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Section 6.2: Clean Mo Surfaces

Table 6,1 shows the rates of product form;tion over clean Mo(100)
single crystals and clean Mo polycrystalline foils. Table 6.1 expresses
the rate of product formation as a turnover frequency (product molecules/
metal site * sec) versus the hydrocarbon used in each experiment. No
differences in selectivity or rate were observed between Mo(l00) single
crystals and pplycrystalline foils. ﬁe found the rate of HDO reactions
to be 10-100 times faster than HDN reactions for similar model compounds
under identical reaction conditions.

Hydrodeoxygenation reactions over clean Mo mainly produced propene
and CO and some methane. The HDO activity for furan was found to be ~ 10
times greater ;han for tetrahydrofuran (THF). The proddct distributions

of furan and THF were found to be significantly different over the range

of conditions used in this study. Furan produced propene and CO almost
exclusively, while TEF gave a product distribution similar to the HDN
reactions studied. During THF HDO reactions, we found that furan was
produced at approximately the same rate as the sum of the formation rates
of the four carbon { I C4's of Table 6.1) products combined.

Table 6.2 shows the product distribution in mole percent of C3 and
Cy4 hydrocarbons produced from each model compound. The mole percent of
propene was found to be approximatcly equal for THF and all the nitrogen—
contalning wodel compounds. The distribution of Cj hydrocarbons produced
from the THP and pyrrolidine HDO reactions' was similar. Product distri-
butions and overall rates for both the paraffinic and olefinic‘nitrogen-
containing ring compounds were found to be the same. The rate of formatiou

of Ug hydrocarbons from pyridine and piperidine was found to be approximately

twice the rate of C; hydrocarbon formation.
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Table 6.2. Product distribution of C3 and C4 hydrocarbons from each model

Conditions were 10 Torr
hydrocarbon and 750 Torr hydrogen at 610 K.

compound over clean Mo are shown.

—;eactants Products (mole %)
Cq T I\ /7_/ /='\ /=/7 VA overall ratel |

furan _55 0.5 1.5 0.8 1.2 1.0 1.1
THF 54 5 15 10 13 k] 0.13
pyridine 58 NDb 25 17 - 0.012
piperidine 60 ND 13 27 - 0.015
pyrrole 50 12 12 12 - 12 0,014
pyrrolidine 56 6 19 12 ° 0.016

8units of molecules produced/site « sec. DbHD = not detectable by methods

used in this study.
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Experiments were performed to determine the effect of hydrogen
pressure on the overall rate and selectivity of the HDO reaction. for
the HDO reaction with furan, higher hydrogen pressures increased the
overall rate and shifted the product distribution toward more C; hydro-
carbons (see Fig. 6.1). All of the HDN reactions and also the HDO reaction
with THF showed an increase in the overall rate of reaction but no change
in selectivity.v

We also studied the effect ofﬁtemperature and partial pressure of
hydrogen on the poisoning rate. Higher temperatures or a lower pa;tial
pressure of’hydrogen increased the rate of poﬁsoning of the reaction as
shown in Fig. 6.2. The rate pf poisoning, for the overall rate of produﬁt
formation, can be fit to an Arrhenius curve éhich shows that the rate of
poisoning (expressed as the half-life of th; reaction rate)‘decreésed

. exponentially with increased temperature. "
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Section 6.3: Sulfided Mo Surfaces

Addirion of 0.5 ML of S to the Mo surface results in a decrease in
the overall rate of reaction and an increase in the relative rate of
production of C; hydrocarbons. Table 6.3 shows the product distribution
(in mole percent) and overall rate (molecules produced/metal site » sec =
turnover frequéncy) of reaction for HDO and HDN reactions over a sulfided
Mo surface. An increase in the olefin-to-paraffin ratio in the product
distribution was noted. The HDO reaction was found to be more sensitive

to addition of S to the Mo surface than was the HDN reaction. The overall

rate of HDO reactions decreased 35-75% upon S addition, while the HDN

reaction rates decreased by ~ 20%Z,
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Table 6.3. Product distribution of C3 and C4 hydrocarbons from each
model compound over sulfur-covered Ho (0,5 ML §) are
shown. Conditions were 10 Torr hydrocarbon and 750 Torr
hydrogen at 610 K.

Reactant _ Products (mole %)
' -7 — .y overall
c /N Vi 7\ rate &
furan 88 1.3 4,6 2.1 | 3.5 0.37
THF 64 Npb 14 11 11 0.08
pyridine 50 ND 25 | 25 0.010
piperidine 50 ND 7 33 0.012
_ pyrrole 56 ND 22 =22 0.010
pyrrolidine 82 ND 9 9 - 0.011

8ynits of molecules produced/metal site - sec. bND = mot detectable by
methods used in this study. )
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Section 6.4: Discussion

There has been a tremendous amount of work done on determining the
mechanism and best catalysts for the hydrodesulfurization reactions
because of their great economic value., Much less work has been done on
the HDN and HDO reactions because under the conditions necessary for HDS
these two reactlions alsoc occur. We have found thar EDO and HDN of model
compounds, in fact, do occur over clean and sulfided Mo catalysts.

The product distributions from HDN and HDO reactions appear similar
to that found for the HDS reacrions, using the sulfur analogues of the
model compounds used in this wark.l-lo Sulfur on the Mo surface increased
the C; to Cq and the alkene to alkane mole ratlios of the products.
Increasing the hydrogen over-pressure also increased the C; to C3 ratio
of the products; but, decreased the alkene to alkane ratio.

The reaction mechanism for the HDO reaction using furan and THF,
where the major products were propene and CO, was studied in more detail A
than the nitrogen HDN reactions. The rate of formation of propemne from
furan was found to be 10 times faster than from THF. A rate of production
of furan was also observéd from THF. The mechanism'ap?ears to involve
dehydrogenation foilowed by ring cpening and CO extraction to form propeme
and CO., The details of.chis simplistic scheme need more careful experi-

ments designed to probe eacd step individually.
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CHAFTER SEVEN: THE CONVERSION OF ACETYLENE TO
FORM BENZENE OVER PALLADIUM SINGLE CRYSTAL SURFACES

Section 7.1: Introduction

Palladium surfaces have been noted!~12 to possess the distinctive
property that catalytlc reactions of various classes can be observed
both at high pressures and under ultrahigh vacuum conditions. An example
is the trimerization of acetylene, which has been shown to occur both
in ultrahigh vacuum and at higher pressures over a number of Pd surfaces
(single cryscalsl'g, fol1ls® and supported6 catalysts) as well as over
many homogeneous catalystslo'lz. The low temperature formation of
benzene has been observed using temperature programmed desorption (TPD)1-6,
high resolution electron energy loss spectroscopy (HREEL$)7'9, angle
resolved ultraviolet photoemission spectroscopy (ARUPS)I’Z, metastable
noble gas deexcitation spectroscopy (HDS§4, X-ray photoelectron spectros-—
copy (XPS)lvz, low energy electron diffraction (LEED)1»2 and molecplar
beam measurements?. This paper deals with the effect of pressure and
additives on Pd single crystal surfaces on the trimerization of acetylene
to form benzene.

The cyclization of acetylene to benzene was first reported to occur
in small ylelds by Berthelot in 1866 at elevated temperatures (300-400'0)53.
In the 1940's, Reppe discovered that certain homogeneous nickel complexes
produced benzene from acetylene in good yleld under mild experimental

conditions®®. Since that discovery, other research groups gave found

tumerous homogeneous transition metal systems that catalyze substituted
and functionalized acetylenes to form benzene derivativesl?, For example,

cobalt complexes such as CpCo(CO)y are used in cyclization steps in the
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synthesis of natural products such as steroids and Vitamin Bé. Also, it
has been shéwu that palladium chloride will easilf oligomerize acetylenell.
Additives, such as potassium, silicon, phosphorus, sulfu£ and
chlorine, have been shown to modify the behévior of catalysts for many
different reaction513'17, and their interaction with surfaces has been
studied excensively by many surface-=sensitive techniquesls_za. Two
effects are possible — (1) a geometric effects due to.site blocking; and
(2) an electronic effect due to electron donation (as in the case of K18)
or electron depletion (as in the case of 0125) of the near surface region.
In this chapter, a systematic study 6f both surface composition
effects and pressure effects on the chemisorptive‘gnd catalytic properties
of palladiuﬁ (111), (100) and (110) single crystal surfaces.on the cyclo-

trimerization of acetylene is described.
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Section 7.2: Results: Introduction

This study investigated similarities and differences in the trimeri-
zation of acetylene to benzene using palladium single crystal catalysts
under varying pressure conditions (10'12 atm - 1 atm) and with different
additives on the single erystal surface. Under UHV condition, the cyclo-
trimerization of acetylene on all three surfaces ((111), (110) and (100))
was detected by observing the thermgl desorption of molecular benzene
after dosing with acetylene. All doses were at 130 K. Table 7.1 shows
the dose molecules, desorption products, degorption temperature, Ep of
desorption and relative areas for the products of acetylene adsorption

for the clean (111), (100) and (110) surfaces in URHY.
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Section 7.3: Ultra-High Vacuum Studies: Pd(l1ll)

On the Pd(11l) face, dosing 6 Langmuirs (L) of acetylene produced
benzene with twe distinct desporption peaks at 250 K and 496 K. The low
temperature peak was 2.5 times larger than the high temperature (see
Fig. 7.1). Acetylene, ethylene and hydrogen were also detected as
desorption products. The acetylene and ethylene desorbed at 190 K and
305 K, respeétively. Hydrogen, the only other product detected, had a
broad desorption peak from 430-830 K, with a maximum aﬁ 450 K (Table
7.1). At low acetylene coverages (0.5 L), the benzene desporption maxima
rema2ined unchanged. The amount of benzene formed decreased, with the
area under the high temperature peak decreasing mére rapidly than the
area under the low temperatture'peak. No C; products were detected.

Iﬁ order to determine whether the product formation was desorptior rate-
limited or reaction rate-limited, CgHg, CoH4 and Hy were adsorbed on

clean Pd(111) and a TPD spectrum was gaken. Benzene undergoes both
reversible and irreversible chemisorption, with the fraction of reversibly
bound benzene increasing with exposure. At low coverages (1.0 L), there
was primarily decomposition as characterized by a broad hydrogen. trace
extending from 520 K to 720 K with a maximum at 545 K. Benzene had two
weak desorption peaks at 260 K'and 520 K. With exposures greater than 2
L, the hydrogen spectrum remained unchanged and the benzene maximé occured
ac 235 K and 510 K with a 1:10 intensity ratio (Fig. 7.2). WMo CoHy or
CoH, fragments were detected. Hydrogen dosing yielde& a desorption peak
at 310 K with only the peak area changing at higher coverages. Witﬂ
ethylene (1.0 L), reversible desorption occured at 300 K with hydrogen
desorbing at 370 K and 430 K in a 1:1 ratio. Higher coverages of ethylene

(>2L) increased molecular desorption of ethylene only.
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CeHg (X2)

CoH, (X2)
190 | | .

