigated the polymerization of 1,3-cyclohexadiene by
several types of catalyst and found that the IR spectra of the resulting
polymers showed several spectral features which shifted in position and
intensity depending on the catalyst and media employed. An IR spectrum
of polycyclohexadiene synthesized with n—-BuLi in hydrocarbon is repro-
duced from their work and shown in Figure 6. Yousufzai et al. (10)
studied the monomer—isomerization polymerization of 1l,4-cyclohexadiene to
yield poly-1,3-cyclohexadiene through initial isomerization of 1,4-cyclo-
hexadiene to 1,3-cyclohexadiene followed by polymerization. An IR
spectrum showing that the polymer formed in this manner was identical to
the polymer obtained from 1,3-cyclohexadiene is reproduced in Figure 6.
An examination of the two IR spectra in Figure 6 shows they are similar

but not identical.

A comparison of the 6000 Torr s results with these published spectra
of poly-1,3-cyclohexadiene reveals some similarity in the band shape of
the CH stretching region if the feature observed in the IET spectra near
2950 cm"l corresponds to the sharp feature observed in the IR spectra

near 3000 cm™l. Several other features differ in intensity although the
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general positions of many of the bands are similar.

The 6000 Torr s results show that the C=C stretching region broadens
and increases in intensity as the surface temperature is increased. 1In
some cases the C=C stretching features split into two or three bands.
The ring breathing modes located in the 800 - 880 em” L region also in-
crease dramatically at 6000 Torr s and their variability provides evi-
dence of different types of substituted rings. The 150 and 6000 Torr s
results demonstrate that there is no apparent saturation limit for 1,3-
cyclohexadiene adsorption as based on the increasing intensity of the
unsaturated hydrocarbon stretching feature, as the 1,3-cyclohexadiene
exposure is increased. As previously mentioned, this is further sup-
ported by the increases in junction resistance which occurred for this
adsorbate system. The available evidence indicates that the polymeri-
zation of 1,3-cyclohexadiene may in fact be initiated by Zr(BH4)4

supported on A1203.
5.0 Conclusions

The temperature and pressure dependent reactions of 1,3-cyclohexa-
diene with Zr(BH4)4 have been investigated with IETS. Adsorbed 1,3-
cyclohexadiene has been shown to form an unsaturated hydrocarbon similar
to cyclohexene at moderate exposures and evidence has been presented that
the catalyst may Initiate the polymerization of 1,3-cyclohexadiene at
high exposures to form poly-1,3-cyclohexadiene. Adsorption of 1,3-cyclo-
hexadiene also perturbs the catalyst much more than other adsorbates such

as cyclohexene, promoting the disassociation of the BH, ligands. This
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study demonstrates that inelastic electron tunneling spectroscopy is well

suited for investigations of supported catalytic systems.
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Captions

1l:

Comparative view of IET spectra of 1,3-cyclohexadiene at an
exposure of 150 Torr s interacting with Zr(BH4)4 supported on
A1203. Substrate temperatures during the cyclohexadiene

exposure were (A) 298 K, (B) 403 K and (C) 473 K.

Comparative view of IET spectra of 1,3-cyclohexadiene at an
exposure of 6000 Torr s interacting with Zr(BH4)4 supported on
A1203. Substrate temperatures during the cyclohexadiene

exposure were (A) 298 K, (B) 403 X and (C) 473 X.

Comparative view of IET spectra of 1,3-cyclohexadiene inter-
acting with Zr(BH,), supported on Al,03 at a substrate
temperature of 298 K during 1,3-cyclohexadiene exposures of

(A) 150 Torr s and (B) 6000 Torr s.

Comparative view of IET spectra of Zr(BH4)4 adsorbed on Al,y0q
interacting with (A) cyclohexene and (B) 1,3-cyclohexadiene at

exposures of 150 Torr s and substrate temperatures of 298 K.

Comparative view of IET spectra of Zr(BH4)4 adsorbed on A1203
interacting with (A) cyclohexene and (B) 1,3-cyclohexadiene at

exposures of 6000 Torr s and substrate temperatures of 298 ¥.

IR spectra of poly-l,3-cyclohexadiene. Spectrum (A) is the IR
spectrum of poly-1l,3-cyclohexadiene synthesized with n-Buli in
hydrocarbon reproduced from reference (8). Spectrum (B) shows

two spectra of poly-1l,3-cyclohexadiene synthesized from (A)
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1,3-cyclohexadiene and (B) 1l,4-cyclohexadiene which was first
isomerized to 1,3~-cyclohexadiene by the catalyst employed.

Reproduced from reference (10).
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Table 1
Peak positions, Relative Intensities and Assignments
for IET Spectra of Zr(BH,kK) K Adsorbed on Al O Interacting
with 1,3-Cyclohexadiene at an exposure o% 150 Torr s.

298K 403K 473K Assignments

3640(.11) 3576(.16) 3635(.11) v (OH)

3010 sh 3010 sh

2960 sh 2900 sh (cH)

2917(.70) 2866(.69) 2904(1.38) v

2856( .55) 2822(.62) 2859(1.24)

2477(.16) 2457(,07)

2422(.18) 2423(.10) 2449¢(. 23) (Bt )

2386(.16) 2366(.09) t
2309(.07)

2256( .05) 2178(.05) (Bt )

2170(.07) 2122(.04) v b

1610(.04) br  1602(.08) 1603(.12) }_ v(c= C)
1563(.06)

1454(.,27) 1437(.24) 1453(,50) CH2 scissoring

1387(.18) 1377(.17) 1381(.31)

1350 sh 1334(.14) 1325( .20)

1271(.10) 1273(.06) 1279(.16) CH deformations
1232(.04) 1248(,17) BH deformations

1166(.10) 1158(.,06) B-0 modes

1140(.12) 1147(.14)

1115(.12) 1119(.04)

1061(.29) 1047(.25) 1061(.27) CH mode

914(1.0) 917(1.0) 914(1.0) Z2r-0 stretch®

727(.21) 732(.26) 730(.23) metal oxide,
680( .26) 692(.20) Zr-C and

390(.03) 393(.04) Zr-B modes

292(,30) 292(,29) 294(.40) Al phonon

262(.35) Zr-C bend or torsion

1. Al-0 (bulk) stretch appears as a shoulder on the Zr-O peak.
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Table 2
Peak positions, Relative Intensities and Assignments
for IET Spectra of Zr(BH,6), Adsorbed on A1, O, Interacting
with 1,3-Cyclohexadiene at an Exposure of 6000 Torr s.

298K 403K 473K Assignments
3626(.06) 3650( .16) v(OH)
2960(1.43) 2955 sh 2949(1.77)
2022(1,96) 2915(2.,28) 2916(2.30) v(CH)
2848(1.33) 2837(1.42) 2837(1.56)
2445(.12) 2425(,16) 2428(.13) V(B—Ht)
2252(.09) V(B-Hb)
1641(.10) 1631(.16)
1604(.10) 1609(.12) br y(C= C)
1583( .09) 1584(.16)
1446(,71) 1442(,79) 1442(,87) CH2 scissoring
1370( .54) 1361( .59) 1368(,67)
1340( .42) 1341( .560) 1337(.58) CH deformations
1272(.18) 1272(.23) 1265(.32) BH deformations
1242(.27) 1244(,30) BO modes
1135(.32) 1135¢( .40) 1136(.42)
1057( .35) 1055(.22) 1059( ,31) CH mode
923(1.0) 922(1.0) 924(1.,0) Zr-0 stretchl
850 sh 865(.68) 865( .61)
815( .40)
724( .19) 732( .17) 727(.20) CH modes
711(.18)
696( .17) 687(.16) ©88(.14) Zr-0 stretch
650( .10) 472(.12)
450( .12) 450(.15) 443(,17) Zr-C modes
385(.07) 378(.15) 391(.19) metal oxide modes
278(.43) 282(,53) 278(.57) CH skeletal
258(.50) deformations

1. Al-O (bulk) stretch appears as a shoulder on the Zr-O peak.
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Chapter 4

Conclusions
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Inelastic electron tunneling spectroscopy is a vibrational surface
spectroscopy which is well suited for the study of certain chemical
reactions and supported complexes. This thesis has demonstrated that it
is possible to use IETS to investigate complicated experimental systems
over a wide range of adsorbate exposures and substrate temperatures by
obtaining detailed IET spectral "snapshots”. In the case of cyclohexene
interacting with Zr(BH,), adsorbed on Al,04, IETS was used to success-
fully characterize and identify unexpected new products of reaction as
well as monitor the disassociation of the catalyst as a function of

adsorbate exposure and substrate temperature.

Cyclohexene was a very successful adsorbate to study with IETS
because it provided some interesting chemistry as well as junctions which
were electrically insulating at high surface concentrations. The inves-
tigation of the interactions of 1,3-cyclohexadiene with Zr(BH4)4 provided
an interesting contrast to the cyclohexene work because it showed that
IETS can be used to investigate chemical systems which by their nature
provide more complex reaction products. The polymer produced by 1,3-
cyclohexadiene was not only chemically complicated, displaying evidence
of various types of substituted rings but also produced junctions with
poor electrical characteristics, presumably because of the unsaturated

nature of the barrier formed at high surface concentrations.

With the proper choice of adsorbate, IETS can be a very rewarding
type of surface vibrational probe. Some general guidelines can be
proposed. First, the adsorbate system should be chosen such that the

expected reaction products are chemically distinct from the adsorbate.
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Several questions have arisen in studying polymerization reactions with
IETS. How is the vibrational spectrum of a monomer different from an
oligomer or a polymer? How will the vibrational spectra reflect the
incremental addition of monomer? From this point of view, the cyclo-
hexene adsorbate was a successful system to choose for study but the 1,3-

cyclohexadiene adsorbate was a much poorer choice.

A further consideration is the paradox presented by studying polymer-
ization reactions with IETS. A really successful catalyst for the poly-
merization of a particular monomer could easily produce a barrier too
thick for the tunneling electrons to penetrate. A similar consideration
regards the rate of the reaction to be studied. Slow reaction rates are
preferred when attempting to observe the adsorbed reaction intermediates
with IETS. 1In the work presented here, the reaction of cyclohexene with
the adsorbed catalyst turned out to be quite sluggish- and allowed spec-~
tra to be obtained which showed that the catalyst was still intact on the
surface at the low exposure studied. However, the 1,3-cyclohexadiene
system reacted so readily with the catalyst that most of the features due

to the BH, ligands were lost.

Certain other considerations apply when choosing a system for study
with IETS. Since the assignment of spectral features is made primarily
by comparison with the reported IR and Raman data of an adsorbate, it is
important that such information be available. For example, most polymer
chemists do not publish extensive IR spectra of their work. For this
thesis, the IR spectrum of polycyclohexene, which was never published in

the literature, turned out to be important. An additional source of
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information which may be used to identify the reaction products of some
adsorbates is to fabricate TET junctions using compounds similar to the
expected products of reaction in order to compare their IET spectra.
However, not all chemical systems can benefit from this approach,
especially studies which investigate the reactions of adsorbed complexes

with other adsorbates rather than with the aluminum oxide support.

A last considerations involves the chemical nature of the support and
the known sensitivity of IETS to particular chemical groups. Certain
vibrations suffer from weak electron vibration coupling constants and the
spectra of these systems often display only very weak features. On the
other hand, IETS is known to be very sensitive to CH vibrations and these
types of reactions can be studied very easily. The known sensitivities

can be exploited when choosing experimental systems to study with IETS.

Despite limitations, IETS is a sensitive and unique surface
analytical tool which can be successfully employed to study a wide range
of adsorbate systems. This thesis has shown it may be employed
successfully to investigate the nature of new catalytic systems and

unexpected products of reaction.
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Appendix A
Experimental Apparatus and Procedures
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Joy in the lab

The O-ring fits!

It was in, the O-ring box!
It's even made of Viton

And greased with Apiezon
Its outgassing rate is low
Its form will restrict all fiow
It’s an O-ring, of Viton,

du Pont’s trademark!

To be sung to the tune of

"Joy to the World"
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1. General Description and Capabilities

The vacuum system used for the IETS sample preparation consists of an 18"
Pyrex bell jar which houses the interior assemblage, a foreline connected to a
mechanical pump, a main pumping stack which has a liquid nitrogen cooled

diffusion pump, and a gas-handling manifold.

The bell jar seals onto a polished stainless steel 1" baseplate by means of a
Viton gasket and a counter-weighted pulley system. All of the feedthrough ports

are located in the baseplate. The bell jar is protected by a steel guard.

The foreline is separated from the bell jar by the valve labeled V1 in Fig. 1.
When V! is open, the bell jar can be evacuated to below 10™* Torr by the 1397
Welch Duo-Seal pump which has a pumping capacity of 500 1/sec. This pressure

region is monitored with an NRC Alphatron vacuum gauge.

To further decrease the bell jar pressure, the roughing line is isolated from
the bell jar and the main pumping stack is used. This consists of a liquid nitro-
gen (LNz) cooled CVC 8" diffusion pump which is backed by a second model 1397
Welch Duo-Seal mechanical pump. This allows maximum throughput, which can
be important for some of the experiments which involve adsorbate exposures in
the 1 Torr range. This low pressure regime is monitored by a Varian Bayard-
Alpert type ionization gauge. A gate valve isolates the bell jar from the diffusion

pump when it is not in use.

The mechanical pump is capable of bringing the system to below 10™* Torr in
less than five minutes and continued pumping with the new diffusion pump will
result in a pressure of less than 5 x 10~ Torr in approximately 15 minutes. With

continued evacuation, the base pressure of the system is on the order of 1 x

107® Torr.



191

It should be noted that this is a vast improvement in pumping time. The
diffusion pump which was originally employed as part of this system was a CVC
4" diffusion pump with a maximum pumping speed of 690 1/sec for air. The new
pump, CVC model PMC-6B, has a pumping speed of 1,400 1/sec for air. With the
smaller pump, at least one day of pumping was required to bring the bell jar
into the proper pressure range for an experiment. This turn-around time was
especially unproductive because it was often coupled with equipment malfunc-
tions which necessitated bringing the bell jar back to atmospheric pressure
before the attempted experiment could be resumed. The new pump virtually
eliminates these problems. It is now possible to pump down, go back up to
atmospheric pressure if necessary, pump down again and still do an experiment

all in one day.

The new system design differs also in that two Welch Duo-Seal Vacuum pumps
are in use, each one dedicated to a particular function. Previously, one pump
was used for both roughing the system and backing the diffusion pump. This
required a complicated sequence of opening and closing valves which increased
the likelihood that the diffusion pump would be exposed accidentally to an
overly high pressure. This situation could be critical if the sudden pressure
increase is large enough to force the pump oil out of the pump and into the
vacuum lines since the only way to recover from this type of error is to disman-
tle the system and thoroughly clean the inside of the lines. The new design elim-
inates this potential error. The new 8" diffusion pump also has a much better
tolerance for moderate pressures than the 4" pump because of its faster pump-
ing speed which helps further reduce the time required to perform an experi-

ment.

Another design change which has been implemented is to run both 1397

pumps off of 220 V rather than 110 V. This keeps the motors cooler under
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continuous operation. Each pump is plugged into its own circuit on the south
side of the lab and each outlet is equipped with a "Motor Watchman' which allows
the pumps to be turned off at the outlet rather than unplugged. The "Motor
Watchmen" were installed by Physical Plant and prevent the motors from draw-

ing excessive power and burning out when they are first switched on.

2. Pump Oils

New pump oils are also used in both the diffusion and the two 1397 Welch
Duo-Seal pumps. The diffusion pump oil is Santovac 5 polyphenylether, made by
Monsanto. Previously, Dow Corning’s DC705 was used which is a silicon-based oil
rather than being an organic. The change to Santovac & was made because if
the pump is accidentally left on while not under vacuum, a silicon-based oil will
bake itself into a rock-hard substance which is very difficult to remove from the

heating fins.

The oil now used in the mechanical pumps is Inland 21, available from Kurt
lesker. It is a highly distilled pure hydrocarbon mineral oil which has a lower
vapor pressure than the traditional pump oil. It also contains an antioxidant
and is especially formulated for applications which involve repeated cycling

between atmospheric pressure and high vacuum.

3. Main Pumping Stack and Foreline

The main pumping stack consists of a CVC gate valve, a ILN; trap, an adapter
flange and the diffusion pump. The pump is followed by a right-angle valve, a
molecular sieve trap, and the model 1397 Welch Duo-Seal pump. Pressure in
this line is monitored with a thermocouple gauge placed before the right-angle
valve. This position was chosen so that the pressure in the pump could still be

monitored if it is necessary to turn off the mechanical pump when the diffusion
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pump is still running. The right-angle valve was included so that the diffusion

pump would be isolated and kept under vacuum.

A small back-to-air valve before the molecular sieve trap allows one to turn
off the mechanical pump and bring the entire line back to atmospheric pressure
quickly and easily without having to wrestle with the hose connections to the
pump. The line should be vented immediately after switching off the pump to
ensure that none of the pump oil is forced up into the line as the pressure gra-

dually rises.

The foreline is separated from the bell jar by a valve and consists of copper
tubing, a molecular sieve trap and the Welch Duo-Seal 1397 mechanical pump.
Preceding the trap is a double-sided flange which serves as the inlet for a 1/4"
copper line which serves to differentially pump the gate valve housing and the
rotary-linear motion feedthrough used to operate the mask and shuttle assem-
bly. Also mounted on this flange is a thermocouple gauge used to monitor the

pressure in the foreline.

The sealing edge of the bell jar is provided by an L-shaped Viton gasket which
fits against the polished stainless steel baseplate. The baseplate has 15 ports
arranged around a large centrally-located pumping port. The gate valve is
located under the pumping port and isolates the diffusion pump from the bell
jar. The gate valve provides only a one-way seal; it will not seal when the
'diﬁusion pump is not under vacuum because the O-ring seal is on the lower side
of the valve. The gate valve is closed whenever the bell jar is open to the atmo-
sphere or at a pressure above 1073-107* Torr. However, the gate valve can be
opened slowly at pressures up to 5 x 107! Torr if the thermocouple gauge pres-
sure in the diffusion pump line is kept at approximately 200 microns or below.

This is especially useful when evacuating hydrocarbons which can be pumped
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out at only a moderate rate by a mechanical pump as compared to a LN;-
trapped diffusion pump, which will pump them away nearly as quickly as the

gate valve can be opened.

4. Ports and Feedthroughs

The port and feedthrough arrangement on the baseplate has changed from
what was used previously (1). There is no longer a feedthrough for cooling
fluids. These lines were used occasionally to cool the samples during certain
fabrication steps. When cooling with LNz, the contraction of the O-ring seals
used in these lines caused them to leak extensively and freeze up. Additionally,
the Swagelok fittings used to construct these lines were not sufficiently leak-

tight for this application and were also located in the bell jar interior.

There are now four high-current feedthroughs and one high voltage
feedthrough. Three feedthroughs are used for pressure monitors; the Alphatron
gauge, the ionization gauge and a seldom-used thermocouple gauge. Additional
feedthroughs are the rotary-linear motion feedthrough (used to operate the
mask and shutter assembly), a multi-pin electrical feedthrough, an inlet for the
manifold, a port for the Zr(BH,), trapline, and three blank ports (labeled as 1, 2
and 3 in Fig. 2). Port 2 has been used to accommodate a second rotary/linear
motion feedthrough which is used for handling solid samples which cannot be
introduced into the system through the manifold. A heating wire is used to sub-
lime the solid after it is in position under the slides. Other feedthroughs are

available for special purposes.

In addition to the ports located in the baseplate, another very large port is
located on the side Qf the bell jar. This is blanked off with a 6" diameter Pyrex
flange. Originally, this port permitted the use of an auxiliary custom-built

titanium sublimation pump which was encased in a protective shield next to the
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bell jar but was removed because it was too cumbersome and time-consuming to
use on a regular basis. To use the pump required removing it from the protec-
tive shield, attaching it to the bell jar before pumpdown and removing it before
the bell jar could be raised. This procedure added approximately 1.5 hours to
an already lengthy experimental procedure. The Ti sublimation pump was use-
ful though because it could lower the base pressure of the system an order of
magnitude or more to a level not readily obtained with the diffusion pump. With
the new diffusion pump, however, the base pressure of the system is now even

lower than that obtainable with the Ti sublimation pump.

5. Manifold

An extensive manifold system located to the left of the bell jar is used te han-
dle the wide range of gases and vapors used in tunneling experiments. A
schematic of the manifold connections is shown in Fig. 3. The manifold is evacu-
ated by a Welch Duo-Seal #1376 vacuum pump with a pumping speed of 300
1/min which is connected to a custom-made molecular sieve trap used to

prevent pump oil contamination in the manifold.