C,H, (X0.5)

450 . Hy (X1)

Mass spectrometer signal

Temperature (K}

Fig. 7.1 . The TPD spectra of acetylene on clean Pd(11l) (6 L of acetylene
dosed at 130 Klare displayed. The four products from the desorp-
tion are shown - benzene, from the trimerization of acetylene;
ethylene, due to gelf-hydrogenation of acetylene; hydrogen, from

acetylene decouposition; and molecular desorption of acetylene
itself. )



126

78 AMU

;

L

|

S
2L
| D, R S |
2 AMU
15
2L " /

235 5§50

/)

Mass Spectrometer Signal

L

>

Temperature (K)

Fig. 7.2. Benzene was found to 'underge both reversible and irreversible
adsorption on clean Pd{11l). The desorption signal of benzene
and hydrogen from 1,2 and 3 Langmuir doses of benzene on Pd(l1l)
at 130 K are shown, At higher exposures, a large increase in
reversible desorption of benzene is observed.
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Section 7.4: Effect of Adatoms om Cyclotrimerization at Low
Pressures: Pd(lll)

Adsorption of 0.25 monolayer (ML) of silicon on Pd(111) did not
significantly perturb the cheqisorption of acetyliene, as skown by the
thermal desorption results (see Fig. 7.3). As shown in Fig. 7.3, the
only effect of Si was a slight decrease in the extent of acetylene
decompostition (to form Hy and C) ani some enhancem;nt of the high tem—
perature desorption peak of benzene. Phosphorus, however, greatly
suppressed the acetylene dacomposition, increased the yield of ethylene,
and yielded a complex thermal desorption spe;trum of benzene (from the
cyclotrimerization processes) with maxima at 200, 300, 400 and 470 K,
while doubling the benzene yield.

Like P, 5 adatoms affectnd the thermal behavior of chemisorbed acety—
lene (Bee Fig. 7.3). At low coverages of S ( < 0,2 ML),‘the ethylene
yield and decomposition to hydrogen decreased, but the benzene . yield
significantly increased. The low temperature benzene.peak intensity
increased and a new peak appeared at ~ 430K. At high § coverages (>0.25
ML), the formation of ethylene Qas fully supﬁressed and the decoaposition
to Hy was also very low. At these high S coverages, the benzene desorption
spectrum was comprised mostly of a broad peak with a single maximum at
260 K. .

Like P and S, Cl adatoms also shifteé the acetylene surface chemistry
toward benzene formation (see Fig. 7.3); but, in contrast to S. the
benzene desorbed largely in the high temperature regions with maxima at
415 and 490 K, although there was a smaller peak at 270 X. Chlorine also

suppressed ethylene formation and acet&lene decomposition to Hp; and carbon.
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(X2)

No.zo ML CI
\\_ +0.20 ML S

\4_-0.33 ML P

Pd (111)

:

Mass spectrometer signal-
(78 AMU)

Pd (111) CH, (X2)

150 250 475 600
Temperature (K)

Fig. 7.3. Six L of acetylene were dosed on additive-covered Pd(11l) at
130 K. The benzene TPD spectrum was then recorded and is dis-
played for each surface. The high temperature peak is observed
to shifc upwarde from 470 K on the Si~dosed surface to 490 K
on the Cl-covered Pd(11l) surface. Phosphorus is observed to
have a complex thermal desorption spectrum wich four mexima.
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The adatom effect upon the acetylene cyclotrimerization yield increased
in the presence of adatoms in order from Si to P to S. Chlorine was not
quite as effective as S, which basically fully suppressed all acetylene
reactions except cyclotrimerizatiom. Thus, Pd(111)-S is an impressively
selective catalyst for benzene formation irom acetvlene under ultra-high
 vacuum conditions. The main difference inm the TPD spectra between the
Pd(111)-S and Pd(111)-Cl surfaces was that thé Pd(111)-8 surface mostly
promoted the low temperature cyclotrimerization reaction and the.Pd(lll)-
Cl surface promoted the high temperature process.

Using TPD studies teo observe the effect of adsorbed beanzene on adatom—
covéred»palladium surfaces led to the same trends as found with acetylene
adsorbed on adatom—coved Pd surfaces. For example, Fig. 7.4 shows the
effeet of 0.25 ML of Si on Pd(lll). As in the case of acetylene adsorp-—
tion, Si enhanced the high temperature TPD peak of benzene. Higher
exposures of both acetylene and benzene léd to an enhancement of the

high temperature (470 K) benzene desorption peax.
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025 ML Si 4L ©

N\

025MLSi4LC=C

Mass spectrometer signal
(78 AMU)

250 | 470
Temperature (K)

Fig. 7.4, Banzene TPD spectra are compared on a Si~doped Pd(1l1) surface
after benzene or acetylene desorption (4 L adsorption at 130
K) . Acetylene gives a broader high temperature peak. More
acertylene exposure enhances the high temperature benzene peak,
whereas more benzene exposurs enhances the low temperature
desorption maxima.
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Section 7.5: Ultra=High Vacuum Studies: Pd(110)

The Pd(110) surface produced four times less benzene than the (l11)
face, On the (110) face, benzene desorﬁed at 250 K and 420 K in a 1:3
ratio after a 6L dose of acetylene (see Fig. 7.5). At coverages below 3L
of acetylene, no benzene was detected. Molecular desorption of acetylene
occured at 180 K with a broad shoulder plateau extendiné to 500 K.
Ethylene desorbed at 260 K, and hydrogen desorbed in a broad peak centered
at 490 K. When the surface was dosed with 6 L of benzene, molecular
desorption occured at 250 K, with a shoulder extending to 425 K. At low
coverages (1.0 L), a single peakkat 260 K was observed. The hydrogen
from decomposed benzene had maxima at 475 K and 535 K which increased in
area with increasing amounts of benzene up to 3 L, after which they
remained constant; Hydrogen desorbed at ?10 K at all coverages, when

*

adsorbed on the surface alone.
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- Pd (110)-C,H,
425

265
-/\/\ CgHg (X10)
265 C,H, (X1)
--::—""‘-~\.““
175

y 495 > CzH, (X1)

Mass spectrometer signal

H, (X1)

Temperature (K)

Fig. 7.5. The TPD spectra of acetylene on clean Pd(110) (6 L acetylene
dosed at 130 K) are shown. The four products from the desorption
are shown - benzene, ethylene, hydrogen and acetrylene.
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Section 7.6: Effect of Adatoms on Cyclotrimerization at Low-
Pressures: Pd(110)

Silicon at low surface coverages (<0.25 ML) enhanced the benzene
yield through the high temperature desorption peak (see Fig. 7.6), and
decreased the decomposition of hydrogen. At © g4=0.,37 ML, the yield of
benzene increased further to a factor of 3.5 (relative to the clean
surface), while the ethylene and hydrogen yields were less than that
observed for the clean Pd(110) surface.

Phosphorus on the (110) surface of Pd also increased the cyclotri-
merization and self=-hydrogenation reactions of acet}lene. Benzene desorp-
tion was found to increase at P co&qrages greater than 0.2 ML. As on
Pd(11ll), the gain in benzene yleld was in the high temperature desorption
peak (see Fig. 7.6). At higher coverages of P, two benzene TPD maxima
were observed at 270 K and 44C K. The high temperature maximum was
increased by as much as a factor of 4 ( O p=0.42 ML) relative to the
clean surface, while the ethylene yield remained at the level of the low
coverage surface. A deérease in the amount of hydrogen desorbing from
the surface was observed.

On sulfur~covered Pd(110), the yield of benzene showed a slight
increase while the yileld of ethylene decreased with increasing S coverage.
The molecular desorption of acetylene increased with increasing sulfur
coverage. At higher coverages of S, @ g=0.4 ML, no ethylene was detected,
very licclé hydrogen desorbed, and the amount of benzene formed was

approximately the same as on clean Pd(l10)}.
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~__ 03MLCl (X10)

\ 025MLS  (X10)

025MLP (X10)

(78 AMU)

Mass spectrometer signal

0.256 ML Si (X10)

\Vlean Pd (110) (X10)

250 460
Temperature (K)

Fig. 7.6. The benzene TPD spectra from additive-covered Pd(110) after a 6
L exposure of acetylene at 130 K. Silicon and P add to the .
benzene yleld in the high temperature peak, similar to their
effect on Pd(111) and Pd(l00). Sulfur, on the other hand,
enhances the low temperature benzene desorption maximum slightly

and Cl reduces the overall yield and broadens the two maxima
into one peak.
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Addition of Cl to Pd(110) resulted in decompositon, hydrogenation
and cyclotrimerfization of acetylene, At a Cl coverage of 0.30 ML, a very
weak ethylene desorption was observed at 290 K and a broad benzene désorp-

tion maximum was observed at 370 K (see Fig. 7.6).
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Section 7.7: Ultra-Bigh Vacuum Studies: Pd(100)

On the Pd(l00) surface, dosing 6 L of acetylene produced benzene
continuously from 250 K to 490 K with three maxima at 260, 380 and 470 X.
At exposures below 3 L, no benzene was detected. This surface formed 20
times less benzene than the (111) crystal face. With a 6 L dose of
acetylene, in addition to trimerization, reversible desorption, hydrogen—
ation and decomposition were also observed (see Fig. 7.7). Acetylene
desorbed at 180 K with a shoulder at 25C K, and ethylene desorbed in a
single peak at 305 K. The hydrogen desorption from the decompositon
reached a maximum at 420 K, followed by a broad plateau fron 495 to 625
K. At low coverages of acetylene (1.0 L), there was primarily decompo-
sition. Benzene dosed on the crystal at low coverages (1.0 L) yielded a
weak maximum at 310 K with a rail extending to 535 K. At an exposure of
6.0 L, three poorly resolved benzene maxima at 220, 375 and 525 K were
obgerved, along with a hydrogen peak at 575 K, which had a high temperature
shoulder at 665 K. When hydrogen alone was dosed on the surface, at all
coverages, it desorbed in one peak At 310 K. Ethyleng (0.5 L) gave
molecular desorption at 260 K and 310 K in a 1:5 ratio with hydrogen
desorbing at.365 K. Llarger ethylene doses increased the low temperature

reversible desorption peak without affection the hydrogen desorption.
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250 Pd (100)-C,H,

C.H. (X40
380 475 sHe (X40)

180

_ C,H, (X1
_‘///\\\\~:;;;;H\-_‘ ‘ v 2''2 ( )
| /\ C,H, (X4)

425 | ‘

Temperature (K)

Mass spectrometer signal

Fig. 7.7. The TPD spectra of acetylene from clean Pd(100) (6 L acetylene
dosed at 130 K), showing the four products of the desorption
reaction - benzene, ethylene, hydrogen and acetylene.
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Section 7.8: Effect of Adatoms on Cyclotrimerization at Low
Pressures: Pd(100)

Potassium on the (100) face of palladium had a large negative effect
on the formation of benzene from acetylene (see Fig. 7.8). The yield
of ethylene and hydrogen was decreased by ~ 95% (see Fig. 7.9,11). The
molecular desorption of acetylene was slightly reduced, ~ 20-=257% (see
Fig. 7.10). At 0.25 ML (or higher) coverage of K, no benzene formation
was observed.