6. Bell Jar Interior Assemblage

The interior of the bell jar contains provisions for three samples, or slides.
(Each sample has three junctions.) One innovation which has helped make the
tunneling experiments easier is to use pre-cut high temperature glass slides. In
the past, regular glass laboratory slides were bought from one of the campus
stockrooms and cut to size with a diamond scribe, a tedious and time-
consuming process. Sometimes this glass cracked when the slides were heated
or submerged in LHe. The new glass slides have never cracked. They are pre-cut
and cleaned, and individually wrapped in tissue. They save a great deal of time

and trouble. They are available by special order from Corning Glass in Danville,
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VA (glass #7059; .438" x 1.020" x .032" in thickness; 400 units/box).

The slides are mounted first on sample holders outside of the system using
In/Sn solder from Indium Corporation of America. Four teflon-coated 22 awg
wires are attached to the surface of each slide. After mounting, the three sam-
ple holders are then mounted inside the vacuum system on a tripod framework
so that the slides face downward. The four soldered wires serve to hold the slide
in place as well as provide the four electrical contacts to the aluminum film
which are used during the 4-point resistance measurement and the temperature
monitoring/sample heating procedure (2). The 4-point resistance measurement
is used to moniter the Al film growth during deposition and the completion of
the Al annealing procedure. Each wire is soldered permanently to a miniature

gold-plated banana plug to make or break electrical connections easily.
A. Sample Holders

A number of alterations have been made to the slide holders (3). A drawing
of one of the redesigned holders is shown in Fig. 4. Each holder consists of a
8mm x 16mm x 38mm copper block milled out on one side to accornmodate the
glass slide. The electrical leads are supported on each side of the copper by
Macor strips (6mm x 6mm x 38mm) (a machinable ceramic made by Corning
Glass) attached to the two long sides of the copper block. The changes in the
sample holder design are concerned primarily with how the electrical connec-
tions are supported by the Macor strips. The electrical wires are now positioned
in the Macor parallel to the position they will be soldered on the slide. In the
past, these were offset in such a way that stress in the solder often resulted in
broken electrical connections during an experiment. The new simplified blocks
also wear better because fewer connections are made with set screws which wear

away the tapped Macor every time they are positioned.
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In addition, a second set of three sample holders was made to reduce the
‘turn-around’ time between eirperiments. During an experiment, the second set
of holders can be prepared for mounting so that when the completed junctions
are removed the new set can be mounted quickly, reducing the time that the

system is at atmospheric pressure.
B. Mask and Shutter Assembly

The mask and shutter assembly is located under the mounted sample holders
and is operated by a linear-rotary feedthrough. The design of this feedthrough
has been altered to provide more stability and a smoother operation of the
assembly. The mask stage is operated separately from the shutter and consists
of the Al masks, Pb masks, 'blank” mask, and an open area to allow full expo-

sure of the slides.
C. Evaporation Sources

The evaporation sources are located directly under the samples. Although
there are provisions for up to four different sources, only three are in use: two
for aluminum and one for lead. In the past, the aluminum evaporation source
has been a triple-stranded tungsten filament with six coils and the Pb evapora-
tion source has been a tungsten isolated hot zone boat (dimple type) with a
small dimple area (7/16" diameter x 1/B" deep). One of the innovations
employed successfully is a Pb boat much larger than those used previously. This
saves time and effort because the boat no longer needs to be carefully refilled

for each evaporation.
D. Al Evaporation Window

The Al evaporation has been one of the most troubleprone procedures
required for the sample preparation. Countless experiments have terminated

prematurely because of this seemingly simple step. The problems involved
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include the following: (1) the Al fails to properly wet the tungsten and drops of
of the filament; (2) the filament ages, becomes brittle and cracks during heating
thus shorting out the circuit; (3) the Al evaporates but forms a film too thin to

ensure its properties will be like those of the thicker films usually employed.

To eliminate these problems, two extremely valuable changes have been
made. First, the third evaporation source is now kept permanently ready to
provide an emergency backup for the Al evaporation source. In the past, this
third source was never used and if the Al evaporation failed, no backup was

available.

The most important change however has been to improvise a "window" to
monitor visually the progress of the metal evaporation. This 'window"is a Pyrex
glass plate held in an aluminum frame resembling a candelabra and can be
removed from the frame for cleaning. Before the glass candelabra could be
used, the metal deposits on the bell jar interior were removed. The "candelabra”
is placed between the bell jar wall and the evaporation sources and prevents
metal deposits on the walls. After an experiment is completed, the glass can be
readily cleaned. Since the bell jar wall is essentially isolated from the evapora-
tion sources, the evaporation process can be observed. The moment the Al
melts is crucial because the Al will drop off of the tungsten filament if the power

is increased too quickly.
E. The DVM Monitor

The metal deposition rate is monitored by a quartz crystal oscillator located
at the same vertical distance from the evaporation source as the three samples
and situated immediately in front of the center sample. A new monitor for the
Al evaporation has Also been adopted: the Hewlett-Packard Digital Multimeter,

which was used primarily during the sample heating/temperature measurement
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process. As the evaporated Al begins to form a thin film, the DVM can be used to
measure the resistance of the film, providing a sensitive monitor of the growth

of each of the three samples.

The DVM is also a vital monitor for a new procedure which has become an
essential component of every tunneling experiment — annealing the Al films
after the evaporation. This step is probably responsible for more successful
experiments than any of the other improvements noted thus far, at least for
those experiments where the samples were heated above 200°C. Before this step
was added, literally every experiment performed at these elevated temperatures
failed because the junctions were immeasurable due to shorts in the oxide. It
was decided to heat the aluminum before it was oxidized or exposed to adsor-
bates because it was- reasoned that the junction shorted out because the thin
oxide barriers cracked as the Al film underwent a thermally-induced rearrange-
ment. Since this procedure was adopted, all experiments conducted at higher
temperatures (the highest being 400°) have been successful. The annealing step
is done at 250°C for 10-15 minutes using the technique of Bowser and Weinberg
(2). Annealing also lowers the resistance of the films by approximately 15%
which is indicative of their lower stress after annealing. This reduced stress
ensures the thin oxide films remain intact, as for example when the samples are

reheated during exposure to an adsorbate.
F. Glow Discharge Apparatus

After annealing, the samples are oxidized, most often using a glow discharge
in a background of Oz with a trace of HzO vapor. The glow discharge apparatus

was completely redesigned’ and is located centrally under the three samples

* The previous glow discharge apparatus consisted of a post-type high voltage
feedthrough to which three strands of 16 awg untinned copper wires were
attached. These wires were enclosed in a single piece of glass tubing and
twisted around the end of the electrode which was an Al rod 100mm in length,
75mm of which was exposed to form the glow discharge electrode. This
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which are protected from direct line-of-sight by a removable aluminum shield.
This new design is a great improvement and is illustrated in Fig. 5. The elec-
trode can now be replaced easily without removing the feedthrough and disman-
tling the unit. There are no discharges except at the electrode and the new
feedthrough prevents any shorting at the base. The Glass Shop is no longer
required except in the event of a broken piece of insulation. The entire cost of
the new apparatus was under 200 dollars, in addition to a maximum of two

hours shop time. The high voltage feedthrough is available from Veeco.

The threaded end of the feedthrough is used to attach a mated copper recep-
tacle made in the Chemical Engineering Shop from OFHC copper. Only one
untinned OFHC 17 awg copper wire is used to conduct the high voltage from the
feedthrough to the electrode, three wires being unnecessary. The copper wire is
crimped into a small piece of machined OFHC copper used to connect the high
voltage wire to the Al electrode, forming a better connection than merely wrap-
ping the wire around the electrode. The single piece of glass tubing was replaced
by several pieces to conform to the spatial requirements of the bell jar interior.
Each piece is more or less a straight rod and the copper wire is threaded easily
through it. The separate glass rods are held together by connectors which were
machined out of Teflon available from Physical Plant. The Teflon pieces hold the
glass tubes snugly and prevent discharge from occurring other than at the elec-

trode. Figure 8 shows the machined Cu pieces.

design was unfortunate for a number of reasons. First, the Al rod needed
replacing frequently and the old design made no provision for this. To
replace the rod, the entire apparatus and feedthrough needed to be removed
from the bell jar; this process could only be accomplished by the Glass Shop
because the glass tubing rendered the entire contraption inaccessible.
Eventually, the glow discharge apparatus succumbed to a problem which
developed over a long period of usage. The glass insulator Yrotectlng the
area near the feedthrough base from discharging had a small leak allowin
some glow discharge to occur at the base. This discharge sputtered the meta
away at the base thus increasing the leak and the discharge, eventually
shorting out the high voltage nearly every time an oxidation was attempted.



201

Another innovation has been to use the glow discharge as part of a cleaning
procedure before the experiment is begun. An O, glow discharge can help to

clean any hydrocarbon residue off the slides and the bell jar interior.
G. Glow Discharge Shield

The samples are protected from a direct line-of-sight to the glow discharge
electrode by an aluminum shield.” The glow discharge shield was redesigned so
that two notches in its base now slip directly into place around two screws, and
two wing nuts fasten it in place. These wing nuts never need to be completely
removed and can be tightened by hand. Also, there are now two shields. Since
the shield needs to be removed, polished and cleaned after each experiment, a

second shield helps save time.

7. Summary

The vacuum system described here has undergone numerous changes in the
past five years. Although challenged by the constraints of a limited budget and
the original design of the system, the objective has been to build a vacuum sys-
temn with greater reliability and a simpler design, thereby improving the up-time
and the turn-around time between experiments. My wish as an experimentalist
was to have a system which served as a tool rather than as an impediment to
science. The changes I made and the many more improvements that could still

be made all serve this goal.

° Previously, the shield was held in place by fitting two drilled holes in its base
over two matching screws in one of the tripod support cross pieces and then
tightly fastening two small hexagonal nuts. These also helped hold in place
an Al'shield located on the left-hand side of the bell jar used to shield part of
the bell jar wall from the evaporation sources. This required the nuts to be
tightened with a small wrench, difficult to do because of the limited access to
;.hli area.) (This second shield is now held permanently in place by its own

asteners.
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II. Experimental Procedure
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1. Introduction

A tunneling experiment involves the following ten basic procedures: (1)
pumping the system down, (2) pre-experimental procedures, (3) evaporating the
aluminum, (4) annealing the aluminum, (5) oxidizing the aluminum, (6) expos-
ing the sample to the adsorbate(s), (7) evaporating the lead, (8) bringing the
system up to atmospheric pressure, (9) preparing the samples for measure-
ment, and (10) readying the bell jar for the next experiment. The details of each

of these is discussed below. The use of Zr(BH,), is also presented.

Two steps have been added to the basic experimental procedures which have
not been employed previously. The first is to use a glow discharge to clean up
stray contaminants in the bell jar and on the slides prior to beginning an experi-
ment. This is discussed in Sect. 3B. The second new step has revolutionized
experiments conducted above 150°C and consists of annealing the freshly eva-
porated Al films. Before this step was employed, it was virtually impossible to
obtain measurable junctions when the experiment involved heating the sample.
After this step was adopted, every experiment conducted above 150°C has
resulted in measurable junctions, and the highest temperature tested has been

400°C. This step is discussed in Sect. 5.

2. Pumping the System Down

The vacuum system is pumped down from atmospheric pressure by initial
pumping with a mechanical pump, followed by continued pumping with a water-
cooled oil diffusion pump. Before beginning the evacuation of the bell jar, the
Viton gasket which forms the sealing surface of the vacuum chamber should be
inspected. This is done with the bell jar in a fully raised position. Two alumi-
num glide rods prevent the bell jar and its protective metal screen from swing-

ing or twisting and one or two clamps will prevent the bell jar from accidentally
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lowering. When the bell jar is raised securely, carefully inspect the bottom seal-
ing surface of the gasket to make sure that it is greased lightly and evenly with
Dow Corning High Vacuum Silicon grease; also make sure that there are no paint
chips or flakes of evaporated metal stuck onto the sealing surface. (Details on
regreasing the gasket as well as other procedures concerning the maintenance

of the bell jar are found in Part 11 of this section.)

After checking the gasket, clean the entire baseplate surface with acetone
and Kimwipes (or lint-free cloths if they are available), making sure to remove
dust as well as the residue of grease left by the gasket. (Try not to get any
acetone on the painted surfaces of the vacuum system support table since the
acetone will instantly dissolve the paint. Remove the protective coverings from
the center pumping port, ion gauge feedthrough, and the Zr(BH,), (ZBH) trap
line. Undo the clamp(s) holding the bell jar in the raised position and gently
lower the bell jar down onto the baseplate. Make sure the sealing edge of the
gasket is seated evenly against the baseplate by pressing down on the top of the

metal guard.

Before beginning the evacuation, you may want to adjust the connections to
the manifold. Figures 1 and 3 show the vacuum system and manifold valves.
The valve closest to the bell jar, M1, is used to introduce various gases and
vapors into the bell jar and is a metering type valve which allows the rate of
introduction to be controlled, while the pressure rise is monitored visually using
one of the various pressure gauges. This valve is a Nupro 4BMG valve which does
not provide positive shutofl; that is, even when it is closed it permits a flow of up
to 5 Std. cc/min through the valve. Backing valve M1 is a valve labeled H1 in Fig.
3. H1 is a Nupro 4H bellows-sealed valve which is capable of providing a leak-
tight seal.
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When the manifold is evacuated, H1 can be left open since the flow through
M1 does not appear to affect the bell jar pressure. However, the manifold is
shared with the adjacent vacuum system and if you even suspect that anyone
will be using it during the time you will be pumping the system down, you should
close off H1. First of all, a pressure increase in the manifold will raise the pres-
sure in the bell jar if H1 is open. If the manifold is used when H1 is open, the
bell jar could be exposed to an unwanted contaminant. If the pressure in the
bell jar is being monitored by the ion gauge, this rise in the bell jar pressure
could damage the ion gauge because there is some doubt about how well the
over-pressure relay on the ion gauge controller works. Lastly, do not rely on
other people to remember to check to see if Hl is closed before they begin to
use the manifold. If yéu decide to leave H1 open, place a note on the manifold

asking others to close it if they are going to use the manifold.

It is also important to know that the Nupro valves on the manifold do not
have to be closed with excessive force. In fact, this will destroy the valve seal
and these valves are not inexpensive. Brute force isn't needed to provide a leak
tight seal; just close the valve gently, but firmly. The metering valve should be

closed gently as well.

To begin pumping out, dpen valve V1 on the foreline as shown in Fig. 1. The
progress may be monitored with the NRC Alphatron Vacuum Gauge by switching
the meter to more sensitive scales as the pumping progresses. Occasionally the
1 Torr and the 107! Torr scales malfunction, and the meter needle will switch
rapidly from one side of the scale to another if you try to switch scales. If this
happens, just wait for the system pressure to drop and eventually the needle will

register on the 107! Torr scale.

While the mechanical pump continues pumping the system out, fill the metal
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reservoir behind the bell jar with liquid nitrogen (LNp). Go behind the system,
remove the cork, hold the rubber hose in place until the line freezes in position,
and fill the reservoir. You can tell when the reservoir is full by either (1) hear-
ing the change in sound which occurs as it begins to overflow onto the floor, or
() seeing the fog created as it overflows onto the floor. After turning off the
tank and removing the hose, the easiest way to check to see if the reservoir is
full is to remove the lid and quickly dip your hand into the reservoir. Your hand
won't freeze, unless of course you leave it there. This is far easier than trying to
actually see the LN; level which requires th‘at you wait for the mist above it to

clear away.

The reservoir requires filling approximately every 2-1/2 hours. If the lab air
conditioning is working well, it will usually last three hours. The reservoir has
two rubber hose connections to the LN, trap located above the diffusion pump in
the main pumping stack. If the trap is working properly, the LN; will be recircu-
lated from the trap up to the reservoir. The trap should be checked periodically
to make sure that the recycle line is recirculating the LN;. On rare occasions
when the system has been pumping down for extended periods of time (over six
hours), the rubber lines connecting the trap and reservoir have frozen solid with
ice, thereby preventing the LN; in the reservoir from refilling the trap. This is
why the rubber lines are insulated. If you need to replace the hoses for any rea-
son, be certain to put extra insulation around the hose clamp connections on
both ends of the lines and secure them with duct tape. This will usually prevent

them from freezing closed.

When the NRC Alphatron Gauge pressure reading drops below the 107 Torr
scale, close valve V1 which will isolate the bell jar from the large mechanical
pump used for roughing out the system. Check the pressure on the diffusion

pump line by using the thermocouple gauge connected to meter TC2 on the
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ionization gauge control unit. The meter should read below 50 microns. If not,
this often indicates a faulty connection to the sensor head so try unplugging
and reconnecting the sensor head to the TC gauge. Usually this resolves any

suspiciously high pressure indication.

To continue pumping the system below the 10™ Torr level, the diffusion pump
is used. After the trap is filled, while watching the pressure reading on the TC
gauge, slowly open the gate valve until it is fully extended and locked into the
open position. The pressure in the diffusion pump line should rise only slightly.
if at all. If, however, it does rise, keep the pressure between 100-200 microns by
using the gate valve to control the flow rate from the bell jar into the pump. Any
large pressure rise will force the oil in the pump out into the lines of the pump-
ing stack. This should be prevented if at all possible, because cleaning the lines

of oil requires dismantling the system.

When the valve is fully open and any pressure rise has dissipated, the ioniza-
tion gauge may be turned on. Make sure the pressure range scale knob is set to
107%, the power switch is set to ON, the overpressure r.elay is on, and the range
selection knob is on manual not automatic. Next, thé small button on the far
left of the control panel should be depressed until the ion gauge lights up. When
the needle on the pressure meter has settled, the range scale switch may be sel

to a more sensitive scale as the pressure decreases.

To turn off the meter, turn thé range scale switch back to the 107 Torr scale,
and turn the power switch from ON to OFF and back to ON again. The WARM set-
ting is needed only if the control unit has been turned off for awhile. The con-
trol unit should always be left on unless you need to change or check the con-
nections to the rear panel. The vacuum tubes in the control unit function

better if left on and should always be allowed to warm up before use.
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If the range scale switch is turned to a more sensitive scale than the pressure
aliows, the overpressure relay circuit will turn the gauge off. The purpose of the
overpressure circuit is to protect the delicate ion gauge filament from burning
out or the electron grid from shorting out. Even if the overpressure circuit is
on, never expose the gauge to a pressure burst. If you expect a small pressure
rise, you may set the range knob to a less sensitive scale. This will allow for a
small pressure increase without requiring that the ion gauge be turned off com-

pletely.

The gauge emission can be checked when the multiplier is on the 107* scale.
However, the zerc on the meter should be checked first and adjusted if needed.
This is done with the zero adjust knob when the gauge is off. Next, turn the
gauge on and set the emission pressure knob to emission. Adjust the emission
knob so that the needle points to 1 on the multiplier scale. This is the setting
for air. Different gases require different emission settings because they ionize

more or less readily. Check the ion gauge specifications for the list of gases.

3. Pre-Experimental Procedures

Although the base pressure of the system is approximately 1 x 1072 Torr,
once the pressure has reached 1 x 107® Torr there are several pre-experimental
procedures which may be performed. These include (A) preparing the ZBH

cylinder and trap line, (B) glow discharge cleaning, and (C) melting the Pb.
A. Preparing the Zr(BH,), Hoke Cylinder and Trap Line

Zr(BH,), is a flammable solid that should be handled with great care. Before
you begin to work with it, you should familiarize yourself thoroughly with the
hazards involved in its use. Exposure of the compound to air presents a serious
fire hazard. Rapid hydrolysis produces hydrogen and a temperature rise capa-

ble of igniting the hydrogen explosively. In particular, avoid contact of the
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Zr(BH,), with air, water, oxygenated or halogenated solvents. Also to be guarded
against is exposure of organic materials such as grease and O-rings contam-
inated with Zr(BH,), to air, water and oxygenated or halogenated solvents. The
chemical, physical and toxicological properties of Zr{BH,), are also not fully

known.

The procedures for handling Zr(BH,), are outlined here and in part 7A of this
section. Any questions regarding the use of these procedures should be clarified
before you begin work, and you should not work alone the first time that you

run through these procedures.

If you are planning to use the Zr(BH,), (hereafter, ZBH), both the ZBH hoke
cylinder and the trap line cylinder should be evacuated before the experiment
commences. A schematic of these lines is shown in Figs. 7 and 8. Place LN;
dewars under both cylinders and fill them with LN; until both cylinders are

cooled completely.

Venting the trap cylinder is the more tedious process so you may wish to
begin with this. Unless you have vented the trap the day before or quite
recently and know what sort of pressure rise to expect, you should turn off the
ion gauge and probably close the gate valve as well. If the trap hasn't been
vented recently, the pressure may rise as high as 107! Torr and require using
the mechanical foreline pump to evacuate the bell jar before the gate valve can

be opened again.