Silicon has a substantial effect on acetylene chemisorbed on Ed(100).
The yield of both ethylene and benzene was found to increase markedly
(see Fig. 7.8,9). The two benzene TPD peaks were similarly affected by
€1 prowotion on Pd(100) and Pd(1ll); that is, the high temperature peak
increased and accounted for a six-fold increase in the yield of benzene
at a Si coverage of 0.10 ML. Higher coverages of Si on Pd(100) further
increased the yield of benzene, up to ~ 20 times that of the clean surfaqe
at S1i coverages of 0.38 ML. Concommitantly, the ethylene yield was also
enhanced by a factor of ~ 10, The decomposition reaction increased also,
although the hydrogen desorption remained constant (see Fig. 7.l1).

Phosphorus adsorbed on Pd(100) also influenced the chemistry of
chemisorbed acetylene, The yield of benzene was enhanced, but not to the
extent observed on silicon-covered Pd(l00). Ar a coverage of 0.17 ML of
P, two benzene maxima were observed, at 350 and 520 K. Low coverages of
P, <0.2 ML, resulted ir no change in the benzene or ethylene yields;
however, at coverages of 0.3 < @ p < 0.5 ML, the yield of both benzene
and ethylene was found to increase by a factor of 3-5 (see ¥Fig. 7.8,9).

With increasing P coverages, benzene desorption maxima were aiso observed
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Fig. 7.8. Benzene TPD spectra from adatom-covered Pd(l00), after a 6 L

exposure of acetylene at 130 K, are displayed.

Silicon, 0.25 ML,

is found to enhance the formation of benzene ~ 15 times relative
to the clean surface. For Si- and P-covered surfaces, the high

temperature desorption maximum was enhanced further at higher

additive coverages.
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0.25 ML Si (X1)
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Clean Pd (100) (X4)
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¥rhylane TPD spectra, after a 6 L dose of acetyleneon Pd(100), are
displayed. The more electron-withdrawing additives, S and Ci,
completely block ethylene desorption at higher additive coverages.
Potassium-covered surfaces produces very little ethvYlene. At
coverages of more than ~ 0,1 ML, Si-covered Pd(100) enhances

the formation of ethylene, as well as benzene, much more than
the other additives.
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rig. 7.0, Acerylene TPD spectra, after a 6 L dose of acetylene on Pd(1v0)
ac 130 K, are displayed. Qlean Pd(100), K-, P~, S= and Q-
covered surfaces have similar TPD traces for acetylene desorp-

tion. Silicon appears to have the strongest binding site for
acetylene.
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W

1. The hydrogen TPD spectra, after a 6 L dose of acetylene at 130

K on Pd(100), are displayed. All the additives reduced che
amount of Hy desorption, K> Cl > S > P > Si > clean. Higher
coverages of P, S and Cl further reduce the Hy yield.
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to shift to higher temperatures, with the increased yield coming mainly
from the high temperature desorption peak, 470-490 K,

Low coverage sulfur on Pd(100) ( © g<0.,25 ML) decreased the yield of
ethylene and only slightly increased the benzene yield. The desorption
of hydrogen was decreased markedly for all S coverages, and the desorption
spectra was very broad, from 435-610 K (see Fig. 7.11), The major change
observed at higher S coverages was the ‘decrease in ethylene yield. For
example, at O g=0.25 ML, the ethylene yield was one-half that for the
clean surface (see Fig. 7.9).

Chlorine was found to enhance the yield of both ethylene and benzene
(see Fig. 7.8,9). The effect, however, was much smaller than thac’pbserved
for either Si or P, For coverages of 0.3 ML of Cl, the yield of benzene

was found to be 5 times higher than for the clean surface.
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Section 7.9: Coverage Dependence of Additives

Coverage dependence of additives for the conversion of acetylene to
benzene was studied on all three Pd surfaces. Fig. 7.12 shows the additive
coverage for the formation of benzene on Pd(100). For coverages of S and
€1 (>0.25 ML), the amount of benzene produced is decreased. Higher cover-

ages of Si and P, up to 0.38 ML, increased the rate of benzene formation in

this study.




145

75 T | [
6 langmuir dose
acetylene at 130K

x 0
o =
2 5 soF -
Q> o Si
G.:E Ci
= =
® O
- O
&S S
N 25— -
.
G O
0
—
‘shuk

o |
0 01 02 03 04 05

Additive cdverage (monolayer)

Fig. 7.12. The effect of varying the additive coverage at a constant expo-
sure of acetyleme, at 130 K, is shown. Electron~withdrawing
additives, S and Cl, and electron-neutral P have similar
overall effects on formation of benzene. S$ilicon, for coverages
up to 0.38 ML, enhances the benzene yield in the high temperature

peak. At 0.38 ML, the Si~doped surface increased the yield 20-
fold over the clean surface.
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Section 7.10: Couversion of Acetyleme tv Benzene at High Pressures

The cyclotrimerization of acetylene on three low Miller index planes
of palladium ((111), (110) and (100)) was extensively studied at atmospheric
pressures {200-1200 Torr). For all the temperature and pressure conditions
used in this study, benzene was the only piroduct detecteds Due to the
large acetylene peak in the gas chromatograms, trace ethylene could not
be detected.

As also seen under UHV conditions, the reaction showed structure
sensitivity for the formation of benzene (see Fig. 7.13) at atmospheric _
pressure. It was found that the (111) and the (100) surfaces were approxi~
mately equal in catalytic activity and the (100) surface was ~ 1/4 as
active. The (111) and (100) surfaces had a turnover frequency (T.F. =
number of molecules produced/ metal atom + sec, assuming 1x10*13 metal
atoms on the single crystal surface) of 0.014 molecules/site * sec (200
Torr acetylene, 850 Torr Ny or Ar at 570 K). No correction was made
for éhe slight differences in metal surface atoms on the various faces.

On the more active surfaces, the reaction had up to SOi conversion of
acetylene to benzene or roughly a 20 mole percent yield of ﬁenzene. At
thege conversioﬁs, the reaction,was limited by either surface poisoning

or product concentration. The slope of the turnover frequency versus

1/T plot, assuming Arrhenius kinetics, ylelds the apparent activation
energy of the reaction, calculated as 2 kcal/mol on all three surfaces

(Fig. 7.14). Plotting the reaction rate as a function of acetylene pressure

showed that the reaction was first order in acetylene, with the rate law

(Fig., 7.15):

™ +1
Rate kP cC z=0C*
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Fig. 7.13. The structure sensitivity for both atmospheric (high) and UHV
studies for the conversion of acetylene to benzene over Pd(111),
(110) and (100) surfaces is shown.
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Fig. 7.15. The pressure dependence plot for the conversion of acetylene
to benzene over Pd(111), (100) and (110) at high pressures.
The plot is made by varying the partial pressure of acetylene
at a constant total pressure and temperature.
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Analysis by AES and CO titration after the reactlom, found a partially
carbon-covered surface. After heating the crystal o 650 K and exposing
it to 1x10‘6 Torr of Hy, the surface remained carbon-covered, suggesting
a stabile graphitic overlayer. The CO titration technique determines the
percentage of bare metal sites, as CO does not adsorb on carbon overlayers
at low pressures., After the trimerization reaction (200 Torr acetylene,
850 Torr Ny or Ar at 570 K for 3 h), it was found that 5~79% of the
Pd(111) surface and 12-15% of the Pd(100) were composed of bare metal sites.
The least active surface, Pd{110), contained legs than 2% bare metal sites.
From TPD studies, it was determined that CO binds more tightly to

the partially carbon covered metal than does € = C. In order to determine

if the reaction proceeded on the bare metal or carbomaceous overlayer,
200 Torr of CO was added into a room temperature reaction mixture 3 h
after the start of the reaction. The reaction rate lmmediately decreased
to ~ 0.00 T.F. Subsequent heating of the crystal to 485 K, which is
above the desorption temperature of CO, restored the reaction rate to
within 15% of its original value. This shows that the reaction proceeds
on the bare palladium atoms. At lower reaction temperatures, the poisoning
rate decreased.

Ethylene, as the reactant gas; instead of acetylene, produced small
quantities of benzene (50 times less than did acetylens); and ethane, as
the reactant gas, showed no activity for the formation of benzene. A

mixture of methyl acetylene and acetylene produced only benzene.
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Section 7.11: Effect of Adatoms on Cyclotrimerizationm at High
Pressures: Introduction

High pressure catalytic studies were carried out over three Pd
surfaces ((111), (100) and (110)) to determine the gffect of adatoms onm
the cyclotrimerization of acetylene to form benzene., Reactions were, in
general, carried out between 290 and 620 K at an acetylene pressure of
200 Torr. Reaction rates ﬁere calculated by assuming that each Pd surface
atom was one reaction site, and no corr;ction was made when adatoms were
deposited on the surface. This leads us to report conservative values
for the reaction rates. The products observed from all reactions were
benzene and very small amounts of C4 hydrocarbons. Small amounts of
ethylene (<5% of the benzene formed) were not detectable by gas chroma-

tography due to the large acetylene reactant gas peak tail.
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Section 7.12: Effect of Adatoms on Cyclotrimerization at High
Pressures: Pd(l11) and Pd(100)

The initial rate of production of benzeme over clean Pd(lll) and
PA(100) at 570 K with 200 Torr of acetylene was found to be 0.05 molecules
of benzene produced per Pd surface atom per secondﬁ. Potassium was
observed to have the greatest positive effect on the rate of production
of benzene over Pd(1l1ll) (see Fig. 7.16). With ~ 0.25 ML of X (200 Torr
acetylene, 850 Torr Ng at 570 K) the rate doubled to 0.10 molecule/site -+
sec. When K was present on the surface, less graphitic carbon appeared
in AES (due to the decomposition reaction) and the rate of poisoﬁing of
the reaction was reduced, relative to reaction over the eclean surface.