The trap line is vented before the trap cylinder. Referring to Fig. 7, leave
valves V2 and V3 closed and open V1 very, very slowly. When you first begin to
open V1 there will be an initial resistance and then the valve knob will feel loose.
Continue to open thé valve until you feel a second resistance. This is the critical

step. This valve was never designed to be a metering valve but often has to be
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used as one, which requires that you turn the knob very slowly. If the gate valve
is open and you are pumping out the line through the diffusion pump, you may
monitor the pressure rise with the thermocouple gauge which is on the diffusion
pump line. Alternatively, you may use the Alphatron gauge. If the pressure rise
is too great, it will be impossible to use V1 as a metering valve. In this case you
will save both time and trouble if you close the gate valve, open V1 completely
and simply let the bell jar pressure rise using the mechanical pump to evacuate

it as needed.

After this section of line is evacuated, close V1 again. Open V3 and V4 only if
the trap cylinder is cooled in LN;. Repeat the above procedure using V! as a
metering valve. At this point you can expect a large pressure increase because
any excess ZBH in tﬁe trap cylinder decomposes to eveolve H; and ByHg. Some-
times V4 is very cold because of its proximity to the LNz but it has never frozen
open or closed and has always sealed properly even when it is too cold to grasp

without a protective cloth,

After the cylinder and line have been evacuated completely with the diffusion
pump, close V4, V3 and then V1. The trap line is now vented and ready for use
during the experiment. The LN; dewar under the trap cylinder should be refilled
until it is ready for use. If it turns out you won't be needing it after all, simply

remove the dewar and let the cylinder warm up.

Next, the ZBH hoke cylinder and line must be vented. Referring to Fig. 8,
there are four valves on this line; the metering valve (V1), a Nupro valve (V2)
connecting the ZBH line to the manifoid, a ball valve (V3) on the ZBH line, and a
Nupro valve (V4) between the line and the ZBH cylinder. First close the Nupro
valve (V5) which connects the vacuum system to the manifold if it is not closed

already. Next, the line between the Nupro valve (V5) and the metering valve (V1)
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should be vented by opening VI until it is fully open. This will usually result in a
negligible pressure rise. Now close V1 before beginning the procedure for vent-

ing the ZBH line and Hoke cylinder.

Under most circumstances, except when a new Hoke cylinder is being
installed or if a full one hasn't been used recently, the ZBH cylinder and line
may be evacuated using the diffusion pump with the ion gauge set to the 10™*
Torr range. Since V! is a true metering valve, any pressure rise is much easier

to control than it is on the trap line which does not have a metering valve.

When the ZBH cylinder is cooled in LN; and the line between V1 and V5 has
been vented, close V1 and open V2. Pump out this section of the ZBH line by
opening V1 until it is fully open; wait for any pressure rise to dissipate by watch-
ing the ion gauge meter, and close V1 again. Next, open V3 and pump out the
line again using V1. The ball valve is different from the Nupro valves in use on
the rest of the line in that it is either fully closed or completely open, which
occurs when the handle is parallel with the copper tubing of the ZBH line.
Lastly, the Hoke cylinder itself is vented by opening the Nupro valve and slowly
evacuating the line and cylinder by opening V1. After V1 is fully open and the
ion gauge pressure is in the 1078 Torr range again, close V4, then V3, V2 and V1.
The ZBH line and cylinder are now evacuated and ready for use. Keep the
cylinder cooled in LN; until ready for use. Valve V5 connecting the manifold to

the vacuum system may now be opened.

B. Glow Discharge Cleaning

A glow discharge cleaning helps oxidize any hydrocarbons or other contam-
inants which may remain in the system from previous experiments or from
exposure to .t.he atmosphere. This is a new step which I have incorporated into

the experimental procedures and which was not employed previously. It can be
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especially useful if one is switching to a new adsorbate after having used a
different one for some period of time. Since the vacuum system is not equipped
for a full bake-out, any procedure which can help clean things up is very useful.
One of the nice things about tunneling spectroscopy as opposed to many other
experiments is that if lingering adsorbates are a source of contamination within
the system, the spectra will clearly demonstrate their presence. In fact, if the
experiments being conducted are critical (and which ones aren't), you may ulti-
mately save time by making a set of 'blank" junctions periodically to check the
nature of the background contaminants in the bell jar. A 'blank” junction con-
sists only of the Al,03 barrier and is not exposed, at least purposefully, to any
adsorbates. Although some contaminant sources will not appear in an IET spec-

trum (4), hydrocarbons do show up very readily.

In a glow discharge the Al electrode is held at a negative voltage and electrons
are emitted from it as the surrounding gas is ionized. A cleaning glow discharge
can be done in O; or in an inert gas like N;. The glow discharge formed by an
inert gas such as N; probably helps clean the systemn by bombarding hydrocar-
bons off the bell jar walls and interior assemblage. An O, glow discharge can
getter the hydrocarbons and is probably the best kind of glow discharge to use

for cleaning up hydrocarbon contaminants.

The gas pressure and the voltage at which the discharge is maintained are
the two variables which must be determined. The progress of the glow discharge
is monitored primarily with a Simpson meter which registers the voltage drop
across one of the resistors in a resistor network which is used to stabilize the
discharge. This resistor circuit is located in a small box which is fastened to the
back of the bell jar support table. It consists of three 2.5 k() resistors in series.
Plug the two banana plug leads into the Simpson meter. The meter is set on the

250 V scale or on any scale which is appropriately sensitive to the voltage drop
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to be measured. Actually, the scale you use to read the deflection of the meter
needle is not critical. In fact, it is of importance only when the conditions of the
glow discharge must be reproduced from one time to another. This is the case
when the samples are oxidized, but reproducibility is not a critical issue when a
glow discharge is done to clean the slides and the bell jar. Generally, a glow
discharge is run at a pre-selected constant voltage, and the gas pressuré is
adjusted using the metering valve so that the voltage drop registered on the
Simpson meter maintains a constant pre-selected value throughout the

discharge.

The range of these variables is usually limited because of the following fac-
tors. The high voltage is limited because the Al electrode will melt, depending on
the gas pressure in the bell jar and to a lesser extent on how long the discharge
is run. The gas pressure is limited on the high end because it is desirable to eva-
cuate the bell jar after the discharge using the diffusion pump. If the pressure
is above approximately 4 x 107! Torr, it is difficult to pump out with the diffusion
pump because the gate valve cannot be manipulated carefully enough to control
the flow rate out of the bell jar and prevent the pump from exposure to pres-
sures which may be too high. Alternatively, the gas pressure needs to be high
enough so that the discharge is easily observed, because the color of the
discharge is one of the primary ways to judge if a glow discharge is going well

and reproducing previous conditions adequately.

The ﬁew glow discharge apparatus is constructed to conduct better the high
voltage to the electrode and to prevent any discharge from occurring around
the base of the feedthrough (see Fig. 5). For this reason it cannot be run at a
voltage as high as that employed previously or the electrode will melt. Instead
of the -1300 V used previously, the new electrode is usually run at -1100 V. This

value was chosen because although the electrode may be run at higher voltages,
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say -1200 V, it was found that this higher value tended to age the electrode fas-
ter than -1100 V. The electrodes last through many glow discharges when -1100

V is the high voltage setting.

The first step in preparing to run a glow discharge is to fill the bell jar with
the desired background gas. The manifold is used for this purpose, and a
schematic of it is shown in Fig. 3. First open valve H1 which separates the mani-
fold from the vacuum system. The manifold should be flushed several times
with the gas to be used. Both N; and O are attached to the manifold at all
times. After opening the cylinder, briefly open the Nupro valve which connects
the line to the manifold, close it and let the manifold pump out. When the ther-
mocouple gauge on the manifold reads 60 microns again, which is the base pres-

sure, flush the system once or twice more.

If the ion gauge is on, turn the range select knob to the 10™ Torr range and
turn the gauge off. Close the gate valve and make sure that it is locked securely
into the closed position. Never close the gate valve when the ion gauge is on,
because the gauge might be damaged as the pressure rises. Now the manifold
may be filled with the background gas. Close off the Nupro valves (H7 and HB)
which separate the manifold from the mechanical pump. Either half of the
manifold may also be isolated by closing valves HB and H13 or H3 and H13.
Next, carefully fill the manifold until the Matheson stainless steel test gauge
reads 500 mm Hg. Now fill the bell jar by opening the metering valve M1 and
monitoring the pressure rise on the Alphatron gauge meter until it reads 1.0-1.5

x 107! Torr. Close valve M1 firmly but not too tightly.

Occasionally the metering valve will get a pressure 'bubble” in it and you
should be aware of what this is like. When this happens the valve will respond

differently than it does normally. When you open it, it will feel as if there is no
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resistance and it will turn freely. Keep opening it until you feel some resistance
again and continue turning until you hear a loud "pop", then close it. This will

fix it and you can proceed as before.

When the bell jar has been filled with the background gas required for the
glow discharge, turn on the high voltage power supply. Make sure the high vol-
tage switch is turned to off, the + switch is set to -, and all the voltage dials are
set to zero. Next, turn on the power switch. When the supply is ready for the
high voitage switch to be turned on, it will make a clicking sound and the red
light will switch on. Make sure the Simpson meter is hooked into the circuit with
the banana plug leads and that the shutter is covering the slides. Now turn on
the high voltage switch and turn 1ip the dials to reach the desired voltage, first
-500V, then -1000 V, then -1100 V, using the adjacent knob. Be sure to start the
timer when you turn on the high voltage switch. The Data Precision frequency

counter is used as the timer.

The glow discharge should be easy to see by -1000 V. As you turn up the vol-
tage, you will notice that the needle on the Simpson meter will jump each time
then slowly decrease. After the voltage is at the desired level, you should main-
tain a steady meter reading by carefully controlling the gas flow through the

metering valve.

In Nz, the glow discharge will be reddish purple or a deep violet color, whereas
in Oy it will be a beautiful rich lavender color. Color is an important monitor of
how well the discharge is going and also indicates if the glow discharge is stable.
When the discharge is stable, you should open the shutter to expose the slides.
Usually this takes 80-80 seconds. During a cleaning glow discharge, this is not
critical, however. Throughout the discharge you should continue to monitor the

Simpson meter reading closely, check the color, and the Alphatron gauge read-
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ing to make sure the pressure is at a moderate level. If you find that you have
to keep increasing the pressure to maintain a constant reading on the Simpson
meter, it's better to choose a lower value on the meter than let the pressure rise

too far. Ithink the best range for the pressure is 1.5-3.0 x 10~ Torr.

When the discharge has run for the desired length of time, 500-3000 sec or
more, depending on your patience, close the metering valve if it is still open,
turn off the high voltage switch, turn off the power switch, cover the slides with
the shutter and record the time when you shut off the high voltage switch. Turn
the voltage dials back to zero and open the Nupro valves to allow the manifold to

pump out.

Check the pressure reading on the Alphatron gauge and begin to pump out
the bell jar by opening the gate valve extremely slowly. Monitor the pressure
rise in the diffusion pump line by using the thermocouple gauge. If the pressure
rises rapidly to 150 microns or above, quickly close the valve. Then begin again
more slowly. With the old diffusion pump this took many painstaking minutes;
the process is much easier with the larger pump and will take only 1-2 min.
Eventually, you will be able to open the gate valve completely. When the pres-

sure has fallen below 107 Torr, the ion gauge may be turned on.

It is important to use only the diffusion pump to evacuate the bell jar at this
stage in the experiment if at all possible. Once you have pumped down the sys-
tem you should try to avoid using the mechanical pump because this line, even
though it has a molecular sieve trap, poses a greater contamination threat than
the diffusion pump line equipped with a LN; trap. You always want to minimize
any possibility of exposing the bell jar to pump oil vapor, especially if you have

already started making a set of junctions.

C. Melting the Pb
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The last thing that should be done before beginning an experiment is to melt
the Pb in order to desorb any contaminants which might adsorb on the samples
during the actual fabrication. The controls for the metal evaporation are
located to the right of the bell jar on the metal support table. Switch the Cu
arm on the control box to the lower right-hand connection and fasten it in
place. Make sure the 5-volt dc power supply for the quartz crystal oscillator,
located on the shelf next to the Alphatron gauge meter, is on. (This should be
left on normally.) Check the frequency reading on the Data Precision frequency
counter which should have a reading near 5 MHz. Adjust the trigger knob on the
counter if the reading is too high or if it is unstable. Occasionally, you may have
to turn the power supply off and on a few times to get a stable reading, espe-

cially if the quartz crystal has been subjected to numerous evaporations.

Metal evaporations are always performed with the gate valve open because
the pressure rise from the evaporated metal will interfere with the formation of
the thin films if the system is not being evacuated. The ion gauge may be
switched to the 10™* Torr scale or turned off altogether. The bell jar pressure
should be below 5 x 107° Torr before you begin. Make sure that the shutter is

covering the slides.

When you are ready to begin, turn on the power supply switch and record the
frequency. Using the lab wall clock as a timer, turn up the Variac 5-10 units
every 10-20 sec. For the large Pb boat, the Variac setting will be about 15, which
should correspond to an amp meter reading of approximately 80-90. For a
small Pb boat, you may probably use lower settings, but they are not critical
when you are merely melting the Pb. As soon as the frequency reading begins to
decrease, even 2-3 Hz per second, the Pb has melted and you may turn down the

Variac and turn off the power switch.
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4. Evaporating the Aluminum

After completing the pre-experimental procedures, pump the system back
down to below 1 x 107® Torr before beginning the experiment. The base pressure
1 usually employ is 1 x 1077 Torr or below, and my working base pressure during
an experiment is a minimum of 1 x 10™® (This is the pressure in the bell jar

between each step in the experiment.)

The first step in an experiment is the Al evaporation. To ensure that it is not
the last, a number of changes have been made in how the aluminum evaporation
is monitored. Previously, evaporations often failed because the Al metal failed
to wet the tungsten filament and instead fell into a useless little blob on the bot-
tom of the evaporation box. This often occurred when the Al heating rate was
too fast. Unfortunately, this was not possible to monitor as closely as needed
with the previous setup because there was no way to visually inspect the
filament and the Al metal during the evaporation process. The new setup does
allow this by making sure that the bell jar directly in front of the evaporation
box remains clear, thus providing a 'window’ for visual monitoring. A special
quartz shield and holder have been constructed which protect the bell jar wall
and are easily removed for cleaning between experiments. This is shown in Fig.

9.

In the past the only monitor used to measure the extent of the evaporation
was the quartz crystal oscillator. I prefer to monitor the evaporation using the
Hewlett-Packard digital multimeter (DVM) to check the resistance of each of the
three samples as they are being formed. This provides an individual monitor of
each sample as well as information which is greatly more detailed. With this
technique you can also optimize the alignment of each sample with the evapora-

tion source.
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Before beginning the evaporation, first put the DVM on the top shelf of the
equipment rack, plug in the two dual banana plug leads using the 4-pt probe
plug, turn the DVM on and set the function switch to 4-pt resistance. On the
heating and temperature control panel, set the functions to R, 4-wire, and V,_4.
By turning the sample select switch to 1, 2 or 3 you will now be able to menitor
the resistance of the Al films as they are formed. Initially, you won't have any
readings at all; there is no film, so there is nothing connecting together the four
electrical connections on each slide. As you face the bell jar, slide 1 is on your

left, slide 2 is in the middle, and slide 3 is on your right.

Switch the Cu arm of the evaporation control box to the lower left-hand post
and tighten it securely. Turn the ion gauge down or off. Leave the gate valve
open. Check to make sure that tAhe Al mask is covering the slides, is in proper
alignment with the pin, and that the shutter is completely covering the Al mask

and slides.

Turn on the evaporation power switch, record the quartz crystal oscillator
frequency and, using the lab clock as a timer, turn up the Variac 5 units every
15-20 sec. Very soon you will see that the tungsten filament is glowing bright
red, which is normal. If you look carefully through the removable Pyrex shield
you should be able to see the four horseshoe-shaped pieces of Al rod hanging on
the tungsten filament. Continue turning up the Variac until you have reached
30-35 on the Variac dial. At any moment, the Al will melt. Do not speed up the
heating rate at this time because this period is especially critical. As the Al
pieces melt, the bright red glow of the tungsten filament will dim and darken
which is normal. As this happens, the amp meter needle will suddenly jump up,
then start to decrease slowly. At the same time, the reading on the Data Preci-

sion frequency meter will begin to decline a few Hz every second.
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The trick to the aluminum evaporation is to proceed very slowly once the Al
has melted. If you hurry, the Al will usually drop off of the W filament rather
than coat it evenly. After the horseshoes have melted and the amp meter needle
has jumped, wait the remainder of the 15-20 sec period and then continue turn-
ing up the Variac, usually 3-5 units every 10 sec, until the frequency rate of
change is 6 Hz/sec or higher. Now open the shutter to expose all of the slides,
and as you do, record the frequency reading of the quartz crystal oscillator.
Continue to turn up the Variac until the frequency rate of change is at least 8-9

Hz/sec; 10-12 Hz/sec is preferred.

Now use the DVM to monitor the progress of the evaporation. When the resis-
tance of the slides is approximately 7-10 0 and/or you have evaporated 500-700
Y corresponding to a frequency change of 500-700 Hz (1), turn the power switch
off, quickly cover the slides with the shutter, record the frequency of the quartz
crystal oscillator, and turn the Variac to zero. Record the resistances of the
three samples using the DVM. Usually, the middle one is slightly lower than the
two on either side, which should have approximately equal values. Generally,
films between 500-700 & are preferable to thicker ones because of greater stabil-
ity.

The pressure in the bell jar should not have risen much above 1 x 107 Torr
during the evaporation. If it has, it may indicate that the evaporation box,
which shields most of the system from the evaporation sources, needs to be

cleaned.

5. Annealing the Al

The next step in the experiment is to anneal the freshly evaporated Al films.
This procedure has revolutionized tunneling experiments which investigate

adsorbate-surface interactions at 150°C or above. Before I added this procedure
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to the experiment, none of the experiments at elevated temperatures resulted
in measurable junctions. Since I began to include this procedure, however,
every experiment has produced measurable junctions, and the highest tempera-
ture investigated has been 400°C. Heating the Al films causes them to anneal. 1if
this is done after the film is oxidized to form the junction barrier, the thin oxide
will crack and the resulting junctions will be unmeasurable because they will
have shorted out. However, if the films are annealed before they are oxidized,
then the second time they are heated (which is in the presence of an adsorbate
after being oxidized) no annealing will occur, the oxide barrier will remain

intact, and the resulting junctions will be measurable.

The films are usually annealed for 10-20 min near 250°C. This temperature
was chosen because Bowser and Weinberg (2) had found that annealing effects in
the Al film may still be seen up to 200°C. Many details concerning sample heat-
ing and the electrical connections are found elsewhere (1,3). The heating panel
has not been changed. Figures 10 and 11 show the panel and the electrical con-
nections. Each slide has its own power supply; the top one on the instrument

panel is for slide 1, the middle one for slide 2, and the lower one for slide 3.

To simultaneously heat the slides and monitor the temperatures, you will
need some sort of hand-held programmable calculator to compute the tempera-

ture of the film. Ihave used a Texas Instruments Programmable 58C.

The resistive heating technique developed by Bowser and Weinberg (2) uses

the equation below to determine the temperature:
R-R;
R

where R is the resistance of the Al film at temperature T, R; is the initial resis-

1+ oT;
T=T+ -

tance at the initial temperature Tj, and « is the temperature coefficient of
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resistance. During heating, R is calculated from the equations:

R=— and Ig= YB-,
Is Rr
where Vs and I are the voltage and current across the Al film. Vg is measured
directly but Ig is determined by measuring the voltage drop Vi across a resistor
with a known resistance Ry in series with the Al film. T; is usually a constant
since the laboratory temperature is regulated. It was found previously (1.3)

that:

l+al; _ 558.66

with a maximum variance of + 8%. The temperature equation becomes

VgR
TeT,+ 55%66 [ SRR _Ri]

All of the temperatures are in degrees centigrade.

To implement this equation, you must first measure the resistance of each
sample [Rg (1), Rg (2). and Ry (3)]. The DVM is set to the 4-pt resistance and the
switching panel is set to V,_,, R, and either 1, 2, or 3. Enter these numbers into
the program and record their values. Check the thermometer on the manifold
to determine the lab temperature. Next, measure the resistance of the three
known resistors [R; (1). R; (2). and R; (3)] which are in series with the three Al
films. Set the switching panel to either 1 or 10 QQ; I have always used the 10 Q
resistors. Measure these with the DVM set to 2-wire resistance and the switching

panel set at Ohms, R and 1, 2 or 3, and enter the values into the calculator.

Before beginning, move the Al mask away from the slides and the shutter as

well, if you wish. Leave the gate valve open. If the power supplies haven't been
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used for awhile you should probably let them warm up for a little while, but usu-
ally this is not necessary. As you turn on the first power supply and begin the

heating procedure, start the timer.

First turn up the voltage knob half-way or more so that the voltage won't
limit the current in the films during the heating process. Next turn the current
knob up a small amount. First measure Vg, the voltage across the sample. The
switching panel is set to V;4, Sample Heating and either 1, 2 or 3. The DVM is
set on V. After measuring, recording and entering this value into the program,
measure Vg, the voltage across the known resistor. The switching panel settings
are R, Sample Heating and 1, 2 or 3. Record and enter this value; then calculate
the temperature of the sample by running the program. Record the tempera-
ture and the time and turn up the power supply, unless you have reached the
desired temperature, before moving onto the next slide. The DVM and switching

panel settings for each measurement are summarized in Table 1.

Unless you encounter a problem, you should be able to measure Vg and Vg,
write down and enter their values into the calculator, run the program, record
the temperature and time, turn up the power supply and switch to the next slide
in approximately 40 sec. The length of time is critical when you are heating
junctions in the presence of an adsorbate and have to limit the extent of expo-
sure. However, when you are annealing the films the length of time is not criti-

cal.

One other thing should be mentioned in regard to the switching panel. As you
can see, there are three buttons labeled V;_3, Vz-3 and V3_4 next to the V,_4 but-
ton. These were originally intended to provide detailed information on the vol-

tage drop across each section of the aluminum thin film sample, although in

practice this was too time-consuming to do and only the V,4 connections were
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ever employed. The new sample holders only allow for electrical connections to
be made to the sample at the V, 4 positions. For future projects however it may
be worth remembering that the wires for these extra connections are installed

in the vacuum system and in the switching panel.

After the samples have been annealed, their resistance values will be
significantly lower than they were before, usually on the order of 15%. The resis-
tance decreases because annealing reduces the stress in the thin film. This
reduced resistance is a convenient monitor of the annealing process and can be
used to further refine this step in the experiment. In particular there are two
factors which could be investigated: the length of time the samples are
annealed and the manner in which the annealing step is terminated, either by
decreasing the sample temperature gradually or by simply turning off the power
supply. Previously the samples were annealed at 250°C for 2000-2500 sec and
the slides were cooled gradually to well below 100°C before the power supplies

were switched off.

8. Oxidizing the Al

There are several ways that tunneling samples may be oxidized. These
include thermal methods, like baking the samples at high temperature, and
exposure to an oxidizing atmosphere. For oxidizing aluminum films the method
which has proven most reliable for me is a glow discharge in 0; and Hp0 vapor.
The water vapor is present only in small amounts and helps make the oxide
"'sticky” when it is exposed to adsorbates later in the experiment. For thin films
of other metals, in particular magnesium, a glow discharge is not the method of
choice. For this metal, thermal methods have been shown to produce a more

stable oxide.



227

After the samples have been annealed, cover the slides with the shutter once
more. Turn off the ion gauge and close the gate valve after noting the pressure.
Prepare the manifold for the glow discharge as before; see Section 3B of these
procedures. This time you should flush the system several times with distilled
H;0 vapor which is permanently in place on the manifold. Flush once more and
when the manifold thermocouple gauge meter reads 100 microns, close off the
manifold from the pump. Fill the stainless steel test gauge up to 500 mm Hg as

before with the high purity Os.

Fill the bell jar with the H,0-O, mixture until the Alphatron gauge is between
1.0-1.5 x 107! Torr. Begin the glow discharge and the timer at the same time.
Turn the high voltage to -1000 Vor -1100 V. If the high voltage is at -1000 V and
- the pressure at 1.5 x 10™ Torr, the Simpson meter will initially read approxi-
mately 35 V. To stabilize at a reading of 30 V the system pressure will be near
1.7 x 107! Torr at the end of the glow discharge. Different settings may be

employed within the limits discussed previocusly.

The 0-Hz0 glow discharge is an extraordinary lavender color. The longer the
discharge runs the richer this shade of color becomes. Every once in awhile, the
glow discharge will seem very pale or even "greenish” when it is first started. The
cause of this change in color is unknown, but this condition cannot really be
considered abnormal since it has been seen many times before. In most cases,

the lavender color will develop as the discharge continues.

Once the discharge has stabilized, both in terms of color and the Simpson
meter reading, the shutter should be opened to expose the slides. Record the
timer reading when the shutter is open. It is preferable to expose the slides

after the same period of time has elapsed in each oxidation you perform. I

chose 65 sec which meant that in each of my experiments ] opened the shutter
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after the glow discharge had been running for 65 sec. The length of time is not
too critical but experimental reproducibility is extremely important in tunneling
experiments. There are several procedures in the junction fabrication process
which should be performed in a manner that ensures as much reproducibility as

possible. One of these is the oxidation of the aluminum thin films.

The length of time that the oxygen glow discharge is run is a critical experi-
mental parameter. If it’s too long the junctions will have resistances so high
that it will be difficult if not impossible to record their spectra. If it's too short
they won't form an adequate barrier, and the resistances will be too low to pro-
duce good spectra or be shorted out altogether. Depending on the adsorbates
one is studying and the temperatures at which the exposures are to be per-
formed, the length of oxidation must be adjusted further. Past values have
ranged from 450-1300 sec. With experience, one eventually develops some intui-
tion on the proper length of time for a particular adsorbate. B50-950 sec is used

most often.

After finishing the glow discharge, the system should be evacuated using the
diffusion pump.
7. Exposing the Samples to the Adsorbates

The system pressure should be 1 x 107® Torr or below before exposing the
samples to the adsorbate(s). The manifold is equipped to handle most gases and
vapors and a few of the ports on the bell jar have been adapted to accommodate
either solid samples or vapors from liquids. Further details on the manifold

may be found elsewhere (1).

A Zr(BH,),

If ZBH is one of the adsorbates you are planning to use, you should have
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prepared the cylinder and trap line for use in accord with the instructions in
part 3A of these procedures. The ZBH and the trap cylinders should both be
cooled in LN; during this time. The ZBH cylinder is warmed up only prior to use.
It is usually convenient to begin this during the oxidation of the aluminum.
Remove the LN, dewar and pour the LN; into the LN, reservoir of the diffusion
pump. Fill the dewar with hot water and replace it under the cylinder. Alterna-
tively you may also use a heat gun to help the cylinder thaw quickly. I prefer the

hot water.

After the oxidation is complete, pump out the bell jar and check the pressure
with the ion gauge. However, don't leave the ion gauge on in the period of time
just before you are going to expose the samples to the ZBH because the ion
gauge filament will decompose the ZBH immediately if it is warm. Leave the ion
gauge turned off as much as possible and check it before you begin the exposure
to be sure that it isn't hot to the touch. The ZBH cylinder is ready for use when

it has thawed but is still cool to the touch.

The ZBH exposure which is used is 5 x 1072 Torr for 900 sec. Referring to Fig.
3, close the gate valve and isolate the system from the manifold by closing valve
H1. Turn the Alphatron gauge to the 1072 scale. Open the valves on the ZBH line
approximately halfway, except for the ball valve, and open the metering valve a
small amount, perhaps half of one revolution. Wait until you see the pressure
begin to rise on the Alphatron gauge meter. This may take up to 30 sec. Then
adjust the flow rate with the metering valve. Begin the timer when the pressure
is at 2.5 x 107 Torr. Close the metering valve just before the pressure reaches 5
x 10~ Torr so that it doesn't overshoot this value by too much. 5.5 x 1072 Torr

is an acceptable value because as the exposure continues, the pressure will

drop. often to about 4.5 x 10 Torr, as the ZBH adsorbs on the bell jar interior.

The shutter should be moved away from the slides during the exposure.
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Once the bell jar is filled with the ZBH, replace the LN, dewar under the ZBH
cylinder and cool it again in LN;. Leave all the valves on the line open so that
any ZBH in the line will condense back into the cylinder. While the exposure
continues, make sure the small LN, storage dewar is filled and ready for use
since the trap line requires a lot of LN, to cool. Place the rectangular styrofoam
chest under the trap line and fill it to the top with LN; in order to cool the
copper line as shown in Fig. 7. This should be started when the timer reads 800

sec or you may not have it ready by 800 sec.

At 900 sec, cover the slides with the shutter and open V1 and V2. The
mechanical pump on the trap line will evacuate the bell jar and the excess ZBH
will condense onto the cooled lines of the copper tubing. Open the metering
valve so that the ZBH line can be evacuated by the trap pump as well, even
though this line should already be at a low pressure. When the bell jar pressure
falls below 5 x 1073 Torr the trap line may be isolated from the bell jar and the
mechanical pump. Close V1 and V2. Remove the styrofoam LN; chest and empty
it into the diffusion pump reservoir or back into the storage dewer. Open valve
V3 and V4 on the trap line so that the ZBH waste cylinder, still cooled in a LN,
dewer, is open. As the copper lines warm up the trapped ZBH will condense into
the collection cylinder. There is no pressure gauge on the trap line so it is hard
to tell when this transfer is complete. Generally, 1 keep the trap cylinder open
and cooled until I've finished the experiment and am straightening up after-
wards, which usually takes at least two hours. Certainly, mush less time is actu-

ally needed for the transfer.
After the trap line is closed off, open the gate valve and pump out the bell jar
and the ZBH line. _When the pressure is 5 x 1078 Torr or below close off the ZBH

cylinder and each of the valves on the ZBH line. The cylinder may now be

allowed to warm up.
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The samples may now be finished off by evaporating the Pb or they may be

heated in vacuum or exposed to a second adsorbate.
B. Other Adsorbates and Sample Heating

Many hydrocarbons make lovely IET spectra since IETS seems to be particu-
larly sensitive to C-H vibrations. Most hydrocarbons may be used as the gas or
vapor from the manifold although in certain cases liquid doping may be neces-

sary for liquids with low vapor pressures.

For the studies described in this thesis, the hydrocarbon exposures ranged
from 1.5 x 107! to 5 Torr. As with the other procedures which comprise a tun-
neling experiment, the reproducibility of the exposure process is more impor-
tant than the actual things one might do during it. In other words, it's impor-
tant to choose a way of doing the experiment which you can live with and which
you can reproduce as exactly as possible each time you make a new set of junc-
tions. To study a particular adsorbate system in detail requires that you perfect
your ability to be internally consistent when you make set after set of junctions
over a long period of time. This is true for how you do an exposure, when you
begin the timer, how fast the flow rate is into the bell jar, when you heat the

junctions and the rate of heating.

Unless you are using unusually low exposures, you should heat the junctions
after the adsorbate has been introduced into the bell jar and you should ter-
minate the heating before evacuating the system. Flush the manifold several
times with the adsorbate to be used, close the manifold off, be sure the ion
gauge is off and the gate valve is shut. Details on the sample heating procedure

are found in Part 5 of this procedure. You should remeasure the sample resis-

tances and the known resistor resistances before beginning the exposure and

the sample heating. Once you are prepared, fill the bell jar with the adsorbate
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and start the timer.

For pressures of 1 Torr or less, use the Alphatron gauge set to the 107 Torr
scale. For higher pressures, you will have to use the 1 Torr scale which doesn't
work very well. This will be apparent. As you fill the bell jar, monitor the pro-
gress on the 107! Torr scale. When the needle reads full scale switch to the 1
Torr scale. Now the meter will still read zero even though it should read 1. It
will be some time also before the needle on the 1 Torr scale begins to move.

Generally, for a 5 Torr pressure I fill the bell jar until the meter reads 4 Torr.

For high exposures using pressures of 5 Torr you will need to use the
mechanical pump to evacuate the bell jar. Hydrocarbons pump out very quickly
especially with the diffusion pump. For this reason you should be able to bypass
the mechanical pump and just use the diffusion pump at pressures at which you
would normally use only the mechanical pump if the adsorbate was, for exam-
ple, oxygen rather than a hydrocarbon. The upper limit on the hydrocarbon
pressure which you will be able to evacuate using only the diffusion pump will

depend on your manual dexterity in handling the gate valve.

The length of the exposure will depend primarily on whether the samples will
be heated during the exposure. For my experiments, I usually chose 1200 sec
because this allowed more than sufficient time to reach the desired sample tem-
perature and then continue the exposure while the samples were at the target

temperature (usually 900 sec).

8. Evaporating the Pb
After finishing the adsorbate exposures, pump the system down to below 1 x
107° Torr before evaporating the Pb. These cross-strips serve as the second

electrode of the junction and isolate the surface of interest from the atme-

sphere after the samples are removed from the system. [ always pumped the



233

system back to 1 x 107® Torr before evaporating the Pb.

Position the Pb mask over the slides and cover them with the shutter. Leave
the gate valve open and record the frequency of the quartz crystal oscillator
before beginning. Many details regarding this procedure are discussed in Part

3C of this procedure section.

The Pb evaporation is very easy to do compared to the Al evaporation. How
quickly you heat the boat is not nearly so critical as how fast you heat the
tungsten filament used for the Al evaporation. Usually, 2500 & of Pb is eva-

porated which corresponds to a frequency change of about 10,000 Hz (1).

When you begin the evaporation, turn the Variac up 5 units every 10-15 sec.
For a large Pb boat a Variac setting of about 15 will cause the Pb to melt and the
current reading will be about 85 amps. Raise the Variac steadily until it's set at
about 22-23 which should result in a frequency change of approximately 50
Hz/sec, which corresponds to a deposition rate of approximately 20 &/sec. The
amp meter will read about 80. When the frequency rate of change is 30 Hz/sec
or greater, open the shutter to expose the slides, recording as you do, the fre-
quency reading. When the evaporation is finished, shut the power off, cover the

slides with the shutter, and wait for the Pb to cool.

9. Bringing the System up to Atmospheric Pressure

Nitrogen is used to backfill the bell jar and bring the system up to atmos-
pheric pressure. A cylinder of high purity Nz gas is always on the manifold and a
special metering valve is used to introduce the gas into the bell jar. This pro-

cedure may be done with the manifold still under vacuum.

Turn the ion gauge off, close the gate valve, turn the Alphatron Vacuum gauge

meter to the 100 Torr scale. Open the N tank and adjust the flow rate into the
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bell jar with the metering valve labeled M2 in Fig. 3.

As the bell jar reaches atmospheric pressure, there will be a loud noise as the
gasket unseals from the baseplate surface. After this, you may close the N;
metering valve then close the Nz cylinder. Vent the regulator and the line
through the manifold. Close the regulator valve and the Nupro valve which

separates it from the manifold.

10. Preparing the Samples for Measurement

Open the bell jar and secure it in place with the guide rods. Cover all the
open ports and the central pumping port with the protective teflon covers to
ensure that nothing falls into them. This is very important because even tiny
objects like a miniature screw or; a piece of Al rod can damage the gate valve
seal. Hard objects can embed themselves into the metal of the gate valve next
to the O-ring and cause permanent damage to the valve. They can also lodge
themselves next to the O-ring and prevent it from sealing when the gate valve is

closed.

Now remove the sample holders from the system. Move aside the Pb mask
and shutter and unfasten the electrical connections of slide 3 (on the right).
The slides are much easier to remove if they are done in order, from right to
left. Undo the rear Allen head cap screw before unfastening the front one and
carefully remove the sample holder from the systermn, making sure that the deli-

cate electrical connectors don't get tangled on anything.

After the three samples are removed, the slides have to be unsoldered from
the holders, prepared for the measurement connections, then positioned and

fastened into the measurement holders. Only In/Sn solder is used for the con-

nections to the glass. The slides are easier to remove from the sample holders if

the holders are held in position with the small vise. Use stainless steel tweezers
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to lift the electrical wires gently away from the glass when the solder is moiten.

Grasp the slide with the tweezers and wiggle it out of the holder.

Place the slide on the desk on top of a Kimwipe. With one of the miniature
screw drivers available in the lab, scrape away the extra side strips of the eva-
porated aluminum film. These are usually very close to the Pb cross strips and
may short out the samples if the solder connections to the Pb overlap any of
them inadvertently. A hard metal object like the end of a screwdriver is needed

to remove them because the aluminum films are so hard.

Next the sample is prepared for the electrical connections needed to measure
the spectra. The easiest way to do this is to place a small drop of solder on each
end of the three Pb strips and on the two ends of the Al film. The soldering iron
works best if you don't use the end of the tip but the side of it. Melt some solder
on a large glass laboratory slide and roll the sides of the soldering iron tip
around in the molten solder. Press the side of the tip onto the place you want
to solder, for example, onto the end of cne of the Pb cross strips, then slowly
move it toward the edge of the glass slide and then up. This will leave a smooth
In/Sn bead of the perfect size. It's best if you apply the In/Sn solder in one
attempt because the more you have to apply the soldering iron to the slide, the
greater the risk of damaging one of the delicate Pb strips. Occasionally, the
films will not adhere to the slide surface very well and when you apply the
solder, they'll just seem to dissolve away. This is one of the reasons why the
glass slides need to be cleaned so thoroughly before an experiment, it affects the

film adhesion greatly.

After all of the solder connections have been applied, wiggle the glass slide

gently into place on one of the measurement holders, avoiding the wires on

either side of the holder and using a pair of tweezers to guide it into place.
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While you hold the slide firmly in place, press the wire loops of the holder down
onto the previously formed solder beads with the tip of the soldering iron. As
you do, the In/Sn bead will melt around the wire loop. Draw the tip of the sold-

ering iron away from the loop toward the edge of the slide and then up.

Af;er you have soldered all three slides in place on one of the measurement
holders, you can check the resistances of the junctions. Plug the card connec-
tor on the measurement holder into one of the switching boxes which is used to
select a particular junction for measurement. Set the DVM on 4-pt resistance
and connect the box to the DVM. Measure and record the resistances of all nine
junctions. The switch positions on the box are labeled B1, B2, B3, M1, M2, M3, T1,
T2 and T3. B denotes the bottom slide, M is the middle slide and T is the top
slide, when the samples are immersed in liquid helium. This means that Bis on

the end farthest away from the wires and T is closest to the wires.

It helps to avoid confusion if you arrange your slides in the same order on the
measurement holder each time you make a set of junctions. I always arrange
my slides so that B1, 2 and 3 correspond to slide 1; M1, 2 and 3 are slide 2, and
T1, 2 and 3 are slide 3. This is especially important when you have heated each
sample to a different temperature during an exposure and can’t risk getting

them mixed up.

Every so often one of the fine wires on the back side of the measurement
holder will become unsoldered and the broken connection won't be noticeable
from a casual inspection. It's always a good idea to check these before using

one of the holders.

Once the resistances have been checked the spectra can be measured. More

often than not though, the samples are stored in LN; and measured at a later

date. There is a storage dewer in the lab that has baskets for holding the sam-
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ples. First, wind up the wires connecting the samples and the card connector
and use a piece of colored insulated wire to keep the wires from unwinding.
Record the color of the wire and the basket number you put it in for future
identification. Remember to keep filling the storage dewar because your sam-
ples will be ruined if the LN; level falls so low that your samples are exposed. If
you are going to measure your spectra right away, immerse your samples in one
of the small LN, dewars until you are ready to put them in LHe. Cooling the
samples in LN; first also saves a lot of LHe from boiling away. In case your resis-
tances are too low, exposing the samples to dry, high purity O; for a day or

longer may raise their resistances to satisfactory levels.

Measuring the resistances of your junctions can be a bitter moment of truth.
If you feel especially anxious about the outcome of an experiment, it may be
better to measure the junction resistances after you have finished preparing the
bell jar for the next experiment and already started pumping it down. This way,
you can either stand around gloating with self-satisfaction or express your frus-

tration by walking out of the lab in complete disgust.

11. Readying the Bell Jar for the Next Experiment

After you have fabricated a new set of junctions, the bell jar should be
prepared for the next experiment and pumped down to at least the 1075 Torr
range before you leave. Although you may feel finished, there is still a lot to do:
including preparing sample holders with clean slides and putting them in the
system, cleaning the removable Al evaporation window shield, polishing the glow
discharge protective shield, replenishing the Al and Pb sources, cleaning the
baseplate and performing any other preventive maintenance which might be

needed.



238

Quite a few of these things may be done during the experiment. There are
several steps which don't require constant attention, in particular, the anneal-
ing step after the temperature has stabilized, the ZBH exposure, any adsorbate
exposure done only at room temperature, and the Pb evaporation and subse-
quent cool-down. A lot of time can be saved by using these spare moments. To
make this feasible, duplicates of several of the parts mentioned above have been
expressly made. There are two complete sets of sample holders, two glow

discharge shields, and two Pyrex window shields.
A Slide Cleaning and Preparation

The slides used in the tunneling experiments are pre-cut to our sample
holder specifications and made of high-temperature resistant glass by Corning
Glass Inc. They are pre-cleaned and come wrapped in tissue paper. Even so,

they should still be cleaned before use.