The activation energy and pressure dependence for benzene formation on
additive-covered surfaces did not appear to change from the values obtained
on clean surfaces, being constant at ~ 2.1 keal/mcl and RatECGﬁG"kPC = C+1'
Silicon also had a positive effect on thg reaction rate of benzene
formation, For example, at a coverage of ~ 0,33 ML the rate was increased:
by 35%Z. Similarly, relative to the reaction over clean Pd(11l1l), the

amount of graphitic carbon deposition was reduced with Si present on the
surface.

Phosphorus had a negative effect on the reaction r;te. The reaction
rate decreagsed with coverage of P (see Fig. 7.16). For example, at O p=
0.33 ML, the rate of production of benzene was reduced by 37%. With P
present, the graphitic carbon deposition rate and the polsoning rate were
similar to that found over clean Pd(11l1).

Sulfur and chlorine had a large negative effect on the reaction
rate. For coverages of greater than 0.20 ML, no benzene production could

be detected. Reacrions on chlorinated surfaces were carried out at room
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Fig. 7.16. The effect of additives at different coverages over Pd(ill),
Pd(100) and Pd(110) on the rate of benzene formation at high
pressures (200 Torr acetylene, 850 Torr Nz and 300 K) is shown.
P4(1t1l) and Pd(l00) appear to be affected similerly by the
different additives. Potassium and Si enhance the rate of
benzene formation, while P, S and ClL decrease the rate of
benzene formation. On Pd(l10), S and P increase the rate,
while addition of K, S and (1 decrease the rate.
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temperature, due to the low desorption temperature -of chlorine from Pd
surfaces. The rate of formation of benzene from chlorinated surfaces was
very low, even for coverages as low as 0.1 ML, and for coverages over ~ 0.2

ML, no benzene formation was observed.
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Section 7.13: Effect of Adatoms on Cyclotrimerization at High
Pressures: Pd(l110) .

The rate of formation of beazene over clean Pd(110) was found to
be ~ 1/5 that of Pd(l1l) for the same reaction conditions. Additives had
less effect over the (ild) surface. In contrast with K~doping of the
(100) and (111) surfaces, adsorption of K on the‘(110) surface decreased
the rate of benzene formation (see Fig. 7.16).

Silicon and phosphorus both enhanced the rate of benzene formation
to the same extent; As on Pd(111) and Pd(100), sulfur and chlorine
depressed the rate of benzene formation on the Pd(110) surface. It was‘
also noted that the rate of pPisoning was increased, at comparable

coverages, as adatoms were changed from K to Cl.
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Section 7.14: Discussion of UHV and High Pressure Studies on Clean
) Pd Single Crystal Surfaces: Introduction

The c¢yclotrimerizatlion

2]

eaction of acetylene over clean Pd catalysts
to form benzene proceeds readily in pressures ranging from 11071241 aem
and on a variety of surfaces (single crystals, films and supported on
alumina)e The reaction is structure~sensitive at both low and high
pressures. In UHV the stoichometric reaction over the (111) face is the
most active. The (L10) face is one=fourth as active, and the (100) is
one-twentieth as active. At high pressures, the (111) and (100) surfaces
show similar catalytic rates and the (110) face is four times less active
(see Fig. 7.16).

The high activity at low pressures over Pd{(1l1) has been attributed
to a template effectl, in which three acetylene molecules aré oriented,
in the six~fold symmetry of the Pd(111l) surface in the Kekule benzene
structure,

In addition to the cyclotrimerization reaction, hydrogenation,
reversible molecular desorption and decomposition reactions are also
detected3! ar all pressures., At high pressures the réaction has an

apparent activation energy of 2 kcal/mol and ig first order in acetrylene

pressure (Rate = kP+lc =c)e
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Section 7.15: Discussion of UHV and High Pressure Studies on Clean
Pd Single Crystal Surfaces

In UHV, benzene desorbs with two maxima at 250 and 450 K, on the
Pd(111) when formed from acetylene. When the surface was dosed with
benzene, there were desorption maxima at the same temperatures, suggesting
that benzene formation is desorption rate~limited rather than formation
rate~limited. Similar thermal desorption traces of Hp from the C =C and
Cglg doses further substantiate this proposition. In both cases, hydrogen
desorbes inm a broad hi;h temperature peak centered around 450-540 K.

These similarities between benzene desorption traces exist on the other
two surfaces (see Table 7.2). The low and high temperature maxima in the

'
benzene desorption show that benzene forms readily and also that some
benzene formed decomposes on the metal surface.

Using Redhead's method55

of calculating activation energies (E,) for
UHV reactions from desorption maxima, the activation enerzies for benzene
formation are 15 and 30 kcal/mol for the low‘(260 K) and high (520 K) temp-
erature peaks, respectively, on the (111l) surface. Contrasting these
values with thoée from high preséure studies, shows largé differences in
.Ep» At high pressure the trimerization reaction has an Ep of 2 kcal/mgl.
For a high pressure reaction tﬁié is an extremely low value. For compari-
son, the formation of methane from CO and Hy, a facile reaction on Fe,

has an Ep of 24 kcai/mol and hydrogen exchange on Pt has 8 kcal/mol
activation enetgya°'56. This low energy could suggest formation of benzene
.on an overlayer of ethylidyne or other carbonaceous fragments, onto which
it would be loosely bound.

From CO titrations, it cam be seen that the reaction rate is dependent

on the number of metal sites available. As mentioned previously, on the
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Table 7.2, Relative catalytic rates, according to open active sites.

Crystal Turnover Percentage of Catalytic
Face Frequency2d Open Sites Rates
(111) 0.048 . 7 0.96-0.68
(100) 0.048 . 12-15 0.40-0.32
(110) 0.0l4 ~2 0.7

8units of molecules/site * sec




159
(111) and (100) gurfaces, approximately 5-7% and 12-15%, respectively,
of the surface was bare after 1 h of reaction and on the least active
(110) surface only 1-4Z of thé surface was bare. The differences in
bare metal sites on the (111) and (100) surfaces which have similarr
turnover frequencies are most likely due to different poisoning rates.
Also, when CO was added to thé room temperature reaction 3 h after the
start of the reaction, the rate decreased¥to almost zero. Subsequent
heating to 485 K, which is above the desorpticn of CO, restored the rate
to within 15% of its original value. Carbon monoxide binds only to.the
metal surface and since it binds more strongly than acetylene, it displaces
acetylene., The CO citrationé, C0 poisoning experiments and structure
sensitivity show that the bare metal atom is the active site for the
reacting at high pressure.

The (110) surface, the least active face, is the roughest surface
and leads to the highest decomposition rate of both acetylene and benzene
as seen by the low percentage of bare Pd atoms. Therefore, the amount of
1rreversibly;bound carbon in cheréatalytic steady state reaction limits
the rate by blocking sites.

If the perceat of open or éctive surface sites is taken inﬁo acéount,
the reaction still exhibits structure sensitivity‘(see Table 7.2)- The
(111) surface is still the most active, followed by the (110) and then
the (100) face. This is the same activity ordering as seen in UHV. The
rel;tive values of the activity diffe;; hﬁwever. this may be due to the
inability to determine perfectly the percentage of open sites with CO
titrationg.

The product distribution at low and high pressure are different. In

UHV, in addition to benzene formation, approximately 20% as much ethyiene
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forms. At high pressure on single crystals, less than 5% ethylene forms,
which is the detection limit of our gas chromatograph. Hydrogen could
not be derected at high pressures.

The low activation energy for this reaction can be explained by
incorporating an adsorption equilibrium constant into the rate law.
The apparent activition energy, which is determined from the slope of the
ln(Kexp) versus 1/T plot, then equals the combination of the surface process
activation energy and the heat of chemisorption. We were unable to extend
the experimental parameters to regions of high acetylene caverage to test
this hypothesis.

The most difficult question to address is that of possible mechanisms
for :ﬁe cyclotrimerization reaction. It is possible that at high and
low pressures two or more mechanisms exist. Since benzene is detected
in all presgure ragicns investigated, there may be a gradual transitiom
from one path to another,

There are a few possible mechanisms which could occur on the surface.
One scheme involves the concerted reaction of three acetylene molecules
slmultaneocusly joining11'3l. Another mechanism Involves formation of a
cyclobutadiene ring on the surface, which is bound roughly parallel to
the surfacell, This ring would not be tightly bound to the surface,
since no C4 products were detected either at low or high pressure, thus
this type of mechanism seems improbable. This type of mechanilsm has
been ruled out in the homogeneously catalyzed reaction!® 12, The third
mechanistic schema involves a metallacyclopentadiene as an intermediatelZ.
In organomecallic chemistry, numerous studies have investigated possible
schemes for [242+2] cycloadditionslz. Spectroscopic evidence (NMR, IR)

suggest thar two acetylenes sequentially displace two ligands to form a




161

metallacyclopentadiene intermediate. This is followed by ﬁhe'inserfipn
of another acetylene to form a metallacycloheptane or a Diels-Alder type
addition to fprm benzene. The first portion of the scheme has been
proven, but the addition of the final acetyiene is very rapid and -the

pathway has not been determined.
Analysis of product distribution and yields @id not give enough
information to propose a mechanism. Current electron energy loss spec—

troscopy studies will shed some light on this intriguing problem.
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Section 7.16: Discussion of UHV and High Pressure Studies on Promoted
Pd Single Crystal Catalysts: Introduction

The cyclotrimerization of acetylene has been observed over promoted
(111), (100) and (110) single crystal surfaces of palladium at both high
and low pressures. The difference in benzenz yield at low pressures,
relative to the rate of production of benzene at high pressures, was quite
dramatic over the different promoted surfaces. Potassium was found to
eliminate virtually all benzene formatiom at low pressures, whereas at
high pressures, it was found to be the best promoter studied for the form-
ation of benzene. Sulfur and chlorine, on the other hand, slightly en-
hanced the low pressure formation of benzene, while at higher pressures,
even very low coverageé (<0.1 ML) of S or Cl poisoned the reaction, and
above ~ 0.25 ML, no benzene formation was observed,

The effects of the different additives will be discussed in terms of .
steric and electronic interactions with surfaces and the cyclotrimerization
of acetylene. Also, the high pressure catalytic results will be compared

and contrasted to the low pressure stoichiometric results.
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Section 7.17: Discussion of UHV and High Pressure Studies on Promoted Pd
Single Crystal Catalysts: Adatom Properties

To facilitate understanding of the results presented in ;his study,
some of the important properties of the adatoms are considered first.