The cleaning procedure is flexible but usually includes ultrasonic cleaning in
detergent, abundant rinsing in distilled H,0 and storage either in alcohol or dis-
tilled HzO0. It saves time to clean a number of slides all at once. Be sure not to
put your fingers on them when you are unwrapping them. Put them in a beaker
with water. 1 use an all-purpose liquid detergent designed for ultrasonic
cleaners. Use only a few drops because it is highly concentrated. Place the
beaker on the basket of the ultrasocnic, replenish the water so that the beaker is
fairly well immersed and turn on the power. Let it run for 30 min. or until you
are sick of the noise. Rinse the beaker and slides with copious amounts of tap
water and then distilled water. Repeat the ultrasonic cleaning in alcohol or dis-
tilled water without detergent. Rinse again generously and store either in dis-

tilled water or alcohol. Cover the beaker to protect the slides from dust.

If you use alcohol, wear gloves and avoid contact with your skin. Methanol is
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absorbed easily through the skin, damages nerves, and in very high exposures
leads to blindness because of optic nerve damage. You should really wear gloves

whenever you have extended exposure to any chemical.

Whenever you use the ultrasonic cleaner, always use the basket and never
place anything directly onto the bottom of the tank. This can damage or break
the ultrasonic cleaner very readily. To be repaired, the ultrasonic has to be
packed up and shipped to the manufacturer, which is not only costly but also

takes at least a month.

Once the slides have been cleaned, they can be used whenever needed. Before
mounting them in the sample holders, they have to be dried using a stream of
high purity N;. One of the manifold valves is connected to a hose and pipette
which are used to direct the Np stream. Open the N; cylinder and get the pipette
ready for use. Be sure to have a box or dish lined with a Kimwipe nearby so that
you can put the slides on a clean surface after they are dry. Grasp a slide with a
large pair of cleaned tweezers and direct a strong N; stream toward it until it is
thoroughly dry on both sides. Grasp it firmly or it will blow away. Dry three

slides. They are now ready to be mounted.
B. Mounting the Slides

Using the soldering iron in the fashion described in Part 10, place four In/Sn
solder beads on a freshly-dried, clean glass slide. They should be placed so that
they overlap with the Al strip to be evaporated. For accuracy, use a previously
made sample as a guide. The beads should be low, small and smooth-looking,
especially around the perimeter. After the four beads are applied, the slide can

be mounted in a sample holder.

This is easiest to do when the sample holder is held securely in place by the

small vise. Wiggle the slide into place with a pair of tweezers. Fasten the four
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wire connections to the slide by bending them into place with the soldering iron.
Make sure the connections are well made since these wires will provide the
electrical connection to the future samples. When the sample holder is held

properly in the vise, the banana-plug connector wires will bend to your left.
C. Mounting the Sample Holder

After the slides are soldered in place, the sample holders can be mounted in
the bell jar. The three sample holders are not equivalent; the electrical wires
are of different lengths. To tell them apart, they have either one, two, or three

pieces of transparent teflon tubing around cne of the wires.

Slide 1 should be mounted first, then 2 and finally 3. Position the sample
holder flush against the copper sﬁpport block and guide the wires over the arm
of the support. Fasten the holder in place with the Allen-head cap screws and
plug in the miniature gold-plated banana plugs to make the electrical connec-

tions.
D. Cleaning the Al Evaporation Window Shield

After the bell jar is brought up to atmospheric pressure and opened, the Al
evaporation window shield should be removed from in front of the evaporation
source box. There are two Pyrex shields, so one can be cleaned beforehand if

desired.

To remove the evaporated metal, simply clean the glass in the sink with a
scrub sponge and some soap. Rinse it well in water and then in acetone. Dry it
with Kimwipes and remove any smudges or fingerprints. Slide the glass into the
holder and position the teflon inserts in the base, which help the glass fit more
snugly. Before closing the bell jar, put the shield back in place. The stem of the
holder is wrapped with a piece of thin teflon sheet so that it fits snugly between

the copper arms of the current feedthroughs. This prevents it from contacting
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either the feedthroughs or the evaporation box and keeps it from rotating.

Please see Fig. 9.
E. Polishing the Glow Discharge Protective Shield

After each experiment, the protective shield of the glow discharge is removed
and polished. There is a duplicate shield which can be cleaned when the other

one is in use.

Loosen the wingnuts which clamp the shield in place and slide the shield out.
Be careful to not bump the electrode accidentally. Repositioning it can be time-
consuming. Polish the surface of the shield with fine-grade emery cloth, then
rinse and dry it carefully with acetone and Kimwipes. When you put it back in

the system, be certain to reproduce its position as nearly as you can.
F. Changing the Al Glow Discharge Electrode

After each experiment, you should check the Al glow discharge electrode for
signs of aging. Periodically, it needs to be replaced and it's better to do this
before it fails during an experiment. When it does fail, the Al rod suffers a sud-
den irreverisble form of metal fatigue. The end of it will droop, usually touching

the shield and causing the glow discharge to short out.

The lifetime of an electrode will depend on how much you use it and at what
voltage you run the discharge. Usually, an electrode will last through many
discharges. As it ages, the Al rod changes in appearance. The end of it will no
longer appear shiny. Instead, it will be dull and even slightly "grainy” in appear-

ance. In contrast to a new Al rod, it will also be very soft and easy to bend.

Before you remove an old electrode, carefully note its position because you

should duplicate this as exactly as possible. Any change in the position of the

electrode or the shield may cause the characteristics of the discharge to
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change. To help ensure the reproducibility of the oxidation, you need to be sys-

tematic in how you position these parts.

The electrode is held in place by a small machined copper piece as shown in
Fig. 6. On one end, the copper has a slotted receptacle which holds the Al rod
tightly in place. The other end is crimped onto copper wire. The old electrode
can be removed by pulling it out of the copper holder. Select a new electrode
from among the Al rods which are also used for the Al evaporation. It should be
very straight. You do not have to adjust its length, just force it into the copper
holder so that it is inserted firmly and securely. Put the glass insulation back
around the copper holder and position the new electrode as needed. Check its
alignment from both sides when the glow discharge protective shield is in place.
You might want to pump the systern down part way and check to see that the
new electrode is properly working before you go through all the pre-

experimental procedures. However, this is rarely, if ever, a problem.
G. Replenishing the Al and Pb Supplies

The evaporation sources need to be replenished after each experiment. How-
ever, if you are using a large tungsten boat for the Pb, it may need to be replen-

ished only every 2-3 experiments.

The Al metal source is an Al rod which is 99.99% pure. The rod is cut into
pieces approximately 3/4" long which are bent into horseshoe-shaped loops. An
easy way to do this is to grasp one of the Al pieces securely with one of the pairs
of square-nosed pliers found in the lab (the ones with the pink handle); then
push down against a hard surface (like a desk top), wrapping the wire around
the nose of the pliers. Four horseshoes are used each time. When a new

tungsten filament is to be used for the first time, hang one horseshoe over each

of the centermost filament loops. This will help ensure that the filament gets
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coated evenly by the aluminum. If the filament has been used previously, hang
two horseshoes on each of the two central loops. This helps the filament last
longer by slowing the accumulation of aluminum at the two ends of the filament.
Make sure that the horseshoes are not too long since this may cause the ends to
meilt together more easily than usual, and drop off rather than wet the filament.

Use a pair of tweezers to hang the Al rod horseshoes on the tungsten filament.

An extra Al evaporation source is always kept ready for an emergency. This is
on the far right-hand side of the evaporation source box. This extra source can
also be used for evaporating Mg or other metals to form supported catalysts. In
the meantime, it is used as an emergency aluminum backup source in case the
first evaporation attempt fails during an experiment. This third source is con-
nected when the copper arm on the source selection box is in the upper right-

hand corner.

The Pb metal source is Pb shot. A tungsten boat is used for the evaporation
and is refilled easily, but be careful to find and remove any shot which spills on

the baseplate. Either a large boat or a small boat may be used.
H. Replacing the Tungsten Evaporation Sources

The tungsten filaments need to be replaced frequently. As a filament is used,
aluminum alloys with the tungsten and accumulates on the ends of the filament
causing the tungsten to become very brittie. Eventually, the filament will break

from the embrittlement.

To replace an old filament, remove the lids and the evaporation box dividers.
Undo the Allen-head cap screws and slide the ends of the filament out from
underneath the washer. Put a new filament in position, hold it in place and

caretully t.ighten the screws trying to not cause any torque in the filament. If

it's too tight the filament will age quickly but it has to be tight enough to make a
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good electrical connection.

The Pb boats require changing much less often than the Al filaments and are
easier to replace. Use a large pair of scissors or metal cutters to trim the ends

of the boat to the correct length.
1. Regreasing the Gasket

The sealing gasket of the bell jar needs to be regreased with Dow Corning High
Vacuum Grease every 4-5 times that the bell jar is opened. Spread a small
amount of grease evenly around the gasket to form a thin, smooth film. Make
sure that the gasket is clean and free of lint or small chips of evaporated metal.

Remove any excess grease.
J. Cleaning the Baseplate

The baseplate should always be wiped thoroughly clean of dust and grease
before the bell jar is closed. Use acetone and Kimwipes, or lint-free cloths if

they are available.
K Final Points

As you prepare the bell jar for the next experiment, take the time to check
out the interior assemblage and make sure everything is in proper working
order, including the electrical connections and the rotary teedthrough. Notice
when the aluminum {oil coverings on the teflon wires and the bell jar shield need
replacing or if the evaporation source box has a heavy buildup of evaporated
metal. Although these tasks are not part of the routine maintenance pro-
cedures, making their examination a routine part of your bell jar preparation
can help save time and trouble later by avoiding repairs and ensuring the

smooth operation of the system during your experiment.
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Figure Captions

Figure 1: Schematic representation of the vacuum system used in preparing

IETS samples.
Figure 2: Diagram of the baseplate ports and feedthroughs.
Figure 3: Schematic representation of the manifold system.
Figure 4: Aredesigned sample holder.
Figure 5: The redesigned glow discharge apparatus.

Figure 8: A schematic of the OFHC copper and Teflon parts used in the glow

discharge apparatus.
Figure 7. The Zr(BH,), trap line.
Figure 8: The Zr(BH,), Hoke cylinder line.
Figure 9: The Pyrex shield used during the Al evaporation.
Figure 10: Schematic drawing of the heating panel.

Figure 11: Schematic drawing of the electrical circuits used to heat the IETS

samples and simultaneously monitor their temperatures.
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Table 1

Sample Heating Procedure

DVM setting R/V,_, Switch Ohms/SH switch
4 wire Vizg Ohms
2 wire R SH
DC volts R SH
DC volts Vi_g SH

initial resistance of Al strip
resistance of precision resistors
voltage drop across precision resistors

voltage drop across Al strip
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1. Introduction

One of the major developments for doing IETS in our laboratory has been the
creation of a computer program for plotting and labeling the spectra. The origi-
nal version of this program (1) has been edited and several new programs have
been written to allow for further data manipulation. These developments are

presented and described in this Appendix.

2. Program capabilities

In our research group, all IET spectral data were recorded using a PDP 11/10
computer. The need for high quality plots and the fact that the spectra are digi-
tally recorded provided the impetus for the development of IETSPLOT. This ori-
ginal program, as well as the prégrams described here, provides certain basic
functions necessary for the IETS data to be presented as a plot. These include:
(1) accessing the IETS file, (2) assigning an energy abscissa, (3) removing the
sloping background of the spectrum, (4) data smoothing, (5) accurately locating
the significant spectral features, and (6) printing the peak position adjacent to
the corresponding peak.

The original IETSPLOT accessed the 1623 Zeta plotter in the Dreyfus-NSF
Center for Theoretical Chemistry. The programs described here, however,

access the Versatec printer/plotter.

Each program is described individually below. Several changes have been
made to the original program to enhance its flexibility. These include adding
numerous prompts regarding background subtraction, the option to smooth or
not to smooth, and the option to view the data on a VT terminal before plotting.
The programs described here all use a least-squares fit of the baseline around
four reference points which may be selected when the program prompts for the

input. The least-squares fit was found to provide ‘flatter”" spectra — for the
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chemical systems studied in this thesis —than did the Tschebyshev routine used
in the original program. Another program described here can produce a plot
with up to ten ‘stacked’ spectra, which greatly facilitates any comparison

between spectral features.

3. Programs
A. Single Spectrum Plot

‘HENRY' produces a two-page plot of a single spectrum on the Versatec
plotter. The program framework is in HENRY FOR, the program plotting rou-
tines are in HPLOT.FOR, and the program subroutines are in HLIB.FOR, shown on
the following pages. An example of the program output is shown in Fig. 1. A full-

size spectrurn measures 17"x 11"

The program is composed of 'blocks’ to facilitate editing. After changes are
made to any of the three blocks, the block(s) must be Fortraned and then linked
before it can be run. To link the blocks, type SUBMIT LINKH for batch process-

ing or @ LINKH for interactive processing.

Each run produces a *.DAT file where * is the name of the input source card
(see below), a PARM.PLV and a VECTR1.PLV file. To print the plot on the Versa-
tec, type, MCR RASM (or VPLOT) and the directory will be searched for the most

recent .PLV files for plotting.

The program prompts for a number of parameters, many of which are self-
explanatory. The other source of input to the program is the ‘Input Source Data
Card’. This specifies which raw data files are to be used and provides the experi-
mental conditions under which the data were collected, including the tempera-
ture, exposure, oxidation time, oxidation voltage and current. For each raw

data file, the number of data points in the spectrum minus one, the voltages of
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the second datum point and the final datum point in the spectrum, and the

modulation voltage at which the spectrum was measured must also be entered.

As many as three files may be used to produce the plot. The first file is usu-
ally data recorded for the low energy portion of the spectrum, from 30 to 280
meV, and the second file corresponds to the high energy portion of the spec-
trum, from 250 to 500 meV. The third file may be used for a reference file, if

desired.

When the program is run, the ‘Input Source Data Card' is opened to acquire
information for the first file. An additional prompt here inquires whether the
file is upside down (UPSD), included because the spectra were often recorded
upside down. This must be corrected before the spectra can be plotted. Next,
the Processfile subroutine is called. This subroutine has a number of prompts
allowing the user to choose which points to use as references for the least-
squares fit of the baseline. Up to four points may be selected from regions in
the spectrum where no major peaks are known or expected to occur. This
simplifies the smoothing process greatly because the original IETSPLOT did not
prompt for the background subtraction reference points. They were instead
included in the program which meant that the program had to be edited to

change them, a time-consuming process.

A further improvement to the program is the ability to smooth or not smooth
the data. Previously, this was done automatically. The program now asks
whether smoothing is desired. It is also possible to plot files without any back-
ground subtraction. This is occasionally useful to see the shape of the back-
ground or if having trouble subtracting the background nicely. In this case, the
program asks how many least-squares fit iterations are desired. If O is entered,

no background subtraction will be done. The smoothing routine is the original
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9-point cubic used in IETSPLOT.

After the Processfile subroutine, the Peak data subroutine is called to find
the maximum and minimum peak heights. This subroutine also prints out the
maximum height and square deviation, as well as a warning if the baseline

seemns suspect.

The program then repeats this process for any second or third file. The next
section of the program scales the first and second files together so that a single
continuous plot is produced. The program asks the user to enter a relative scal-
ing factor to scale the maximum peak in the second file to the maximum peak
in the first file. The default value is 1.0. If the first two files overlap, an overlap
procedure is also required. The program allows the user to choose which file is
to be used in the overlap region of the spectrum. This is a big improvement over
the original version of the program which tried to match the two spectra so that
they overlapped perfectly. In most spectra, the overlap region turned out look-

ing somewhat sloppy.

It should be noted that the program actually allows for two ways to scale the
data. The first way is to use the UPSD prompt when the file is first read. In
addition to entering -1 for the case of an inverted file, one can alsc enter the
modulation voltage at which the file was recorded. This is the method used to
plot the data shown in this thesis. However, one can also scale the data by
entering the relative scaling factor mentioned above, calculated from the ratio

of the modulation voltages.

The two files may also be scaled using a third reference file, usually a quick
scan taken over the entire spectral range. However, this was found to be incon-
sistent in some cases depending on the resolution of the peak heights obtained

in the full-spectrum file. Ideally, the full spectrum should be measured using a
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small step size such as 0.5 meV to avoid the entire problem of relative scaling.

With the new measuring system available in our laboratory, this problem is

solved (2).

After scaling the files, the subroutine Hscale is called to reduce the height of
the peaks to fit on the plotter. Now the data are ready to be plotted. First, the
subroutine Labelpos is called to provide a label positioning guide and assign a y-
axis location to every x-axis position and establish a center position for the
labels corresponding to the x-axis positions. The subroutine Labov then checks

the overlap between adjacent labels and shifts the positions if necessary.

Next, the subroutine Plotdata is called. It is located in the third "block" of the
single spectrum program, HPLOT.FOR. It contains the plotting instructions for
the graph and also incorporates the option to do a VT132 Terminal plot before
trying to print the data. The terminal plotting option is a great improvement to
the original program. A great deal of time is saved by inspecting the graph
before it is plotted to make sure the background subtraction, relative scaling,
smoothing and peak positions are all in order. The terminal plot can be done
only on the VT132 and some VT100 terminals. The program asks the user if a
terminal plot is desired and, if so, to type in 1, if a terminal plot is not desired,
the data are plotted on the Versatec. The program next plots the axis twice to

make it darker, then the experimental parameters.

The last section of the program produces a file of the peak positions and peak
heights both for the reference file, if used, and for the plotted data. This is a
very useful improvement to the program because each peak is assigned a y-axis
value which can be used to compare the magnitudes of certain spectral features
from plot to plot. This is helpful in comparing data from different experiments

even though the theory and significance of the peak heights are not well under-
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stood in IETS (3). An example of a printout file is shown in Fig. 2. The program
also ask the user if sensitivities were used for the UPSD's, and this information

is shown in the resulting printout.
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HENRY.FOR
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SecothSptouticindatisysys)

» b w8 o

RE FIT CF RASELIN
ELINE SL! RACTION
tit ite

2; E (CLADRATIC FIT)
urber cf Lseo

e

o @

™

ratiens??

[glx12}
F
m
-
AeIm® WA

¢
.
“
]

B0
-0
B wmd O

o. Q) then
o taselire subtreacticn on this flle.

LR

i
1

on

Qush 048s 824
SAMM mmemf™ )

[ X
»
- @

PLI)=X(1))/VINC+1.0)))

4
1700 (
&

-1 N
G V&L
- . —

nts (
P(3),
gr.CP
es 2r¢
P(3),

& asoped ‘a

L]
¢
1 }

pelesetearstxecoconuts®xa’

d4PyCeSe2)
vle? bears=t,P
oconutse?,
ten(ncataoysol't'c)

e
N Y VALUES TO Y ARRAY
y
e

?
)
(
d
3
3

s A PP e pbdaw
st D ol WM DB

BOA=e B~ o O
NG rdargonC) i rd

2
€
n
2
S
.

Ll o d
LR X P la X X X L J

9
1
S
»
-
(
A
M
¢
-
T
3
[4

LE DT RUE {2 ]

s
L 4
]
9
2
L]
1
1
t
.
! L4

n
1 v
£ Y
* -
* t
t

N
)
)
)
c
)
»
]

(ala A lalzh B 3 LolvB B 1
AN VORIV VOYINIII
L R i e i - L L 21 B
PYNL Y iy G I - T
Vb ded dAddASdO O b

<3
o

-1;ndata

-
-

<
D @t (T

-1

“201C Coanti
1] Return
End

?‘.‘Q‘O.."“.".OO“OO‘Q 0800845234908 209029398 09820080 Res2RsVENRS
[

Subreutine oeokeatatreatao:-y-vl.vf.virc.hwarsSezo
e XO0Solixnsersiaevtecinerveerir)

Intecer ndata.nuw,rsle
Civersior ijxcs(1CO0)yivx
Ceoeuble preclisicn xestlC

83 ti1cc)
Coubte orecisicn vircoy(g
v
ni
9

xoeeak(1C0)ex(2C1C)
Qlehwaxehrin

Coubfe orecisicn viysvf, fnerveerrir,eSe?

Calt Paxwln(lvndataoy'h
Print :.'Sc. deve= ",Se2

Qg T

irt ¢,'Ceviaticr consideratis, Baseline w2y be suspect,’

4

[}

¥ e-ei|ce(neataozq:.v:ceak.lvrceak.run)

1 scrteotk(vz:e: elvyeeal s rum DS iXDSINS iAoy
incevieSe2.hvwax)
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1998988298088 3 009088000040 409R 4B LR UBAVIRRLVRLRLIBUTETETINIERLITITINE

e

C SUPSCYUTINE FCR NETTING PEAK FEICHTS INTC A FILE
Subreutine ceakfile(yshoostenpeevcsur,axtiresvror ns i ixcs,
s YePwrwllyvyossuclouc2esensecatfiloalogatfilecattil c)

c

Civersior ixes(1C0)

Reg! tewcoexpsyrsoxtiresvrodsudloun2
ntecer nslg.ﬂdatazvsens
Rarscters®? ahcaecatfilelec2ttile2ycat flle!
c Couble orecisicn cyy{2C1C)ohnaxClyx0c(10C)sfuhm
Coen{nnawenyatrocyunit=l7ytyce=’nev*)
¥eite (1749210) yatoo
5210 Forvat(l?x'OIO)
Nrite (17.9;20) tglcoexvsurqcxtlwe
§220 Formatfl2x, Tewu- 1Ce24? Excoes®®,01Ce29" Oxide time=*y,¢710.2)
tHrite (17+6230)
622C Formet(l1%x,'x0s y y/ymax1?)
¢
Co 8€2¢ kelersio
fxmfres(h) ! This agives index value of xos(k)
srfte (17+6240) :ns(h)‘B.CESllov(leoytlx)l wax0l
9240 Fore3at(12x49710.2° '971Ca2.° *9t10.6)
eee8 CONTINLE
Nrite (;7:9250!
G2¢0 Forwet( )
brite (17,6270) ugl
G270 Forwmat{12xy'Flle 1 wes mutticliec by a3 factor of'+f10,2)
I1ftuc? .ec, 0) ther
write (17,527%)
9278 E'forvat(IZxo'There was r¢ seconc¢ file,*)
se
urite 117,9geei ug?
§2€80 c ;g;votll?xg File 2 by a facter of *,110.2)
n
It{sens . ne, 0) then
weite (17,9225) sbs(udl1*100)
L T44] format{12xe'Sersitivity of file 1 (n¥) =*,11C,.2)
ft{uc2 one, é) ther
urite (17,926C) #bs(ud2¢1CC)
9290 ;?;wat(le"Sensltlvlty of file 2 (nVv) =%,110,2)
en
Endi?
Wrfte (1746263) catfitel
G292 Ferwat{l2xne’First file was ?4230)
brite €1746266) catftile2
§26¢ Formatf12x,'Secona fife wss *y23C)
veite (1749300 catfiled
S3C0 Forwatf{l2xy’Reference file wes *4220)
Nrite (17.32¢3) ¢
93C3 Forwet(12x+'Scalinc factcr y2 = cty2; c = 93110,.6)
G2¢C Closelunit=17)
Reture
End

c
1992490000480 0230800800000 R008840 0009904000408 0 NSNSt RedRYtRte

feast scusre fit reoutires - Isqfit, fletten

subrcutine Isofit (Dy ySe e he €0 Se2)
geraweters are: c(®) pecinrire cf sawple points
ysS(*) swcothed cata

LL LG X K

retyurns: a4 to
egsuat
intecer c(100),
double precisior ys
sier

double ereci 3 bq c. carstlen, cyeen
cdeyble orecisior cevy Sdevy €24 Se2, Sys

veriaties used te salve for a« by ¢
couble orecisicn sCy sly $2¢ $?¢ sé, tCy tly t2,
couble orecisicn s21¢ S31e $324 242, tCCo t1ll, t2
double precision $13,5021523+5124+5249524,4813,t02¢

c now inftislize EVERYTHING

€ = the coeffjcierts to fitted caratolic
for of fore a ¢ to ¢ CQa2
is {9 *9 frit

aon

» N

10+ s2¢€C
+ al OC)
Zh
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geyn(
Sdev={
Se2=¢
e2=0

Sys=(

do 9SG (=1},

faeirtiatll)

queenrs=g(j) -
paratliesnasdidgueensc? (quenanss?
devuyslicl=paratien
SdeveSceyegey

e2udeyte?

Ce2wsSeZ4e?

Svys=Syseys(ia)

orirt s4jgsys(ialsnarabierscey

Eegt::usltj 11189 ,.5
Co2u(Se - '3 H
Brint 9,% vy deve',Scev/js"* !';cg::g'g;;;aticn
erint #,%Taes',tCotlet2
grint #,%°Couids®ys0e21y824352ys4
itlits(adsCoves]lecds?-t0) ,qe. ALs({.COCI*LC)) @ote 2200
jflatsiatglotegectds?=t]l) ,ge, ALsS(,CCC1*t1)) ecoto 7200
iftAts(neg2+p8s3ecisé=t2) ,qe, MES(,CCC1l?t2)) aoto 2200
return

cors

erint 9,%c¢ces,.0 (sctit eors de rot matchr’
orint ¢,%koth sides of ecuaticn:?®

erint ¢, sssQetssleceds?,

crint 9, aoglebesecesd, tl

grint &, atg2epsgIecicse, t2

9g tc 8201

end

0080800488009 9390¢899884028984402000003000800%0S

UBPCUTINE FLATTENINDATAYS,APPLES BEARS,CCCONLTSY
oubfe grecision YS(2€10)

ouble precision sepliess Bearss cocoruts, parablem, ai
ntecer o ncata

uttract teast scusre fit cf teseline frow YS

? %ch I=sl NDATA

-

ARABLEMuAPPLES*REIRSSdT+CCCONUTS#{1%42,.0)
S(T)=YS(TI)=PARABLEM

ONTINLE

ETUeN

ND

M BV VACIN- O IN
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CUTINE FILEREACINCATSqcatfilesYyfile)
GFR#2 MyIHyIL

[Ty ]

1f(ue o»c, =G9G) tter
oecnlnzve-catfileotvoet'(Lt'ourit-l’)
da £7F j=1,47
rena(13,%) h
[ 34 Contirue
do £7C imly.ncata
resc(l13,¢) |
rescd{1249) h
vii) = PR2921& o+ |

e EZO00»

Q~MN3 MmN AMREND

dwD e DIAARINS

] amtd matdw 4N
Trdrd §

AW WT VDO AN By

r 3 3

1Cc0
NO% CLCSE CUT INPUT FILE
CLOSE(UN]T=¢)

RETUEN
ENC

m N0

SUBROUYINE ABSCISSI(NCATAGVE YFo3,VINCyvnac)
Coubte precision vlnc;!(?CIO)ovavf

Couble orecision stif ' den't reslly need double crecision
Intecer rcata

¢% NOW GENERITE ASSCISSA #»

4% VINC= mv/poirt
ATA=1))

O3IY

X
110 ¢

v reed to calculate the rrocer erergy shift (in rev)
ecrrect Pt enercy 020 4 4,2 X fcr woculation effects
rtley € Varswa Otys Rev 8 1’ +291C (1976)
" edcltlono F&PP value Is cetérrined for modulation:
FWira 1,4G%YprCD c.-o»
{see Kirtley®s review article)
% VYNCD weV pros **
. «5 < wvwoc/céeita ¢ 2,

SHIFTe =1,414%YNC0?,14 » 1,12
1 ¢ veod € 2 weV

¢a 167 §i=1l,ndata
x€(§) = x(}) = shift
continue

RETURN
ENC

Nne NN ONn Ao

0 e
o
~
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SYBRCUTINE FAKESPOCTHINDATELYLYS)
foubfe orecision y{2C1Cl.ys{2Cl0)

A fake swooth follcws (ro smoothing).

¢o 114 | = lendsta
s(1) = y(1)

Return

End

SUPPCUTINE SPOCTESPTCURICINDATALY.YS)
fouble precision y(2C10),ys{2C10)
The real smocthirec rcutine is telos,

Alse see PLIB.FCR or IETSFCUR.FCR for a 9 rt swocth.
SPOCTH CATA (SPT CULTIC/CUADRATIC)

€ T=25NCATA=2
;;I;;(I-z)OY(IOZ)lolzt(vqx-ly.y(l,l,,

(2
-~

Y= Y(NCATA=T41)

XAMNACKD $:A0

4 Emm Lrdn
(% T BN )
40D~ NId 350N
ZEW RPN

SURRCUTINE FSCALE(FDATAq’oYoV'EGYNoNVPEHIN.YUN'IN.Y'!N.
£ YMAY,yscale)

Coudle nrecision y(2C1C)»x(2C1C)

foguhle precision vtecingavorrinyyunpirsyrinsyraxesyscale
we wert to slicrtiy reduce tc sczle so everytino fits
gletter y=scaie: y=urits per |rct

INm 1, 20(YNAX=YPFIN)/YSCALE

- SYMIN

: " elTe 0e0) YFINm 1,1%YPIN/.92

PARAPETERS IMTC £#RRAYS



€
¢
SUBROUTINE LARELPOS(YAD ,XPS4ASIf.
€ YUNPINSYWINGMVPERTN4VRECINWVTIZVINC)
Ccuble precisiocnr YER{2C1C)SECPAY (10}
Coubte orecjisior XPS(100),YPSI1CCleAPYLRALI10) .
Coubte orecision yunc|no‘ain.nvoerin.vcegin.vi.v|nc
Couble precisicnr xcl(100)syoi(1CCYeanpvec(10C)
Couble precisicn xsp2cesyspacesnceakynsectorsariroos
E reed corvors fcr caltirg LABCY
CCVECN JLAPARR/XPL ,YPLLAFPYEC
c COPMCN /LABCAT/XSPACE.YSFACE
c
. Itinsic .ec. 0.C) gcto 377
g *%  LABEL PCSITIOMING PCUTINE o2
¢ ' XEPACE= x=lenctr of latel(irches)
XSPACE= 5
c YSPICEs y=lencth ¢f fatel(inches)
YSPACE= ,1F
c
¢ )
g NCuY ASSIGN Y LCCATICN TC ¥YPS

€N 29C T= 1,KSIG ’
COSRO3408 8000000049844 000700008300893090900 9

%0 YPS(!’- yae( ({XPS{TI)=VII/VIKC 1))

INT
C
c ESTHIRLISH CENTED PCSITICN FOR L JREL CORRESP, TO ¥YPS
g NCTE: WQRK M CI'ECT PLCTTER UNITSUINCHES)
o set irtis! label «5 jnehes cver peak
€0 2¢f 1= 1,NSIG
YPL{T)s (YPS{I)=YRIN]}/YUNPIN & &
YPL{I%s (¥YPS{I)=VBECIN)/PVYPERIN
¢ 260 CONTINUE
g o8 NCW CC LAPELS CVYERLAP SPECTRUM *»
E ' se con shift latel yp to ¢= 2 sectors(=,S5xspace)
C tiaure out tof gcints in sector=-length(si=, 25xspace)
KSECTNO= INT (.250 PACESPVPERIR/VINC :
CC ACC XK= 24NSIG
o now scar sectors(8) to det, may heifght
£ 27C J= 1,8
c PESET SECrAX(J)

SECMIXLI)e =1E+6
¢ cel:ulate peak subscrict
NPEANe (XPS(X)=YI)/VINC +1
N 27C Y= NPE) ko(J-s)tNSEFTODoNPEAKO(J-Q)‘NSECYUQ
R L N N I L L IR I
27C SECMAY({J)= MAX(SECPAX(J),.YBR(T))

C
g now det, rexinuw cver label region ang ~in cosibe. dist.
AMINSGCS o 1E+6
€O 2€8C J= 1,5
APXLPL(J )= HAX(SECPA!(J).SECPAX(Jol).SECPAX(JoZ).SECHAX(Jo’))
¢ yse NLARWIN (ater tg decide fsectors to shif
TFCAPIRPCS oCTo. AMYLBL(J)) NLEPINs J
200 AMINGCSs WMIN(APINPOSAMXLELIJ))
IWBVEC (K )= CAMYLEBL(3) - YMIN)/YURPIN
c AMINEBLCS= (APINPCS=YNMIN)/YUNPIN
E raow chteck tc see if injtial clacerent ok
JFLAWPVYELN (X)) LT, YPLI¥)=,12%) GC TC 23CO
C ¢4 LACEL ticckira plot o8
(o assicn default ocsition |f we car®t aain by shift
YPL(XY)s APPVEC(K ]+, 2% .
c if _tate! can be nut less than 1,.%5in, 2bove crig peaks Oeke
IECANOVEC(N) LT, YPLIK)+1,0) THEN
YPL(K)= AMPVECI(K]) ¢+ .25 .
c else since we wust weve jt ur rore than 1,5irey will a stift
o heip us trat nuchycthervise use default shitt above ok,
ELSE IF(AFPVECIX )=R2MINPDS (6T, o2%) YFE
c es we cafr dv shittin
YPL(N)m cr!NPO§ + L,12%
XPL(W)m XYPL(K) & (NLOMIN=2)®W SECWtO*VINCIPVPE'!"
AWOVEC (X )s ANMINPCS
ENT }F
¢ 200 CCNTINLE
% *8. MUST GET RID CF LADEL OVERLAP s#
CO 250 Tw 24NSIG
CALL LABDV(I-I-I)
¢ 35C CONTINLE

RETYN
3177 Ene
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SUPPCUTINE LARCV(I,J)
CHECXS FOO CVEPLAP RETHEEN THC LAREL aLCCKS JoK AND SKIFTS
ColicC? Plaﬂnnu/vvg.usu,zrﬂsec
Cevwewn JLIATAT/XSPACEYSPACE
Couble precjsicn xc1(100),yol(1CCleavrnvec(l10C)lexsoacesyspace
Cout te orecisicn clesrance
CLEIS"CE'-OEOGOC
ICCAOCIYS) (1)=XPL{J)) .GV XSPICESCLEAPANCE) PETUON
!‘(A'Q!YPk(}’-YPL(J)’ oGT, YSOACCHLCLEARANCE) QPETUON
YPLITIs ¥ alghlevlgﬁoC%?::ANCE.YP%(g)TY:L(J): .
hee o see s d
IECYSLUTY oGT. SPPVER(T) o .13-,)':Eff§§' : : . °°h:'°" © spectrun
en by dets ate u d
YPL(T)= YSL(J) +YSPACESCLEARANCE rust te shifted ue
pETUSN
ENC .
SUBRPCUTINE DERIVSPT(NCATA,LYS,YC)
Ccuble trecisicn YS(2C10),Y0(2C1C)
(34331 TAKE ISY CERIV(9PTY CUBIC/CUARTIC)

00 14C T=%,NDA
YO(I )= (!é*(YS(I-«)-YS(IOA)) 1429 (YS(1=3)=YS(T43}))
1038 (YS{1=2)=YS(I42))=1268(YS(1=1)=YS(I+1)) )/118R,
CONTINLE
RETURN
END

fird res! masxivur and res! winivum of an arrav of data

by finear search, 2lso returns KFFAY ang FRIN (’ .

suybreytire -sxwin (Nyndatasycatahrinsheax)
intecer rc2tay N

ceutle neecision xcats(ZClC).xwa:o:wlnqxval
deuble nrecisicr ydata(2C10)ebrraxshrineyval

{t( rents Jle, 1 ) a0 to 5%0C
Peax = ycata(N)

hein = yagata(N}

xeax = N

ncsta
)

[+ 3
-~

yv i

- =)

hwax ) tten

LK
43 3€a U B
e X 11

hein ) then

- [ ]
= § Bamard

BB DU B



281

[ A ]

SURPFrUTINE PEAXLCCH
Civersior ivsoeak(]
Cecuhle orecision xt
Ceubie erecisticen yt

:; WYOP (X VYPEAK s ivaDEak JNUY)

(]

(2
YoV TC LOCATE Prax

CE®

Y00

L 1

-~y

xpnesk (1CClyxreak
wyci201C)

Iy
Odev
c1¢)

CSITICNES
£E10CT THXKE {
CALL CEDIVOPT(N €
WCH LECATE AT
L}

apY CUFIC/CUARYIC)

Y IO

.
C
F
TV
' YC)

yabher ceurter

7tYCt1)=YC(1=1))
sit peaks!

[ ]
>
(1]

vrgeskinur )= xceak

NECEFr 200DCYIMATE INCEY POS
orirt f,%ceaks! ,,, One
orirt ¢yytr(i=2)yytr(i

I1tlytr(i=1}) ,ot, ytr(i=2
fvveeski{rym)s j=
an tec 14%

ene i

Te(vrril) ,ot, vetrli=2)) ther
lvvo-aﬁ( ur)s i
on te 14‘

encift

{vxoent{ryn)nij-2 .

anan
-y
IQ‘ M

ge. ybr(i)) ther

4% centirgs
Ea;g‘:c'ceak-',ybr(lvxneak(ru'))
M .
15¢ SFYU'h
ENC

Qe

treutire sertreah{vroeakyivynesh snuRsxDSyiXDSeNSiaeyy
virr.‘ivS!th'i!’

tescer jvensi

wercionr lxcs(lCO)-lvroeak(lCC)

uble orecisicon y(2C10)

ubhle precision vyceak(10C)eres(100)

uble orecisicr vincovisSe2ohnas

AESUPE @ASELINE 1S FL2Y, FPaY IS FEIGFT CF waxIPUM PEAK,
SE? IS SCUARE CEVIZTICH,

fne 9,95¢20,5¢2
40 = lerur

(iv) .Ot. 2.,0¢C0*%e2) 0o tec z4C
= nsic 1
$, 'rsle-'qulc
lel- vypeak(i)
fc)sivxpgesk(i) ! 2prrox irdex valuye of ceak

<
ue
,8UM £ KSIC?
"RL’QN SIC

Su

In
Ci
Ce
Co
Co

3000

11-n

~N
>
o
CEIIrN o ang

LR T e ¥

M BVOVVeed O Y gt
3

FREEREREE-LIEFRYX-L

At eI TN ram §



282

HPLOT.FOR



L Xgls]

~

annaaana

[glzli Xa]

[

aaamnmnsaaa

283

fytreytine olotdttz(rdaczv:-‘-nsiq.x:Sgyscaleyvf.filenwvvwcu)
CHAP LCTER $(9) FILENPyplott|lre2s
Civension iframell)
Cirercion xsing(2C1C)eysinat2€10)
Coubte erecisicn xi(ZCIOva(2C1C)oxos(loc)9xnl(100)
Ccuble nrecision y{2C1G) ey Jj(2C10)9ypi(1C0)sanover (109}
Couble precisicn lsez!e'wvuerln'vbeoinyvfovmed.srifto whe
CCMMCN JLARARD /XPL,YPL AMPVECL

NEED SINCLE PRECISICN YSING BHEN PLOTTTING
Ceo ‘7 l-lsncataoz

ysirell)aSNGL{y(i))

xstra(i)eSNGL{X(]))

Cont frye

crint 34% and y scaling oareweters,es’
crint ‘onslno(rdat101,qxslnc(n:ata*g;
*

erint ®yysino{rcatael),ysira(ncata

PLIY OX (VYT122) TERFINLL?
:ess!tle only on vt132%s and some vtl00*s
nt 4,'91gt on tervinaf? yes = 1°¢
d %,jvtplot
fetetct .ne, 1) scto %8
t v'clct(ndata.r:Onc,ysina.ﬂoc.oyfllenn!
nt 94,%%e3c¢y? TYyope snythiro,*
ad *,tlzsgh
ontinue

NCY PLCT DATA
'01!(00090

e
el1ot{0s209Ce%9~2)
;lnet:slng'vsing'ndetaq
]

[2X B Tal N & ]
SIU-a9
- g Y -

1+Co
inetxsing, sinc.ndataol'c
tteg the line tuice! ner h

*¢ KOW PLCT CUT LARELS

vheair = x({nrdatas+l) ? this was put here in MHSCALE
¢ trie toc

cft Cace. shift lt to defualt
TE LR, YPL(T) LY «CY YPL(Y
Ltin --JO,IPSII)'E c&=~ﬂ.c.c.0)
ota v

r!

g peek labels all seot!?

on {f ostt
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hi- KXy le T
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0 amenme (™ =
AII 44

e X, ]
Yo ¢ MR ™y
- ea Ow
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[ ]

erint 2,7kALTY 1In cletdetz: returning to henry! ¢
crint ¢,'Crter ary runrter?! ¢

reacd fybfasch

eETyUON

END
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B. Multi-Plot Program

'JAMES’ produces a graph of up to 10 stacked plots, or up to four pages on
the Versatec. The program is organized in the same way as the single spectrum
program, that is, the program framework is in JAMES.FOR, the program subrou-
tines are in JLIB.FOR, and the program plotting routines are in JPLOT.FOR.
These are shown on the following pages. Figure 3 shows an example of a typical

plot.

JAMES processes the data exactly as HENRY does and uses the same format
for the ‘Input Source Data Card’. The prompts are nearly the same as in HENRY.
However, there is no VTPLOT option. Completion of each run produces the usual
PLV files but no .DAT file because no data are saved. The last prompt in the pro-
gram is used to specify the vertical distance between the current plot and the

next one.
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JAMES . FOR
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YO THE LEFT CF THE SECCNO FYLE ENTEDELS
THE THIBC FILE, IF ENTERED, IS THE REFERENCE.

GEY FATA FROP FIRST FILE
( rears stoct rur):®

print Oc'Frter UPSC (O w»w
read *yuc ! uee -1 fife upsice cown
if(utl.'e.C) ther ! ar else uce cculd = sensitivity

nostal =
agc te GGGG

end ¢

Cal! nrocesstilelncatalovilevflovleyloudloitlodatfilel,

e Se2levinclelyvwocl)

Call cemkcata(rdataloyxleylovilevtlovirelshwaxl,Sa2l,

e xoslelxeslonsiclovteoin,nrvoerir)
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CATs FCR SECC
LT 'Enter uest

syc2
2e2c,C) then

NC FILE
(0 wears roe secord file)s?

end
Calt aroe!ssfl|¢(nﬂlt329vlZu'f?v!20y29062’iﬂZodatf!IeZv
e Se22.vinc2e2+vwoc?