The four adatoms (Si, P, S and Cl) decrease slightly in atomlc radius3-a
(see Table 7.3) with increasing atomic number, from 1.32 A for Si to 0.90
A for Cl. The atomic radius of Cl, however, ranges from 0.90 A for the
neutral ClL atom to 1,80 A for C1~. The ionic radius of K is 1.33 A.
Palladium is slightly larger, with an atomic radius of 1.38 A, Although
structural data is not available for these adatoms on Pd surfaces, there
is some structural data for S and Cl on Ni{(11l) and Pt(111)25. These
studies show adatoms to réside generally in threefold hollow sites.
Therefore we expected that Si, P, 8§ and Cl would also chemisorb in the
threefold sites of the close~packed Pd(11l) surface. Due to insufficient
data for the Pd(100) and Pd(liO) gurfaces, no conclusions car be drawn
on the nature of the binding sites for the adatoms, but it is known that
S on Ni(100) resides in the highest coordination site30,

Electronegati?ity.is another empirical parameter that differs signifi-
cantly for the adatoms used in this study. To observe how tha surface
electonegativity changes with the addition of different adatoms to the
surface, we performed work function measurements on Pd(100) (see Fig. 17).
The change in work function varies linearly with the coverage of each
additive. The decrease in work function is greatest for K, indicating
that it donates the most electron density to the surface per unit coverage,
followed by Si and then P. Conversely, S increases the work function,

implying that it withdraws electron density from the surface.
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Table 7.1. Pauling elec:tu.'oneg,rativ:if:.y?’sa and atomic radius338 of each
adatom, r-~lladium and hydrogen.

Element Pauling Electronegativity tomic Radius { A )
H ‘ | 2.1 - 0.37
K 0.8 : 1.332
5i 1.8 1.32
P . 2.1 1.28
S 2.5 ‘ 1.27
a 3.0 . 0.90
Pd 2.2 1.37

Qonic radius
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Fig. 7.17. T™he change in vork function, 4¢, is plotted vs. the coveraze
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While the atomic radii of the adatoms vary only slightly, there is a
large difference in electronegativity (see Table 7.3) for the addtives.
Therefore we expect that electronic interactions will have the greatest
influence on the surface chemistry. The work function changes observed
in our study fit with the electronegativity data very well and will be
used tc explain the results of the cyclotrimerization reaction studies.

Adatoms on all metal surfaces, under conditions of low pressure,
hkave several effects on surface reactions - the additives can (1) donate
or withdraw electron density from the surface, {(2) form islands on the
surface, (3) form surface compounds and (4) block certain reaction path-
ways. Studies have found K to be uniformly dispersed on metal surfaces32'33
(except at higher monolayer coverages), and to donate electrous to the

surfacel?, Sulfur and chlorine are known to form ordered islands at low

coverages30 and withdraw electron density from the surface34. From our
work function measurements, we found P and Si to be electron domors, but
not to the same extent as K (gsee Fig, 18). Phosphorus and silicon were
found to form ordered LEED structures over some metal surfaces. For
example, K forms a /7 X ¥7 R17° over Pd(111). Also, structures have

30

been observed over Cg and S1i". Phosphorus and silicon are known to

form stable compounds with many metals (PdySi, PdSi, NiySi, NisP and
N1592)353-b»35.

Both acetylene and benzene are known3773% to donate electrons to
metal surfaces. Acetylene has a low-lying antibonding orbital which is
partially filled in the presence of electron donors on the metal surface,
such as K38, destabilizing the carbon-carbon boad. Benzene's antibonding
orbitals have lower binding energy and thus are not filled even in the

presence of K, as evidenced by the TPD and EELS work of this groupao’al.
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From the theoretical work of Anderscn37’38 on Ni, Pt and Ag surfaces, S
and C1 would be expected to polson the surface toward acetylene chemi-
sorption. No other work has been completed on the effects of Si and P
on the bonding of acetylenme and benzene to metal surfaces, so no compari-

sons can made at this time.
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Section 7.18: Discussion of High Pressure Studies on Promoted Pd Single
Crystal Catalysts: Introduction

The effect of promoters at atmospheric pressures on the reaction of
acetylene over single crystals of palladium has been lnvestigated. We
have previoﬁsly published6 the rate (Turnover frequency=0.05 molecules
benzene/site <« sec, 200 Torr a;etylene, 850 Torr N3, 570 K on Bd(11ll)),
pressure dependence (rate of benzene=kP. - C+1) and activation energy
(Ep = 2 kcal/mol) for:the formation of benzene from écetylene over Pd
single crystals. In ;hese earlier studies, we found Pd(11l) and Pd(100)
surfaces to have the same rate of benzene production, but om the Pd(110)

surface the rate was about 25% of the rate on the (111) and (100) surfaces.
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Section 7.19: Discussion of High Pressure Studies on Promoted Pd Single
Crystal Catalysts: Pd(lll) and Pd(100)

The additives investigated had the same effect on each of these two
surfaces. Electron-donating additives were observed to enhance the rate
of formation of benzene. As can be seen from Fig. 7.16, the electron=
donating additives, K and Si, had a large positive effect on the rate of
formation of benzene. Electron-withdrawing additives decreased the rate
of production of benzene and increased the amount of carbon present on
the surface after each'reaction. We found that the activation enmergy and
pressure dependence for the formation of benzene did not change, from the
clean surface values, for all the modified surfaces studied.

The difference in rate of benzene formation for the different modified

surfaces may be caused by the amount of open Pd surface area. The surface

‘formed an equilibrium amount of carbon, which appeared to block reaction
sites. This surface carbon could be ia the form of graphite or a polymer
of acetylene. It is possible that the electron-withdrawing additivies
enhance the polymerization process, by acidifying the metal surfaceSI,
thereby decreasing the r;te of benzene formation. Figpte 7.18 ghows the
amount of carbon present on the‘(IOO)'surface after flzshing the modified
surface to 520 K in uuv; Electron-donating ad&itives appear to keep the
surface cleaner, and the rate of poisoning for surfaces modified with
electron-donating additives was much slower than for the surfaces modified
with electron-withdrawiang additives.'

Phosphorus did not fit the trend of electron donors acting to enhance
the rate of benzene formation. It appears to have slightly more carbom
at equilibrium than the clean Pd(100) surface, so the electron—donating

power of P is not emough to stop either polymerization of decomposition.
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Section 7.20: Discussioﬁ of High Pressure Studies on Promoted Pd Single
Crystal Catalysts: Pd(110)

The clean Pd(110) surface was shown to have only ~ 27 open surface
at equilibrium, which was used to explain the diminished rate of benzene
production. The (110) surface of fcc metals can be thought of as a mono-
tonically=stepped surface. This high density of‘steps 1s expected to be
more reactive towards decomposition of acetylene. High carbon coverages
on the surface under reaction conditions are therefore expected.

Additives on Pd(l10) had less effect on the rate of formation of
benzene than on Pd(111) and Pd{100). Potassium was found to inhibit the
reaction rate and P enhanced the rate as much as Si, One explanation
for K decreasing the rate of formation of benzene is that K on Pd plus
acetylene induces faceting on thé surface. Alkall metals are known to
induce a 2 X 1 reconstruction in Ag(110) surfacesAB'qa. If ¥ ~r K+
acetylene, induces a reconstruction in Pd(110) then K would be expected
to sit in a deeper trough and therefore have less effect on the surface

reaction, possibly just acting to block reaction sites.,
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Section 7.21: Discussion of UHV Studies on Promoted Pd Single Crystal
Catalysts: P4(100), Pd(111) and Pd{110)

Low pressure results for additive—covered surfaces can be explained
by a combination of surface structure and electronic interactions.
Potassium-covered Pd surfaces produced less benzene and less decomposition
products than Si-, P—, S— and Cl-covered surfaces. Potassium is the
least 1ikely of the additives studied to form islands on the surface. At
low coverages, K is known to be disordered on metal surfaces and only at
coverages approaching saturation does a LEED pattern form30. 1If the
adsorbate interaction is short range, then well~dlspersed adatoms will
produce a greater overall effect than adatoms with a clustering tendency.
Lless metal sites would be covered by addirives such as Si, P, S and C1,

which form islands on compounds on the surface. This would help explain

our results, since acetylene was not found to chemisorb to multilayers on
K, due poasibly to K atoms blocking sites. With dispersed K on the
surface, three acetylene molecules would be less likely to be cl&se enough
together on the surface to form benzene. Our results seem to indicate
that the electronic affect, as correlated to the change in work function,
is not the major promotor function for K under UHV.

Ulcra-high vacuum studies are summarized in Fig. 7.19, which shows
the effect of each additive on the benzene yield on each surface, at a
coverage of 0.25 ML. The most pronounced effect observed was that of Si
on Pd(100), where at a coverage of 0.38 ML, the yleld of benzene increased
twenty—-fold. '

Significan: effects on the formation of benzene from acetylene were
observed from Si on Pd(100) surface and P on the Pd(11l) surface. The

greatly increased benzene formation over these two surfaces may be attributed
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30 -
o e(111)
o (110)
© 4 (100)
X
©
8 20f -
73]
(]
F..
@
c
)
=
o 10 -
(28]

Clean K Si P Ci
Additive

Fig. 7.19. The effect on the rate of benzene formation by additives at
constant 0.25 ML coverages on different Pd single crystal
surfaces is displayed. Benzene TPD spectra were recorded
after a 6L dose of acetyleme at 130 K, Phosphorus on Pd(l11)
and S{ on Pd(100) have the greatest enhancement on benzene
formation.
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to the formation of surface compounds. The PdSi compound is known to be

stable35

s and although no palladium phosphides are knoﬁn, they are well
know for nickel35 (NipP, melting point of 1385 K; and NisPp, melting
point of 1458 K). Figure 7.20 shows evidence for the formation of a
surface palladium silicide. As the temperature of the Si-covered Pd(190)
surface is raised, the work function shifts dramatically, indicating a
reversal of dipole moments. This shift corresponds to Si dissolution, as
also shown by the slight change of the AES S1 signal (no Si desorption
was observed). This work function shift'has been shown to indicate
surface compound formation26,43-32,

Phosphorus on Pd(l1l1l) was found to. have similar changes in the work

function, showing a change upon annealing the erystal. These changes

were not observed for any of the other additives on any other Pd surface.