Calt! ceskcata(ndata2yx2.y24vi2ovt2yvinc2shwax2,S2e22,

e x0s2cines2ynsig2yvtecirenvrerir)

c GEY CATA FOR THIRD FILE
4CCC crint 9, 'Entcr UPST (C resns noc third fitel):?
read ¢ u¢
.f‘“d’.GCQO, then
ndatal = 0
eo te 17
eng
Call ovocesstile(ncdatadevideveTendoyd udlsicIedatfiteld,
o Sel2l.vinc3yIyvroc)
Call reskcata(rdata2ex3yy2evidevtIsvirc3ohaax?eSe23,
s« x0s3einos3ensiglsvteginenveerir)

EINN MY PEAK FEIGEY IN 1ST £ 2ND

HALVFS COF F E 3, RESPECTIVELY. Fope they 2ren’t in overliap
-!rt(neat.’l

" -::wlnthneoy’,rwlnchra-’li

1t vaxnir(rdel,ncataldsy2shninestrax2)

]

-

00

EFAULY VALUE CF RELATIVE SCALING FCLLCWS:
h-a:!llhlax-l

nt feCe f,cC

Sl Ft' PELATIVE SCALING (C)

ndsta? .e0, C) ¢o to 14C - ¢ no scaling neeced
nt ¢,'%elative scalina factor? (0 means default)?
d Aesir
c

a o0

ecret ¢ patic ef hwax2/braxl
rel Jre, CoC) then

]

A

{

i

n

{

[
g0 to 1%

alt

(cC se0ce Co0) ther
int 8,%cC=0 ¢

[
e
e
t
”
(]

o

! def2ult if ro reterernce file is 1.C

1

]

4 -l:llhv 22 ! gefault Is reference file sealtirg
% o, c-ccthw:xllhvl:2~'.cc."'.hwa:l"/'vh'avzv'-'vc
rye

t $,%= %,¢c
f

a

[{

]

<

[alal-N o1 3
»

€ Y2 wRT Y)Y
fslendsts?
-y

¥=y2Cid)ec
e

»
(o]
~
O

ASSIGM YFy XF T0 ENRTIPE SPECTOLS

lalalelglo

+EGE NC *ECCNU FILE
2 o0, 0)
l-lqneatal

x1¢i)

y1{1)

uatal
lrcl

SE ¥
Ifti{ndrts
do 148§
20
145 AR A
rdataf
viref=
aC to
fndg If
CASE WbECRE
NVEOLAP PO

t

q

]

™

1
CASE
(ngs
x?{
24
t

1

-
-
v
1

[alsls]

S CVEELA®

Wil need ir crcerinag wcs below

CVEDLA® RECICH
for cveriag region??®
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150 certirue
do 1S j=lendata?
xtincatal-covipl+ilex2{i)
yt(nrcatal=cvipleiluy2(i)d
15¢ contirye :
rdataf-rcataIOnd:taZ ovipl
c o=Trtii{xlincatal-cvipl)=x1(1))/virclel.5)
ge=rdztzl-ovirl
se
do 170 I=lyncatal
y?{i)=xll})
17¢C ytild)eyl(j)
do 170 islyndatal-ovio2
xttrcatal+i)=x2(ovipz+i)
18C yfincataleidmy2(ovivZe+i)
rdatafsncatalencataZe-ovic?
c asTnt{ixl(ncatal)l=x1(1))/vinclel,S~cvic2)
e g-:gat:l-ovinz ! 8 effective points ir file 1
n
c Frint 8,%=%,0
d Print *,%nadataf=’,rcdataf
vire f-lvlnc10vinc2112
o THE VALUE APOVE FCR VINCF IS CNLY APPRCXIMATE
C BUY CNES NCT AFFECT PEAK ASSIGAPENTS
C ALSO NATE q 7 1T WILL PE NEECET PELQOY
c NEED TC CRCER XPS (PEAK PCSITICNS)
183 Co 144 i=lynsicl
xnsl{iY=xesit}])
trestitmixesl(i)
144 Contirye
Itindsta? .ea. C) go to 245
Co 24% jelensio?
xpsi{nsiele+jli=xps2(])
ixesinsigle ji=ixgsl2(jleo ! see the o!
245 Continue .
¢ nsiog"nsiglensic?
c ENTIGE SPECTRUP IN xf{j) ANC yt(])
c
c
C NEEL YO SCALE GRAPH TC PLCYTER SIZE
Catll Paxmin(londatafyyfoetmintermaxf)
Cat F§c?!e(ndataquf.yfvvheglr.wveer'n,yunuin.o.ocoo.hmaxf,
e« yScate
H now v{ndatarsllesyteginy xirdatafe)=rvperinge arag
H yi{rdatatslinl,Cl{tase vel, cf v}y and y(ngatats2imyunoir(#® of
H units cer pictter inch)
4
142 Cortinrye
c
c rcw piet cut csta
Ca"lla?elggs(yf.!cs.nsico|xns.vnrc|rqhwinf.nvc-rcn.vbec|nq
v eV EIPrC
¢ Calt plotecata(ncdatafexfeyfonsicoxrseyscaleyvf2ytramesvrocl)
¢
c stift cricin to cict exp param
Call plot(=1,754E,34-2)
CaLL SYWMOCL (CaCyCaCoolesTHEAPDS 245C,C07)
CALL NUMRER(C,CoCefalral sEYPSURLCC,0,2)
CALL SYMPCYL (,29CaCeooalo7HIEPP = ,C(,C47)
CALL NUMOEDR(,246e%.19010 TEWP,QC,(Co(C)
CALL SYVMACL(a49CeCool +7HCXID = 4SC.Ce?)
CALL NUMCEQ(ohybe®elyoalelXTIPELGLLCo()
c naw olot late!
J= LEN(frawe)
0C 67C =144
Ichavrfranel(l) = ICHAQ(fnare(12:7)}
670 CALL SYMOCL (,boel®{T=1)g,sl0TctartramesSCsC,C)
call cliot{1,754=8,24~2)
c reset cricivr
¢
c POPCHPY, PCPE PLCTS?
erint ¢4°'Raseline shift ¢t next clet (C weans cuit)s?
read tyworiots
{f{rerlots .0, C.C) co to 7ES
ftCictt ,ct, 1C)} trer
erirt $,%crcet ity Datle vecy novabrt to go tore?
o te 7!9
end if
c sta = 0 row reinftiatize sowe cf the rore iroortant constants
rsfa =
rstel = C
rsfe?2 = ¢
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JLIB.FOR
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qtter(ncatasys.a-t-c)

-

N Y VALUES TO Y ARRAY
i=loncdata

syelj)

Continue

e iR R R I-8 X 1,
T EE I SEXERR Jul i

€ T wmrdnal™  rdrded s amwe LD O
M= B R ZR2E4=3] OV

[ =]
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@O edwr ol b od 4
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Return
Era
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D

Cytrreytine veakcatz{rcatzeney eviovfovircshraxeSe2,
e XCSeiXectorsiasvtecirorveerir)
Tntecer re2tacsrumyrsic
Cimarsine ixes(1C0)sivxneek{1CC)
roub" nrecision xes(1N0),vyeenk(1C0N)4x(201C)
feutte crecisicr vircev{zClC)ebrresuohnir
Coutle precisicn vn.vf.vhecvr,wvterur.SeZ
Calt '-x'lrtl.ncata.yc wig.hwzx)

Frint *q'Sc. dev.r *4Se24' hmay= ‘.hpax

Srint %.'Sc. dev,/Prays ;522 /hr=y

1f(Se? .e'o o1Ctrmex) then . '
pr;ﬂt +'neviaticr consiceratie, Beseline msy be suspect,

peakice(ndatasyexesvapeakyivrceak,nur)

att
att scrtceak(yxpeake ivypeak sNUMXNSixDSIFSicsys
vircevieSe2shrax)

Seturn

Erc .
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teast scuare fit rcLtires = Isqfity fiatten

subrcutine Isqfit (e ySe as he Ccy Se2)
Farsmeters are: cl(?) heginning ¢f sawple points
ys{*) srocthed cata

returns: a4 ty ¢ = the coefficients te fitted parabolic
scuysticr cf fecrn_ 2 + bn 4 coa?2
intecer cl1C0)y iy {- ey jrit
ccubie precisicen ys{2010)
couhim orecisior ay by cy Darablens cueer
coubble nrecision ceve Scevy €29y Se2y Sys

varisties Lsed tc ctolve for ae by ¢
ceutle nrocisicen sCe Sle $24 s24 sk
deubh i precision s2l¢ S31, §224 €42
couble precisicn $12¢8C2¢5224812452

row irjtialize EVERYTHING

L]
04
4y

j=C
a=(
t=C
cuC
s0=0,0
gs1=C,C
S?SC.C
sAmC,l
s4sC,C
tC=C.C
ti=C.l
t2=C,."
cet corstants for ecuaticrns:?
2(s0) ¢+ tlel) ¢ c(<2) = ¢t0
8(sl) + £(<2) ¢ c{s2) = t]
2(s2) 4 t(s2) + c(s4) = ¢t2
frit = =1
irecr = 16
go ACTT | = 1.4
ihteo = ol})
if Cinit ,eac. C) oc to ACEC
inits¢
ircr=%§
fend = lteoe¢incr
frer = 1¢
€o P1P°F k = f[heayienc
J = je
c(J) = v
centirue
centirue
sO = ;
do R0 | =» 1,
io=irtftgli))
cueerwc(ij)
sl = ¢tlegreen
§2 = s?+(cueens+? ()
$? = tl4(cueersdt? ()
sé4 = sbde{cyeonst s ()
tC = theysiic) .
t] = tlequeentystic)
*2 = t2+(cucenrs?? Ci*ysilijc)
centirues
s1C = ¢1/s¢C
e2C = ¢2sC
s?1 = s2/s1
€21 = %3]
§?2 w ¢77¢2
s4?2 = g4/)s5Z
€12 = g1/¢2
N2 = eN)g
€2 = <2/%2
€12 = ¢1/s2
€24 = g7 /g4
£4 = <7 /ch
ten = ¢0/sC
t1l = t1l/s1
t22 = ¢7/¢52’
t1? s #1/s3
tr2 = 0 /¢?
t24 = t2/¢4



293

2w (t13%=tC2)/({s223=212)={t24~212)/)(534=g22))
7106172 (2)/ (523512 )=(524=~512)/(524=-522))
te((t11=tCC)/(s2)1=c2C) = (tZ7=t11)/(s42~521))
710(s21-510)/($2]1=52C) = ($32=-521)/(s42~521))
co{(t22=t11)/(232=521)=(t11=tCC)/(s21=51C))
/({s47=521)/1822~52]1)=(s21=52C)/{s21=51C))}
cey=nl
Sdev=(
Se2=C
e2wl
Svs=C
cn 9GC {s=i,
fasjertlali)
cueesrsc{{)
taratiemwaepdqueensct (oyeens??)
ceveys{icl=narsblen
Srev=Sdayedey
edugovity
SeZ2mSel24a?
Sys=Syseys(je)
erint ®.icyysliclecerablenscey
contirve
Cedu(Sa2/(j=1))0e ¢ ! sauare ceviaticen
crirt $,%3ve Gev-' Scoy/je? ava ysw',%ys/j
grint *,'Joes"* otC,tx.tZ
erint *4'Sauids*eSCesleSiesysh
iflAteladtgNebeglec?s?2=-t0) ,ne, Abts(.(
[f(dts(asslepeglectsI=t]l) ,aes Arsi.(
friars(ats2+besIecotsé~t2) ,0e, Abs(,(
reture
ococs
erint #,'0C0Sees lSCfit sars co rct watch'
grint 8,%rcth sfices cf ecuyaticr:?
orirt 8, assOeteslecds?, t0
crint ¢, géglettslecic, t}
$sectse, t2

erint ®, 3824t
co tc ?23C1

eng

2842984348820 280 4339899240090 RSA2ANNBARNNS

SU!RQUTINE FLAYTEK(NDATAQYScA"L‘SnFEIPScCCCPkUYS)

foubkte nrecisicn YS(Z2C10

coubhle arecisicn acroies, h!ﬂf'v cocorutsy caratlem, di

irtscer jo ncatz

Cybtemect lenst scuere fit ¢t raselire frovw YS
t? %?cr TuleNN)T2

Ciw
PAPAOLCW=SPPLESHRELOSSATACCOOMLT S (gl282,()
YS{T)=vS(1)=PARAPLE™

cc\vyslc

RETUS

Ene

CC1%¢tC)) ccto °209
CCl?tl)) aeoto R3O0
CC12t2)) ccto #30C
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NOBThycatfilesYyuc)
ClCYah ol sy
[ 3

-f\) -

1ttye ,#c, =6G3G) trer
gpeningeremanttilestvpes'OLD sunit=13)
eép AP isle7
rescd(134%) h

Contirye

c¢o 679 i=l.ndata

reed(17,%) |

resc¢(1348) N

y(i) = pe28s1 s o |
Continve
Closelyritsl2)
fotq 883
Encif
OPENCACCESS=?DIRECT® NAME=Gatfile,TYPE='CLD’,
£ UNYT=é RFCCRECTYPE="FIXYELY)

READC'IN FIRST FIVE PAGAFETE®S
DO SO I=1,.%
SEAN(AtTY M

MRTIE(7.,20C) N

FgRHlTlYZO’
CENTINLE

TEOCW JWAY FIRST CATA PCINT?
QEAL (L %c)m
CSEAQ (67

NCW QERD IN WCPKIMNG CAT2 SET
EN 1CC T=1.NCATS
PEMN(AY(18246)) IL
REAN(E (18247} IH
Y(T)w (THE28R1€+1L)
CONTINUE
NNW CLDSE OUT INPUT FILE

CLOSE(ILNIT=¢)
Caont inye
RETURN
END

SUBROUTINE ABSCISSAINCATALVIZVFX4VINCyvrOd)
Couble precisicen vincoXt2CIC)aviave .
Coubtie precisicr shiftt ' doen't really need double precision
Intecer roszta

¢% NCW GENERATE ABSCISSAH #9

*% VINCs wv/coint

VINCa( (VE=YT)/(NCATA=1))

0C 11C T= 14NDATS

Y{I)=s VT ¢ (VINCH¥(]=-1))

CONTINUE
nos reed to c2iculate the preper erergy shift (in mev)
tc cerrect Pt enercy azc e2 K fer roduylatior effects
¥jrtliey £ Wansma PFys Sey P 12__,261C (1687¢)
{Tr scciticne FWr® valre is ceferminea for wc-ulatijon:

Ebkdu 1, 468VPCT ¢ C,20)
(see Xirtliev®’s review 2rticle)
‘$8 VYPCE weV rws 3%
o« ¢ wroc/ceit» < 2.

SHIFETe =1,4148y¥ (02, 14 + 1,12
1 ¢ veont ¢ 2 weV

de 147 jmlyndate
w{i) = n(ji) =
contirue

PETUO W
END

shift
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SUBROUTINE FAYESMCOTHI(NDATALY.YS)
Poubte precisian y(2C1C),ys(2C1M)

3 fake swocth tollows (no srmcottinc)

co 114 | = lencata
yeli) = y{i)

Retyee

Ene

SUBROUTINE <MOD1H‘PTCUB!CIN DATA.Y.YT)
foubts precisicr y(2C1C)sys(2C1C)
The ro2l swoctlire routire is telow.
150 see PLIE.FOR cr IETSFCUR,F
SPQOCTH TATA (SPT CURIC/CLACP2TIC)

CATd=?
(I=2)eY(1e2))01Z0(Y(I=-1)¢

[ N ]

Jm Y(NCATA=T41)

TNCIANTII 4400

MR L €I 47)
DAL Trdm

SUBI?UTIN‘ SHODTHQ‘TCU‘I((kDDTA.Y
Ceuble precisior Y(ZCIO)yYS(:ClO)'YHCL

NCW SPMCCTH OATA (9PT CUPTC/CUADPA

CC 120 TmZ NCATR=~4

YHCLR (1)Y= (=212(Y(I~a)eY(T24))0)4a8(Y(]
E +209(Y(T=2)+Y(142))e8as(Y(T=1)eY(T+1)

YHEOLP(TIs ( =38 (Y({T=2%eY(Te2)) & 12%(
E +17%Y(1) )/25,

CONTINLE

CC 1725 T=1e4

YHCLC(13= Y(])

YECLCINOAT =T+l )= Y(NCATA=I41)
CONTINLE

rcw transfer frere YHCLD to YS

CC 130 1= 1,807

YS(Y)= YECLC(I)

RETUEN

ENC

SUROCUTINE MHSCALE(NCATA s Yo VREGINGMYPERINSYUNPIN, YHIN,

€ YPAX,ysCale)

Couble nrecisien y(2C10}x(2C1C)
Couble precision vt

we want to stichtly recuce to scale so evervtiro fits

tictter y-scaie? y=urits cer inct
YUNP INw 1,28l YNAX-YRIN)/YSCALE
ANC SCALE PARAYETERS INTYC £RR4AYS
il

NN 2
NO S
ND S
% pliotter sca2le »v ger
NNATA+2)s PYPEFRIM
rti
TyS
0

MmMBnow %X«

Y(I+11])

pe2010)
T1C)

=3)+Y{T+?
)o5G*Y(Y
Y(I=11+Y

fnch

I ]
g s

> -
Ll ]
-—tsd
~—pd

ecinenvperinsyunpinsyrinsyzaxeyscale
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,
o
SURPPrUTINE PEANLCCINTATA,YOD X VYPEAKgiyxDEak ¢ NUW)
Ciwersior jvyoeak(10C)
Cecunle precision x(2C10)svxpeab(I1CC)yxreak
c Ceubhle precision ytr(201C)syec(2C10)
g YoV TC LOCATE PEAK FCSTITICNS
(o ETOSY TAIKE 1ST CERTIV(APY CUFPIC/CUARTIC)
CALL CEPIVOPTINCATALYRP,YC)
c NMCw LFCATE NOCES
r reset cosk pyumnber ccurter
AiV= €
CC I5C YeZ,008Ta=¢
I1F (yN(Y) ,GE. C,C) CC TC_1%¢C
IF (YP?T=1) LT. CaC) GC TC 15C
¥0CAKs Y(I)=YO(T)IS(X{I)=X(1=1))/7(YC(Y)=YC(I=1))
NUF= KUV ¢ 1
» ectar cf =1l peaks!
vygesk{nur )= xeeak
c
. NEEPr 20PDCYIFATE INCEx POSITICN OF PEAXS
13 orirt $,%geaks! .. cf ttese ,.00"
[ grirt ®.ybr(i- Z)yytr(i-XS-yrr(i)»y;r(n‘l)
!f(ytr(l-!) sat, (§=2) o2rde vEP(i=1l) .gee ybr(i)) ther
lvve--h(ru-)- i=
ea te 1af
enc i-f
Te(verll) ,at, vEr(i=2)) ther
ivvo-aﬁ( TALE
ca te 145
ene

it
{vxoesk{ruelsi=-2

¢
4 eertirge
3 rint #,%ceak=®,ypr(fvxoeak(rur))

Subrcutire sgrtpeak(vypeskyfvyxnesh,nURIxpSyixDSeNSioeye
o virceviySe2ohrwax)

Intecer fvensio

Civercior ixesl1CC)yivrpeak(1CC)
Ecublo orecision y(2€10)

e
e

ubhle precision vweeak(lOO).xcs(lOO)
ybte cracisicn vincovieSez2ohway

ic
ASSUPE SASELINE 1S FL2T., +PAY IS FEIGET CF waXIPUNM PEAK,
SE?2 IS SCUARE CEVIATICN,
e

print 8,952 ,S¢2
Co 240 j= 1enum
fvmfvueceak(})
1¢lyliv) .1t. 3,0c¢C0%%e2) 00 to Z40
rsiao= neia 1
d erint ’q'nsle-'.rsia
xes{rsials vypeak(i)
ixes(neiclnjvxpeak(i) ! gprerox irdex value of peak
240 Ccntlru-
Print 4,°NUs € NSICG®
Print $,RUPLNSIC
Qeturpe
Enc¢

N0
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QOFUTIKFE LAREL
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n
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ECI
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DDt erom  Tem
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n
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ﬂ

177
H

an

SUPOCUTINE DERTVGH
Coubte nrecisien Y

A4
- o

Yl
ZCIC)'
CuUsIn/CLART]

-142%(YS(1=3 )=
(YS(T=1)=YS(1+

L]
(
h

.y -

n

-

[ ]

.