In general, the work function versus coverage plot was reversible with
annealing/flasing of the crystal to desorb some of the additive. Future
work is planned to test the hypothesis os surface compound formation with
Si and P on Pd(11l) and (100).

Sulfur on Pd suppressed the decomposition reaction. Relative to the
three clean su:faces, only ~ 5-10Z as much H; and ethylene were observed
(see Figg. 7.11) in the TPD experiment. As noted previougly, Anderson and
coworkers3/ +38 predicted electron-withdrawing additives would block most
acetylene adsorption and weaken the acetylene-metal bond. The weakened ace—
tylene-Pd surface bond can account for the larpe decrease in decomposition
observed. Benzene formation remained approximately unchanged and molecuiar
desorption was enhanced somewhat (see Fig. 7.2,4,9). It appears that % selec—

tively blocks hydrogenation, as has been seen previously for S on Mo in the

hydrogenation of CO (see Chapter 5), as well as dehvdrogenation reactions¢14'52.
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3L _
2r o Before annealiing

© After annealling
1L _

Silicon coverage (monolayer)

Fig. 7.20. The effect of annealing the Si~covered Pd(100) surface is
displayed. Upon annealing at 700 K for 3 min., the work
function shifts 0.75 - 1.25 eV, while the Si surfaces coverage
remains aimost constant (as measured by AES).
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Chlorine also reduced the amount of acetylene decomposition, but not
to the same extent as does S. Molecular desorption of acetylene was
enhanced. Benzene formation was enhanced slightly on Pd(100) while it
declined slighty on Pd(111) and Pd(110). Chlorine should act very much
like S, because additives withdraw electron density from the surface and
become enlarged as electron density is removed from the metal. Both Cl
and S are known to form ordered structures at low coverages, indicating
island formation. It is interesting that for similar coverages of S and
Cl 2-10 times more ﬁydrogen was formed on the chlorinated surfaces. In
general, the trend from K > Si + P + S + Cl seems to indicate that increas-
ingly electron-withdrawing additives lead o decreasing decomposition, but
the most electron-withdrawing additive, Cl, breaks this trend.

The site blocking contribution to the surface reaction appears to be
greatest for K and decreases as the additive atoms become more electro-
negative. The electron interactions increase as the additives become

more electronegative.
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Section 7.22: Comparison of Results of UHV and High Pressure Studies on
Promoted Pd Single Crystal Surfaces

Our results for additive effects on the conversion of acetylene to
benzene are quite different at high and low pressures. The high pressure
catalytic results appear to depend on the amount of bare palladium exposed.
At high pressures, the surface is saturated with acetylene and the
formation of benzene competes with the decompositinn and polymerization
reactions which poison catalytic sites. Additives which keep the surface
cleaner, such as K and Si,‘enhance the rate of benzene formation; but, S
and Cl appear tc¢ enhance to polymerization or decomposition reactions,
polsoning the catalytically active sites. The low pressure stoichiometric
results correlate with site-~blocking for electropositive additive; and

shifting to more of an electronic interaction for electronegative additives.
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CHAPTER EIGHT: CONCLUSIONS

Section 8.1: Overview

The effect of additives on catalysts for the hydrogenation of carbon
monoxide and the cyclotrimerization of acetylene has been investigated
using both low pressure surface science techuniques and high éressure
reaction studles. Additives were found fo have relatively complicated
catalytic behavior, which could be explained with the aid of sﬁrface analy~.
tical tools such as AES,.XPS, TPD, and LEED. Potassium was found to have
the greatest effect on both the hydrogenation of COband the cyclotrimeri-

zatlon of acetylene over all metal catalysts.
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Section 8.2: Hydrogenation of Carbon Momoxide

Hydrogenation of carbon monoxide was carried cut over Mo, Rh, mixed
oxides of Rh and 3d tramsition metal perovskites.

The hydrogenation of GO on Mo surfaces in the pressure range 1-10
atm and temperature range 520-670 K, primarily produces methane, ethene
and propene. The reaction rate exhibits positive order in CO pressure
for CH; formation unlike other methanation catalysts. The reaction also
produces a large fraction of ethene and propene instead of saturated
hydrocarbons as observed for other trangition metal catalysts (Fe, Re);
The addition of K to the surface, at low coverages, causes an increase in
the overall rate and a shift in selectivity toward unsaturzted products.
This has been explained in terms of an electronic effect by which K
induces back-~donation of electrons into the CO 2 7w * orbital, increasing
the amount of €0 dissociation on the surface. The addition of S to the
surface, on the other hand, causes a decrease in the overall rate, but
again, an increase in the fraction of unsaturated produéts. This has
been explained in terms of selective adsorpnipn site blocking, preferentially
reducing the amount of hydrogen on the surface.

For hydrogenation of CO over Rh polycrystalline foll catalysts, a
large equilibrium deuterium isotope effect is observed. The activation
energy for the reaction 1s simlilar to other methanation catalysts. Also,
the pressure dependence of the reaction obeys the rate law:

Ratecy, = KPP oo,
These observations lead to the conclusion that one of the final hydrogenation

steps in the reaction mechanism is rate-limiting.
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Over oxides of Rh and La perovskites, the products of the hydrogen-—
ation of CO were found to be very dependent on the oxidation state of
the transition metal catalysts. The activity 1s lower for the oxide
catalysts relative to clean metal catalysts with the same active qetal
center. For the transition metal perovskites, the overall activity

increases from left to right on the periodic table, from Cr to Co.
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Section 8.3: Cyclotrimerization of Acetylene

Acetylene cyclotrimerization over additive-ccvered P4(111), (100)
and (110) single crystal surfaces at both high { ~ 1 atm) and low ( ~
10-12 atm) pressures has been studied.

At low pressures the reaction was found to have a high degree of
structure sensitivicy f£or the formatiqn of benzene, Pd(1ll) > P4(110) >
Pd(100). At low'ﬁressures, additives had large effects of the amount of
benzene formed, On Pd(11l), addition of P to the surface (0.25 ML)
doubled the amount of benzene formed, while K (0.25 ML) greatly reduced
the amount of benzene relative to the clean suface (see Fig. 7.19).

Benzens formation on Pd(100) increased 15 fold, relative to clean Pd(100),
with the addition of 0.25 ML of Si, possibly due to formgtion of a Pd
silicide. The effect of additives on the low pressure stoichiometric
reaction can be explained by a combinatior of surface structure and
electronic interactions.

The effec; of additives on the high pressure catalytic conversion of
acetylene to benzene was much different than <1 the low pressure stoichio-
metric reaction. At high pressures, the dominant factor in the rate of
benzene formation appeared to be the number of active sites on the surface.
The amount of graphite or polyacetylenlc carbon on the surface decreased
with electron-donating additives (X, S1) on the surface, relative to
clean Pd (see Fig. 7.18), and increased with electron-withdrawing additives
(S, Cl). The structure semsitivity at high pressures for additive-covered
surfaces was found to be in the same order as at low pressures, Pd(111) >
Pd(110) > PAd(100), when only the active surface (free of carbon) is taken
into account. Much less difference in the overall rate of benzene formation

over the three surfaces 15 observed at high pressures.
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APPENDIX: CYLINDRICAL MIRROR ANALYZER SCHEMATICS AND PHOTOGRAPHS

Section A.l: Materials and Suppliers

Schematics for the double pass cylindrical mirror analyéer (CMA) used
in the studies discussed in this thesis are shown in Figs. A.]l - A.37 and
and Photographs A.38 - A.53, Not shown are schematics for the field ter~
minating plates, which were purchased from the vacuum division of Physical
Electronics. The Mu metal shields, shown in Figs. A.lé - A.22 and Photographs
A.38,39, were purchased from

HMu Shield Company ‘
121 Madison St.
Malden, MA 02148
{617) 321-44]0.

Vacuum feedthroughs were purchased from Varianm (Rotary-Varian‘954-5151,
10 pin-~Varian 954-5033). The channeltron used was purchased from Gallileo
(5800 series, high voltage model). The wire meshes used were tungsten 100 X
100 with 6,001 in, wire and SO X 50 with 0,002 in. wire and purchased from

Unique Wire Weaving

762 Ramsey Ave.
Hillsdale, WI.

All ceramic componeats are composed of 100X Al703 and were built in the
ceramic shop at LBL by Will Lawrence and Bill Wilkie. All measurements

shown in the figures are in units of inches.
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Section A.2: Overvirw of Schematics

ny

igs. A.l = A,12 are the schematics for the double pass CMA.

Figs. A.13 - A.18 are schematics for the pivoting aperature for switching
from Auger to XPS mode.

Figs. A.19 ~ A.22 are schematics for the outer Mu metal shielding for
the CMA.

Figs. A.23 - A.37 are schematics for the internal electron gun which is
used for Auger electron 5pectrosScopy.
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Section A.3: Abbreviations Used in Schematics

Be-Cu = Berrilium~Copper
CL = center line
CCF = conflat flange
FH = flat‘head screw
HEX = hexagonal head Sc¥ew
IC = inner cylinder
ID = inside diameter
- 0C = outer cylindér
OD = outside diameter
OFHC = oxygen-free.highApurity copper '
R = radius
SH = socket head
304SST = 304 stainless steel

Vac = vacuum
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Section A.4: Figs. A.l = A.12

The main body of the double pass CMA 1s shown in Figs. A.l - A.l12,
Photographs A.40 — A.43 and A.47 - A.52 show the CMA being disassembled

piece by piece.
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Attachment Plate-Top from Vac Side
Material-Aluminum
OD=53¥8 ID= 3 ¥4 Thickness= 1/4

This OC Feedthru
Shielded, 9/16 Clearance
noles for Electrical
Feedthrus-10 plcs.

/8 Clearance Hole
& Ccuntersunk for 10-
32 FH £from far side-
4 ples. Support post
attachment points.

3/16 Clearance
Holes to match tapped
holes on CCF-4 plcs.

Fig. A.2. The aluminum attachment plate for the support posts is also the
actachment point for the OC shielding (see Photograph A.49).
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Back-up Plate for Bottom Field
Terminator Support (Copper)
304SST-1/16 Thick

.

«8R-.344 Holes
4 plcs.

3/156
Clearance hole for
OC Feedthru Shielding

3/16 Clearance
Holes

1.2 Clearancé‘
Hole for
Channeltron

Fig. AJ3. The back up plate for the final fiéld terminator support is held
above the channeltron by four support posts (see Photograph A.48).
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d Outer lens
QHFC Copper

zn

4.47 0.D.

4.30 107
ground round

4~490 Thru-3 plcs.
Holds Center Field

Terminator 6.75

% hole thru |
Pump Out

Fig. A.5. The lower oxygen free copper outer cylinder (see Photograph A.41).
The middle field terminator is held by three 4~40 allen head screws.
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1St Outer Lens
OHFC Copper

e [ 1/)6 slot-Equally spaced
60" Apart-6 plcs.

3.875

4.375 Diw

2.47 Did ey

Fig. A.6. The upper oxygen free copper cylinder. The bottom interlocks into
the bottom outer cylinder and the top field terminator rests on the
slotted top (see Photograph A.40).




Aperature Shaft
Hole=.125 Dia.
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d Inner
Be-Cu

| — ngonu...

RN

«1R7 Dia.

. 765R

Hole

2-56 Tapped holes~4 plcs.
1.715 B.C.

45°

*—"2235 Dia. Hole«2 pics.

.804 R-2 ples.

Lens Grid Dimensions=.002 wire X

.020 sq. sections

Countersink for 2-56 FH=2 plcs.
Aligned with QL of windows.
i

5
.650 i 54

o= :r‘—f 1

6.187

.990

.094 Dia. Holes-4 plcs.
Aligned with QL of windows -

Fig. A.7. The lower Be-u inner c
windows (see Fig. A.9).
this cylinder and is held in
Fig. A.8, Photographs A.42, 43).

ylinder with tungsten mesh-covered electron
The middle field terminator sits on top of .

place by the upper inner lens (see
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Grid Dimensions = .002 wire
X .020 sq. sections o
Grid Radius = 1%, 120~ sgctor

Section A-A

ISt Inner Lens
Be-Cu 094 ——duy
ncline for
.080 -030 1.70 grid radius
i

45 Incline
-7
.180 ]
|
— ¥Dia. b

hole thru-2 plcs.
Also covered with grid

1,910 Dia-2 plcs.

so grids are below
1.94 Dia.
+»530-2 ples.
! N I
750
[ ]

Fig. A.8. The upper Be~Cu ingper cylinder. The middle field terminator s
tield by the vJ.c_mg shoulder on the bottom of this inner cylinder (see
Photograph A.5l). The top field terminator rests on the top of che

cylinder and the electron gun gits between the grid-covered electron
windows (see Fig. A.9).




197

Section A-A
Machining Detail of Windows

Window Grid Holddown Sheet
Use PT .between sheet and BE-CU

4 windows
long

Fig. AJ9. Detall of the electron windows for the inner cylinder.
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Incline for
grid radius

nner Mu Metal Shielding
Attachment

2-56 Thxu.ozqually-
space, 40 Apart

—f. 7’ learance for 4-40
2.0 Stack Assembly Rods
5.062 1 4,875 B.C.

Grid Dimensions=.001 Wire X .010
sq. sections o
st Grid Radius=11/8",120" Secter
1 Aperature +250 Hole on Q
3045ST Spotwelded every 1/16"
Grid Analysis=Cr=84,5%,Fe=12%
Cu=2%,Ni=1.5%

]
Y125 4.625 —7 082

4.750

45° Incline

Fig. A.10. The cover shield for the QMA, with attachments for the stack assem-
bly rods (see Fig. A.l), and inner Mu shield. The shield has a
hemispherical grid spotwelded on the top (see Photograph A.50).
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Stack Assemblv Rods-4 pcs.
OHFC Copper

—- i-.187 Dia.
¢ _—[—
f
Flats

Tapped 4-40X
375 Both ends

10.100

B4

Fig. A.ll. The OHFC copper stack assembly rods (see Photographs A.40,41).



200

Support Posts-4 pcs.
304SST 5/16 Hex

ls

3.22 Hu

/

)
4
=

Tapped 10-32X3/8
Both Ends

‘ 2=-56 Set Screw
10-30X% ) | [T Qe
3/16-304SST ? vl et
Tubing 6
OC Shielding . 0C -Shielding
2% 1% Aluminum
S4D. o=

Fig. A.12. The bottom terminator su

PPOrt posts and outer cylinder aluminum
shielding (see Photograp

h A.49).
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The pivoting aperatures are incorporated into thke CMA for Changing from
AES to XPS mode. The electrom flux for AES is much higher than that for XPS,
therefore, to extend the channeltron lifetime, smaller aperatufeé ére used in
the AES mode. The pivoting aparatures are located above the channeltron and
at the field terminating plate (at the apexes of the electron £lux through
the CMA).

Fig. A.l shows the rotary feedthrough used to move the aperature. .The
aperatures are connected by a 0.125" stainless steel rod. Thg rod is inserted
through the "aperature shaf; hole” in each aperature (see Figs. A.15,16) and
moved by the rotary feedthrough on the 8" CCF (see Fig. A.13) moving the |
pivoting aperature lever arm {see Fig. A.17). The 0.125 rod rotates 45° and
is attached to the two pivoting. aperatures. The 0.125 rod is attached to

the 8" CCF as shown in Photographs A.47,49,
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Pivoting Aperture - Lever
33° Arm=-lpc.
304 ssT

+125 Thick

«156 .

«125 Hole

2-56 Clamping Serew

Pivoting Aperature Shaft

Insulators~-3 pes.
Alum. Oxide

- «127 Dia

. 375

P
| 4

L 1180

ig. A4, The Pivoting aperature arm which is activated by the rotary feed-

through. The 0,125 rod 1s attached with

Photograph AJ49) insulators for the 0.125 rod, to go inside the
outer cylinder of the QiA.
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.125 DPia. thru

. 125R
2= Tapped
o * -094 Clearance for
2=56 SH Screw
wid -
K13 -
2125 ) s
e 25

Aperature Pivot Arm
BE-CU 2 pcse.

ool = -

Countersink & Tap Hole for
0-80 FH Screw
Serew to stick down .180

SST-Pivoting Aperature Shaft-.125 Dia X
9.75 Long

BeCu-2 Thrust Bushing=.250 O0.D. X .128 I.D. X
+125 Thk

One has 2-56 Tapped hole radially into
«127 1.D. for Set Screw

Fig. A.15. The pivor arm connected to O

«125 shaft is inserted in the oval
hole of the pivoting aperature (see Photograph A .45, Fig. A.l18).
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Top Aperature-Be-Cu

Top View
~—g=56 Screw-.200 Dia. Head
i is stop adjustment for
-80 Thru pivoting aperature

pring Attachment . 290R
perature Short Point

<Jole~.125 Dia
s .543R
as® A \ B-B
0y b
- N
-56 Tapped with
Ape:atageTgiz -~ pumpout holes-2 plcs.
Point
-05R Countersink for 2~56FH

from opposite side,Attaches
Electron gun posts
.235 Dia Hole thru-2 ples.
Clearance holes for ceramic
-:1ggahpera§ure insulator tube which carry vires
to electren gun :

Section B-B

T
160 .070

44

Fig. A.16,17. Te top and bottom aperatures each have an aperature hole,
§pring actachment point and stop to hold the pivoting aperature
in the correct position (see Photograph A.45).
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Bottom Aperature Top View
Pivoting Aperature Not Shown
Same as Top Aperature

100 Holga-él plcs.
Matches 2 Inner
Lens Assembly

Section A=A ) .

Pivoting Aperature Dia=.062
Grid spotwelded to underside
- Grad is .002 wire, .020 sguare sections

«31
Dia 30°

st |

1501 ¢ ¢
.160

'
-IA4

jo—-1.93

. Dia

Fig. A.l7. See previous figure for descripcion.
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Pivoting Aperzture Details
Top=.100 Dia

Bottom=.062 Dia

Spring Length Relaxed ¢ .44

.

— «187PF

.§<”

3V |
* / r .1oo&n1a

7

D

T =

Threaded

- 060

~80 Thru Spring
Attachment Point

Fig. A.18, The pivoting aperature. The top aperature is 0.100 in diameter
and the bottom aperature i1s 0.062 in diameter (see Photograph A.45).
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Section A.6: Figs. A.19 - A.22,

The Mu metal shield shown in Figs. A.19 —~ A.22 and Photographs A.38,39

insure uniform magnetic fields inside the CMA.
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Inner Mu Metal Shielding

S5.22 Diaa

) i
}"2.004 D 50
=

N\

7 “
3 1.
7 \
I
i
l .
1
]
i
(
t

—tnd

o = 1,3

4
.'zzs..,ojﬂ

4 slots-90° Apart

Side Vaew

- - ]

12.812

-| -050.

wall
'micknesq

—_— e ]

e s.125 m’..——-——l

Fig. A.22. Side view of the inner Mu mstal shield. The inner and outer

shields are separatad by 0.090 in. and ’
%o the bogy o eraced b are parallel with respect
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Inner Mu Metal Shielding-1 pcC.

Ni

3 1.375¢d
Dia

Top View

5.22
Dia

Fig. A2l. Top view of the inner Mu metal shield (see Photograph A.39).
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Section A.7: Figs. A.23 - A.37

The internal electron gun is shown in Figs. A.23 = A.37. The gun is
taken apart from the bottom to the top. Ceramic insulators, support rods and
screws are shown in Figs. A.34 - A.37. Photographs A.44 = A.46 show the actual

electron gun from two viewpoints.
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Electron Gun Bottom Mounting Bracket
BE~CU

-56 Tapped
Thru-4 plcs.

1.875
—
34930~ L\\

.2;2.1_L - 182 .25 "ls

> 525 =4 ° l -97
I
Set Scre
Location
!—— +920 ==
unterbore 187 086
& Drill thruhoid <.
.094 v
1.1707

Fig. A.23. Electron gun base with four 2
together and two counterbored
Q1A (see Fig. A.36).

=56 holes tapped to hold the gun
holes for the gun mount on the
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Outer Mu Metal Shield

5,500 Dia

14.40

Side View

\—

-zsﬂcf" 062

.125°
3 Slots=120" Apart:

Pig. A.20. Side view of the outer Mu metal shield.
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Outer Mu Metal Shielding-1 pc.