]

-

-

o

n

-

w

i
N ™ T
~< (2]

finc reg! raxivus ard real pirinum of 2n 2
ty linear sesrch, 2is0 returrs FMAX 2nc FP

L K X
-y

subreutire maxwin (Nyncats.ycztayPrirsbrax)
intecer rastay iy N

ceuhle precisicn xcata(2ClC)ywavexwirexvel
deutte crecisicn yaata{(2C1C).tmanyhwin,yval

Jf( prestay .le, 1 ) gc to S5:C
hwax = ycata(N)
hein = ycata(N)
xwasy = N
xein = N
ce SCCT | = Kely ncatea
vval = yoata(i
Xysl =
1¢¢ yvel ,qt, hmax ) then
twax = yva!
nwayxy = xval
erc if
10 vval 1t, hewir ) then
hwijr = yval
xnir = wyval
ere {°¢
CO0 cortirye
0C returr
end

[\ Iy}

[V ¥ ]
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JPLOT.FOR
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Subreytine plotcata(ncetayneyorsicoxgseyscalegyvfofilenrovroo)
CHARAICTED #(®) FILSMPyplctfifers
Dimensior ifnawe(l)
Civersion xsing(201CY,yysing(2€10)
Couble nrecision l{(ZCIO’vI(ZCIC'QIDS(100)v!0'(100’
Couble orecisicn y{(2C1C)yy j(2C10)9y01(1CC)yarvnvec(100)
Coutle orecisian yscriesrveerinevbeginsviyveodeshift, fuhw
COoMpCH ILA!A!!I!P{;YPL,APPVFC

NEEC SINGLE PRECISICN YSING WHEN PLCTTTING
0o S7 I=lyndats+?

ysino{1)sSNGL(y(I))

xsfrnali)=SNGL(x(i))
Contirye
Co %G imlyndata
ysing(i) = =ysing(l)
grint 8,°y gnd vy scalina parsveterso..o"'
cerint 'vl!lﬂs(rdltl‘l)9!!'“0("6!(802)
print ¢,ysing(ncataeldoysing(rncatas?)

NCW PLCT CATA
Catl tine(ysingoxsinasndataelel C)
. %% KOW PLCT CUT LABELS ¢
voeain = x(ndatasl) ¢ this -as cut here in HSCALE
svoerin s x(ndatae?) i this to
€O S7¢ Is 14NSIG .
1f fabel It offt craey shift it to cefualt position if psti
TRIYPLITY) .GT,. YSCILE .0, YPL(I) LTe CoC) YPL(T)=» 1.0
CaLL "tN!El(-IOYPL(!)qXPL(!)-.IZv.cQ"rP<(X)Oa.oeSAﬂ' C.CsC)
57% CONTINUE

print $4.'%ALT?! In nlotdttai peak fabels all set?! *
print ¢4%Enter sny nurber!

resd $,blaasgh

nt $,'ALTY In plotdata: returning to jawes! ¢
nt ¢4,'€rter any nurter?! *
‘d’ Sebiasgh
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C. Quick Plot

QKPLT.FOR produces a one-page plot which does not assign peak positions
adjacent to the peaks. Instead, each peak is marked by an asterick and the
position and y-value of the peaks are printed in a separate file. QKPLT.FOR saves

a great deal of time by not printing out all the peak positions.

QKPLT.FOR processes the data much the same as HENRY.FOR but is not bro-
ken down into program blocks. No *.DAT flles are created, only *PLT files. An

example of the output from QKPLT.FOR is shown in Fig. 4.
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CH2P ACTTO#I) FNASE,OLOTETLE# 1S,

character*3Q dattile
Peal udssd

Inteager
Intecer npagta

302

title*70Mene

J-Jokyugnsio,sens

Cimernsior ifnare(1l).ic{100),ixos(170)

Poyt i« orecision xscalesyscaleyvtegirsnvperin
Couble srecision x(2C1C)xps(170)
Couble srecisicn xcl (100 )svyceak(100)ex0(2€10)
Cruble nrecision yos(100).yol(1CC)sanpvec(100)ersDaCRIySE2CE
Couble nrecision sebecrvine
Coutle precisicn y(2C10)yysS(ZC10),va(2C10)sybr(2n1Q)
Cryble precisicn yriryymax hrinstrax
CO®MPON JLARAPP/XOL ¢YOLAPPYEC
COMPCIN /LAPDAT/XSPACSWYSEACS
[ ! oroaram varareters followus
¥YSCLLE=2C,.CCO
YSCALF=Q,50e)0
VOEL T¥=2C,LdCO
PVPEIN=SE L ROACO
[
g s4s%2 jpnoylire TTY fcr inout fjile sz
FOTWY &, TINPUT SOUPCE DATE FILFE?
R READ *,FANAME
¢
c create name for plot file
€T 32 Twl,20
30 ICUICHEAP(ENAME(TII]I)) EC. 46 JANC,
£ ICHI°U=NAPE€I41=IOI)) «EC, 32) GC TC 40
&0 PLOATETLE=x FNAME
SLCTFILE(Iz]+3 )= *, PLT?
c and open clot fife
C’EN'“IF‘ FLCTRILEUNIT=1C,TYOC="NEW )
r ew 09en file with scectra file data
C""'"\'T-'vNAPF-F\IPF,TVDE-'fLD')
d erint ¢, aranﬁter file is: "//trame
8 cerirt ‘ Plot file ise: *//cicttile
¢
c first read in TITLE CAPC
PEAD f*,22) TITLE
P22 FOOMATIATID) :
r row regcd in ALL experiwental parareters
PEAD (®,%) TEMP.EXFTLRGOXTINMELYVYCLLCXCUP
read (2,3) gatfile
reacd (%4%) ncatasvievfovnod
reac (P48) je(l)eicl2)eic(2Veirta) .
“ crint 2.%%3pamaters reac jn, Proceeding...’
.
r SLPILRINSIARIARCLE L4224 A SR LBARSRIR AR
r
z Prncram “2in Scnay
¢
¢ SLIBLARSRRSTSIVAR B ERRINETIRB AL S0 2S 442D
-
p GEY CATA £PNM SI2SY FILF
crint #24'Frter UPSC fC means stoc rur):'
read $,9d ! ydgws =1 ¢ file upsice down
ff(ud .2q. G) then ! or else uad coulr = sensitivity
n¢a¢a =
ap ¢tr GGGG
snd ¢
€211 erncesstiio{ncateevievforgveudeicyo2tfiles
2B eceSa24vine,
Call ceakeatalrratagxevevievfovirceasbsCohroaxete?
¥RC,iXCSenSiOoVDeCinsySrnle,rveerir)
e
190 Catly <voc?h¢etcub|c(ndpt--yoys)
C21t SrencthOcteuticincatasysey)
~
142 Cortirye
¢
o !”. WAYPRIN BE10W2 3, By £¢ Amine 3nd hmay are nrot irncrtant.)

Call Saywmir(lennatasyeadcPosCoyrineyroanelnringhmar)

C:
-
I_

ll ?cal-(ncata,x.v.v*'clr.uve'r|n-vuruan.vunn.vmax)

rt %,' just called m2xrin 2nC sc2tle’
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Call Lake Ieoslv.xos.rsvo.yuncin.ynnn.mvaeron.
» _vbecin, visvine)
2 erint #,°¢just callec tabelcpos®
- new olot cut cata
CALL PLNTSIS3,C,10)
CALL PLOTOATAINDATA XY hS TG JXPS YSCALE, MVPER]TIN,
£ VEECINJVE,fnameyYPCl) ]
s crint *,'just catlec¢ ciots 2r¢ plctdata’
~
s tirst clot axes
OVUtsne!(rveerinl
vhzeral (vheai
CALL axYS(c, o.c OeAHPEY 4= 1447Co /ovD9 L0496,
£ 1Ce/mwvo)
~ OF £33 Twx Q.INT(47C/100)
Pe &30 i=1,5
XLOF= 10C#*{(i=1)/wvp
YLOC= =0,4
AYTSPY= {§j-1)%10Csvb
£30 CALL NUMBER(YLCCoYLCCoal®oaYISNV,C,0.C)
geg CANTINLE
CALL PLOTIR,5,4=,54G86)
CLCSEIUN]IT=10)
g erint *#,%3xesy etcy sSet upe. 3bOut to write peakfifle?
IR IRl L2 L3l L A2 TRl R RIS SR SRR TR 2 2SS SR IR Y222 Y2222 28 )
e
~ POINTAUY OF PEAK PCSTTICNS AND ®SAK FEIGHTS
€2CE  CONTINUE

NaneszNgne?

Print %4°Did you use sensitivities for UPSCs? N me2ns no.'
Reg #esers

Czil peakfjle(fnameytempyexnsurecxtine,vyeoasnsia,

e ix¥tseoyohmaxyxossudeOssensscatfilesroresnonesl)

Print $+°Fjle cf pDezk potiticns snc hejohrts in '//tneme
m09a eNp

CURRLUTINE PONCESSFILE(ncatasvisvfexsysudeiostatfile,
e 3skscySe2svincyftile)

firension §jp(1CAa)

Intenar rraztasitimesosfite

Teuble precision vincsastscov(20 1 c). s(2010)
foyble orecision visvfoyuceSe2.x(2G10
Cearacter®2() datfile

I= Yr = «1,0 ¢ THE FILE IS UPSIDE DCWN
ny °=!D IN TATA
®,'rmading gata file: *//dattile
=1lereac(ndata.catfile'yi
i=l.noata

NI

—n-nu-q
-—d 0y v

ur
Ca2
4]
19 Eo
C2 vfexavineg)
Ca taeyrys)
IbE (CUaACOATIC F1IT)

-ratlons"

nlnlal

aND aSE

—-m
—bed
na

If(itlnes e®8. C

9

+n
. -
e
—~
»
-~

17¢0 P(1)=X(1))/VINC+1.0))

Qo =pe 400
f'loﬂ 0 iy @

-_-p3 WIN

FOH VPl ~t—

N @ s

N o BDees

B rd ol

. o

“nw o
NIA & wdC) s =4

xecnccnutstxa2’

.
N O 0 VWS

(- R TR Ko T1d
R R R R ¥
o e
M e IYM o ~0
NI B raBI™ et

-
*
‘9

90w 39V VI Y 0
M e

0 OMNINTVVrIVY

Y vAheP.CY
CINCATL4YSHYY

31 Peatyrn
fnd

198280800 RL A 2242 ARRRNBL2 LS SR ASARIILTANSFIRLLIRFCHRETLESEREAT 4SS



304

Sutreutire oe2kA2talres®a xayavioVtoVine 2 BaConmY, 507,

e« XPS”,ixcsdonsiaCevbecirsysczicesrvperir)

Intecer amat3snum nsia’

Cirergior ixcsCl{I1CCl)eivrpeawr(10D)

Cecubte arecision vypesk(10C)exl{2010)ex0sC(100)

feybts nrecision vincev(2C10leastscobraxshrinsvmaxyymin
Pouble precision vievfovhegineyscalesnvperingSe?

Couble nrecisicn bsirwn,yra2yl

Ca21 Ptxwinlloneatzly:a;t-c.ynin.vn’x.hnin-hn’r)
(Y 3

Print #,%Sg, dev,s a2,' hoaxs 'Jhrzx

Print 8,%°Sa. dev,/tmpxx *,S22/Fmax

1%1%e7 .ae, +1C*hrax) ther

£ S;;rt $,'Deviaticn concicgerakle, Paselinre w2y he susOect.'
net

gﬁll neakigci{nc2tasyoxoevrDetksivypgmabkorur)

"2l ) waseline({viesvfgvircosyeyninstesinen,yraxl)

Caf) sertesokliyxpesk,ivreeakruT,xcsCoixnsConsiafeye

vineysviebsinerneyravl)
:eturn
-

1SR RIRESRS00R09R02088 8440000048082 8RLRARERISIRERERLRINASIES

[ 1a ]

¢210

cz220
az213C

.
~N W
N ¥ 3

D W

aabdb

€270

€263
€256
CELY

ea¢2
Q260

-
M
~
e

*

SPUBOCFITINE FE? WRTITTING 9FLX PE!GHTS INTC A FILS
Sybreutine peakfilelyangnstercooxcsur oxtimesvrnd,nsinsixcsy
yeFwsxClyxessuclouc2ssensecatfilel dattila2or2tfile3sc)

Cimensinon fxps(1CGC)

Peal teme,exDsUrsoXtire,vendoyclucd?
Intecer psicencata?,sens .
Charactersln yahoc.cetfi!el.oztfil-?qdz fi
Ceubie pracisicn Coayf2C1IL) ohraxTlixne(100),
Cconlntmv*;akccou#it*l?,tvce-'res')

Hrite (17,9210) yatoo

Ferrat(l2x,819)

Vrite (17,9220) tempeaxpsyreorxtive i i
Formati12x, Tanpm,f1Ca2y"' Ex20S="ef1lCe2y' Oxide timem',f10.2)
vrijte (17,923C)
Farrat{lSxe'xes v z/ymaxl')

NECR SKIFT FOR CLORECTICM CF ocax PCSITICNS
Call Cerrecti{vmocCeshift,fuhr)
Py PARY kel,nsiog
ixmfrves{k) ! This aives ingex valuye af yos(¥)
Mrite 117,9240) (xos(kloshitt)®? NAS&Pyy(jx)yylix)/hmax0l
Farwat{12x,f 29 of10.26°7 *ef 1C.6)
crvTINIE
write (1749250)
Egrmatl® ?)
gerint $,% tout to write url’
print s,%usi=’,ycl
Srjte (17,5270) ucl
Carrat{12ys'File 1 uss multioliec hy a fector cf'.f10,2)
1¢(uc? .20, C)_ther

write {(17,92795)
c'fcrwat(Iqu‘There was ro seconc file.*)

s»

write (17,62%0) ud?
c :?;vatPXZx,'File 2 by a factor cf Y,110,2)
n
It(sers .re. 0) then

write (17,922%) abs{udl®*10C)

sorxat(12xy'Sensitivity of file 1 (nV) =%,f17,2)
j¢tue? re, C) ther

write (17,9290) dvs{yr2+19C)

forvat(i2xe’Sensitivity of tile 2 (nrv) =°,¢17,2)
endift
Endi ¢t
Write (17,56293) datfilel
Carwet(12xy'First file was 'y220)
write (17.8266) catftile?
Format{1?2xy*'Seconce file was ! 230
Wrjte 117.6300) c2tfilel
Cormetllov,'Refermsrce file was ".220)
Nejte (17,68222) ¢
Farmsti{1%v,'Scaling f2ctcr y2 = c#yl: ¢ = 'f17,%)
Clore(unit=17)
Return
Frd

CRLREAL RS 22 AR AR RS2 N2 A RP NI RSPV E P REDLEB IR SR ASNS 222 32 2 52 3 2 0d

Jeasst seyare fit rautires = Igcfite flatter
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o000

AANANDY
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subroutinae isgfit (2. vee 24 be cs Se?)
n2rannters a2pe: l(2) henjrprire of sagcle paoirts
ys(®) swcgaottea cate

' retyrns? 34 by € = the coefficients to fitter narabolic
sayatior c¢f fere 2 ¢ ho 4+ Ccnoa?
intecor £010C)e io jeo %o init
coub le nrecisicr vs(z"17)
enuble nrecision 2« *¢ coe na2rablen, cyeen
coubile percision deve Sdeve e2y fe3. Sys

varishles uyser tec selve for 3+ %y ¢
ccuble nrecisicn sCe Sle 2y S$7e Sbo 0y tls ¢2. 51Ny s2C
Ceuhla wescision s21v S31e 52324 €624 tL7, 211, 72y c(8CC
couble Arocigion S17e802¢85274812¢524eS284t124%77,776
now fritiztize ZYEPYTHING
=Q
32
k=0
c=0
eCel,N
sl=C,C
§2=0 .0
s3=C.0
chsO 0
torC 0
tisg N
tZ-O.F
2et rorstants for ecyatijcrs:e
alsl) o tiev) 4 cle?) = tN
2f{sl) « r(s?) + cl(3?) = ¢t}
20s2) + t{s?) + cls4) = ¢2
init = =1
incr = 16
en POPC | o= 1,4
{b=0 = oti}
If tinit ,ec, 0) qo tn RCSS
infts=¢
frcr=&3
RCRQ jend = [heceincr
frncr = 1€
c¢o BR1OC k = jbeasiend
J = _Js
c(j) = W
8109 continue
aCC0 conrtinge
sC = .
co 9300 | w 1,
iosirt{zti))
cysep=c(ij)
sl = slenyeen
s2 = s2+(cueensts? ()
€2 = gls(qyeanss? ()
s4 = sédesf{quesnisa ()
tN = t0esys(io)
t! = tleaurentys(in}
t7 = t?elquearss? r)syglijce?
#2200 continye
s1C = <1/
s2C = e2/s0
§21 = s2/¢1
€?1 = ¢/s)
$32 = /52
€47 = eh/)g?
s13 = ¢1/52
€02 = sN/s2
$23 = 52/%3
s12 = ¢l/s?
€726 ® <0 /<a
$34 2 c?jca
t00 = *N/sQO
11 = ti/s}
t2? = 02792
t12 = t1/¢?
tr? = tN/g2
t24 = t2/7¢4
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3x( (8172 t"Y) /{721 )= (1286-117) /152 8=e22))
710e17=e€2)/1s23=512V=(574=512)/(324as522))
e {({t11=t00)/(52)ae2C) = (t22-t11)/(562=521]))
7100 €71 =elC)/{82]wg2) = {$22-521)/(s562=-5711))
ewl{t77«¢11)/(s22=c21Valtll=eCr)/(c2])=517))
/1lg87=5211/(522=-521)=(531=-32")/(521=517))
Coym
ChAaveN
Sed2=r
LEL 2]
Svg=m”
cn S¢c¢ j=},
iwvlrtiﬂti){
curersaf i)
caratiemmashbqyeeprectinyeenssT)
'-v-ys(i }=varat|enm
d-v"ﬂovod-v
slndovar?
Q.,-(.’..Z
SvswCyseysiijc)
srint $yjcyysl{ialenmestlamscov
ccrtlnuo
Se2=(SeX/(j=1))2s ¢ ! sAgare cevistijon
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D. Add5

Add5.FOR is a program used to add together and average the data points for
up to five files. It was used often to add together files recorded for the same

junction before being processed by the single spectrum program.

When ADD5.FOR is used, it first asks for the 'Input Source Data Card’ which, in
this case, can consist of up to five files. The input source data card is the same
format as that used for the single spectrum program. ADD5.FOR next prompts
for the UPSD. -1 is entered if the program is upside down, and sensitivities may
also be entered. 0 is entered if no more files are to be added together. Next, the
subroutine Fileread is called to read in the data points from the files and to
inform the user which file is being read. The above process is repeated for each

file.

After the files are read, the data points are averaged and the subroutine
Writefile is called, which writes a file with the new data points and notifies the
user of its completion by printing “All done data in". The new file will have a

.CMP extension.

By using negative UPSD entries, ADD5 can be made to subtract files from each
other. This is useful in comparing the growth and disappearance of spectral

features when studying a range of exposures of an adsorbate,
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IV. Suggested Improvements

There are several improvements which would be useful for analyzing IETS
data. One is to specify the relative scaling of the peak heights to a reference
peak in the spectra or to arbitrarily set a particular peak or feature to be a cer-
tain height with all other features scaled accordingly. The spectra presented in
this thesis are of such complexity and undergo such variation in peak position
and intensity that a reference peak would be really useful. Of all the features
present, the likely candidate is the bulk Al-O stretch appearing near 945 cm™.
Unfortunately, this feature is not often well-resolved, at least not in the work
presented here, because of the Zr-O stretch at approximately 910 cm™.
Nonetheless, and despite the fact that some variation in the intensity of the Al-O
stretch would be expected as oxidation times and conditions are varied, it is

probably the best choice for a reference feature.

Another improvement which might prove useful is to subtract one spectrum
from another to produce a difference spectrum. One of the main problems is, of
course, that the baselines must be similar. But even if there was some offset, it
would provide useful visual information on exactly which spectral features are
varying and to what degree. ADD5 may be used to subtract spectra from each
other and, if this could be combined with scaling the two spectfa to a set refer-
ence peak, an informative if not publishable difference spectrum might result.
This would be useful when comparing spectra of the same chemical system

obtained using different exposures and/or temperatures.

A turther improvement is to do away with the ‘Input Source Data Card"” and
replace it with a series of prompts to the user. This could potentially save a
great deal of time because the editing required to change the card for each

spectrum would no longer be required.
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Figure Captions

Figure 1: Example of a single spectrum Versatec plot produced by HENRY.FOR.

Figure 2: Printout of a file containing the peak locations and heights produced
by HENRY.FOR.

Figure 3: Example of multiple spectra plotted by JAMES.FOR.

Figure 4: A spectrum produced by QKPLT.FOR.
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