Top View 5.40 Dia

I 5.500 Dia

1

Fig. A.19, Top view of the outer Mu metal shield (see Photograph A.38).
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Electron Gun-Plate
304SST

Top Side

0-80 Tapped from side to
hold deflector’ insulator
tubes-4 plecs.

.421R

Counterbored .108 Dia X .094
deep with .060 hole thru-~3 plcs.
For locating 3 ceramic posts.

<108 Hole thru-4 plcs.
Fcr holddown scdrews

. 660 »068 Hole thru~4 plcs.
Clearance for deflector
insulator tubes

s T

1 .125 Thk.

-

I .
l »
l—l .c>63D------—|la

Fig. A.24. Base plate for the electron gun. The internal parts of the elec~

tron gun are bolted to this plate (see Photographs A.4 - A.46).
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Electron Gun=Filament

L0755 R

2=304S5T Posts

.062 Hole thru=2 plcs.

Filamen: is .002x.101

ribbon Tungsten i
potvelded & has transition
wetal straip (Tantalur) betveen

156 filanent and posts.
T Posts are Molybhdenum

.iﬁl

Posts have)

furnaced brazed

to0 cerarac -—i I-.DEB Dia=-2 plcs.

Electran Gun-
FilaTwnt Assertly Plate-] pe.
304sS7T

»10C Holes-3 pics.
Locazion for ceramic posts

+06R Holes~3 pics.

282R-6 pics.

Fig. A25. Electron gun filament. The tungsten (preferably thoriated
tungsten) filament is spotwelded £o the Mo support posts using a
thin foil of tantalum or platinum. The height of the filament is
critical to insure reasonable emission during use. The 2 Mo rods
are connected to Fl and F2 on Fig. A.l.
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Electron Gun-Filament Assembly Plate-1 pc.

304s8ST
apped 0-80
3 plcs.
«.282 R
‘Dia
500
Dia
34 2
r—-.036 Dia
h ﬁ
<375
——L—_E— ——, . 335
4 137 .
.061 r"'l .09s| + 060
.28
Pia
412
Dia
e—_§88
Dia

Fig. A.26. Electron filament holder. The filament assembly fits up in the
holder such that the end of the filament is lined up with the
0,036 hole at the top and 13 ~ 0.010-0.002 in. from touching the
sides of the hvule. The filament holder assembly plate holds the
filament in place and is wired to V1 on Fig. A.l. The plate is
held away from the electron gun place (Fig. A26) by 3 ceramic
posts (sea Fig. AJ37).
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Electron Gun lens
304SsT

Top View

°2§° Insert with aperature
Dip spotwelded in
[} .060=2 nlnrs,

T

I T
3 ' .994

2 ples. . .
4 I b e .
37 .m0} 1 I -280 -

692 Dia

Flg. A27, ™e electron beam focusin
- g stage fits on top of the defl
assembly and is connected tp V2. P sHiector lans
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Electron Gun~pPlate
3048sT

0-80 Tapped

Top Side thru-4 plcs.

-Countersink & clearance
ole for 0«80 FH-3 plcs.

.349 R

» 094 Clearance hole for
/ deflector insulator tubes

.660

i

1 _}
e ses2d t
-563 .050 Thk.

1.400 Dia

Fig. A.28. The middle plate holding the internal electron gun parts lines up

;?e deflector lens wires and is bolted to the top electron gun
place. ‘
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Electron Gun-Deflector Lens Holder-1 pc.
304SST

Tapped 0=-80X.187-4plcs.

Tapped 0-80X.187-3 plcs.

View . 064 Holes
Top View Thru for de-
« 344R flector insulator
.186 Dia tubes
QXA
Co erbored .187 b,
untal X dia. ’-7\ w o y
Cleans up ' 7 o)
,\E / * . .235R
Lo - 2
& / .660 sq.
O TR
= .
\_J/

A

Deflector 'Lens-4 peS.
304587 Scale 4X

.08P

Tapped 0-80

O — .22
114

Fig. A4.29. Thg electron gun deflector lens holder is shown from the top (Fig,
A.29) and side and hottom (Flg. A.30) views. The deflectsr plares
Ssee Flg. A.30) are held in place by ceramic isolated scraws (seéh
:lfs. A.34,36), which are connected to the L0 pin connector in Flg.
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Electron Gun Deflector Lens Holder

tion A-A 2812 pia —1

.562 Digm——

}—-.375% | '

T T

. !
ﬁne -020

45°

437D
S . 5o D}
. 688" DIa

1.032 Dia

- 2-56X.187 with
«031 pumpcut holes
3 ples.

«421 R

Bortom Viev

Fig. A0, See Fig. A.29 fnr description.
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Electron Gun-Final Aperature-i pc.

304S8ST
«235R
.065 Holes
thru-4 plcs.
1 ®
I ’
L |
1 . 440
1] ‘
C T 1 =} t"
--\1 .125 T
Dia .050
1.9 '
Dia
1.062Dia

Fig. A.31. The final aperature for the electron beam is 0.J25 in. diameter

3;d 0.440 in. lorg, and usually at ground potential, connected to



223

Electron Gun-Plate
3048sT

Top Side

——0—88 Tapped Hole-~-3 plcs.
120 Apart

ountersink &
clearance hole for
2-56 FH=4 plcs.

.830R / :

«127 Hole thru-
4 plcs.

~ 600R

|

. 105 Thk.
Fig. A.32, The top electron gun mounting bracket holds the electron gun in

place and bolts the electron gun together with the gun support
posts (see Fig. A.35).
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Electron Gun-Top Shield-1 pc.
3048sT

.867R

Countersgnk for
0-80 FH~120" Apart

1

‘.. 55°3gn _

™1.160 Di
$
o—1 ., 087D ia 440

Figz. A.33. Top shield for the electron gun is bolted to the top mounting
bracket with chree 2-56 screws (see Fig. A.35).
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Electron Gun
Electron Gun iiﬁz.lgizé:tor—lpc.
Deflector Lens Insulator-lpc.
Alum. Oxide

A

Dia ’

060 Holes ia
l—.294 - 4 ples. GBGD

i ]
i b4 .200
P] r-.—i [} ' L 375DIB-J

o.J100 9

fa—

| I «250

45° Incline /X .031

Electron Gun~Lens Insulzators-4 each
Alum, Oxide

Q @ ®
et Y ipesinin

-] 2504 D;a —-.1252—1 '

_.1550 E::l.:i;.‘l :ji

~

rig A.34 - A37. The assorted ceramics, support posts, gcrews and wire
insulation ceramics ia detail.
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Electron Gun Assembly Suppors:
Posts- 2 pcs.
OHFC

2=56X.20 Deep
with pumpcut

..'815'i :L.Ogl] Flats
l e

--1 r-.125 Dia

Electron Gun Support Posts-4 pcs.

304SST
2-56X.2 Deep
Ff/ vith pumpout
1 .

12 o
T

"l Flats

——y fo—,125 Dia

K-z-sex. 15 Threaded

Fig. A.35.
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. Electron Gun Wire Insulation Tubes .
1 pc, for 4-.020 Copper Vire
1 pc. for 5-.020 Copper ¥ire
Alun, Oxide

Electron Sun-Insulating ~» [ 1R7 Dia

Mounting Posts-3 pcs. _&_
Alum. Oxide

3 = 7T

- I"—.092 Dia

;0.0
. This area 11.0
caopper plate
Flectron Gun
Deflector Lens
Alur.Oxide
—— H =-.187Dia
—_ [l =-104Di2 ,
.050 Dia " hi ‘:L 1
R f —
.050 .065 i_

Fig. A.36.
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Electron Gun Screws-3 pcs.
304ssT

_L—:-“.-.cm
T

.031 .062

Sy

.082
Dia

1.45

——

312

S,

Fig. A.37.

ALY

Threaded 2-56X.312Long
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Section A.8: Photographs A.38 - A,52

Photograph A.38.

Photograph A.39.

Photograph A.40.

Photograph A.41,

Photograph A.42.

Photograph A.43.

_ Photograph A.44.

Photograph A.45.

Photograph A.46.

Photograph A.47.

Photograph A.48.

Photograph A.49.

The CMA mounted on 1ts stand, showing the outer meral shield
(see Flg. A.19,20). The cylinder is attached to the Al
plate (see Fig. A.2) by four allen head screws.

The inner metal shield (Eee Fig. A.21,22). The shield is
attached to the first aperature (see Fig. A.10, Photograph
A.SO)I

The outer OF copper cylindérs are held in place by the first
aperature (see Fig. A.10), The bottom field terminator sup-
port (see Fig. A.4) and the stack assembly rods (see Fig.
A.ll).

The lower outer cylinder. The middle field terminating
plate 1s held by 3 set screws on the top of the cylinder.

The top and botzom inner cylinders with the middle field
terminating plate in place (in practice, the lower outer
cylinder must be in place prior to putting in the middle
field terminating pla:e).

The upper inner cylinder and middle field terminating plate
removed to exposed the internal electron gun.

A closeup of the electron gun. The four ceramic sleeved
wires in the middle are for deflectrion and the other set
is for filament current, focusing, accelerating and

grounding the various stages of the gun (see Fig. A.23 -

A37).

Another view of the electron gun. The pivoting aperature
for the top inner cylinder is also shown (see Fig. A, 15 -
A. 18).

A top view of the electron gun (see Fig. A.31,33).

A closeup view of the lower portion of the CMA. The
channeltron is mounted such that it can be replaced without
further disassembly (see Fig..A.48). The mounting block for
the 0.125 pivoting rod is also shown (see Fig. A.49). The
high volcage feedthrus have copper barrel connectors on the
vacuun side for easy connection and removal,

A second closeup of the lower CMA assembly. The 10 pin
feedthru for deflection 1s clear as well as the channeltron
connection.

A third closeup of the lower CMA assembly. The rotary feed-
thru and pivoting arm setup (see Fig. A.13,14) and the outer
cylinder Al shielding (see Fig. A.12) are shown.



230
Photograph A.50. The first aperature (see Fig. A.10) with hemispherical
tungsten mesh spotwelded in place.
Photograph A.5l. The upper Be—Cu innmer cylinder (see Fig. A.8).

Photograph A.52. The top field terminating plate.
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XBC 857~5527

Fig. A.41
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Fig. A.43
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Fig. A.46
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Fig. A.47
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Fig. A.51 XBC 857-5537
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