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Section 6.2: Clean Mo Surfaces 

Table 6,1 shows ~he rates of product formation over clean Mo(100) 

single crystals and clean Mo polTcrystalllne 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(lO0) single 

crystals and polycrystalline foils. We found the rate of HDO reactions 

to be 10-100 times faster than HDN reactions for similar ~odel compounds 

under identical reaction conditions. 

Hydrodeoxygenation reactions over clean Mo mainly produced propene 

and CO and some methane. The HD0 activity for furan was found to be ~ 10 

ti-~s greater than for tetrahydrofuran (THF). The product 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 TP~ 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 ( Z C4's of Table 6.1) products combined. 

Table 6.2 shows the product distribution in mole percent of C 3 and 

C 4 hydrocarbons produced from each model compound. The mole percent of 

propene was found to be approxlmatcly equal for THF and all the nitrogen- 

containing model compound3. The distribution of C 4 hydrocarbons produced 

from the TRP and pyrrolldlne HDO reactions, was similar. Product distrl- 

butions and overall rates for both the paraffinlc and oleflnlc nitrogen- 

contalning ring compounds were found to be the same. The rate of formation 

of 65 hydrocarbons from pyrldine and plperldlae was found to be approximately 

twice the rate of C 4 hydrocarbon ~ormation. 



113 

0 

Q 

3 

0 

0 

3 
o 

u 

0 

u ~ 

O ~  

W 

~J 
U 

0 

~J 

~J 
U 

\ 

U 

0 

0 

u~ 

. 0  
Q 

0 

Q 
Q 

N 

G 

I' 

0 

0 

0 
0 

Q 

0 ,  

0 

0 

0 

0 

0 

0 L, 

0 

0 

V 

0 

,,,,, 

Q 

OI 
0 
Q 

0 

0 

I I I  

0 "  

0 

0 

¢, 

m 

W 

e- 
,I,.I 

0 
&J 

E3. 

O ~  



114 

Table 6.2. Product distribution of C 3 and C 4 hydrocarbons from each modal 
compound over clean Mo are shown. Conditions were I0 Tort 
hydrocarbon and 750 Tort hydrogen at 610 K. 

Reactants Produc t s  (mole %) 

Y 
furan 95 0.5 1.5 1.2 

THF 54 5 13 

, , ,,, 

pyrldlne 58 NDb 17 

p i p e r l d i n e  60 ND 

50 

56 

p y r r o l e  12 

6 

0 .8  

15 I0 

= 

25 

13 

12 

19 p y r r o l i d i n e  

27 

12 

12 

/~ overall rate a- 

1.0 I.I 

0.13 3 

0.012 

- 0,015 

12 0,014 

0.016 

a u n l t s  o f  molecu les  p r o d u c e d / s l t e  * Seco bNv ~ no t  d e t e c t a b l e  by methods 
used in  t h i s  s t u d y .  
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Experiments were performed to determine the effect of hydrogen 

pressure on the overall rate and selectivlty of the HDO reaction. For 

the HDO reaction with furan, higher hydrogen pressures increased the 

overall rate and shifted the product distribution toward more C4hydro- 

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 s e l e c t i v i t y .  

We also studied the effect of temperature and partial pressure of 

hydrogen on the poisoning rate. Higher temperatures or a lower partial 

pressure of hydrogen increased the rate of poisoning of the reacCion as 

shown in Fig. 6.2. The rate of poisoning, for the overall rate of product 

formation, can be fit to an Arrhenlus curve which shows that the rate of 

poisoning (expressed as the half-llfe of the reactlon rate) decreased 

I. 

exponentially with increased temperature, 
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Section 6.3: Sulfided Mo Surfaces 

Addltl.on 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 4 hydrocarbons. Table 6.3 shows the product distribution 

(in mole percent) and overall rate (molecules produced/metal site * sec 

turnover frequency) of reaction for HDO and HDN reactions over a sulflded 

Mo surface. An increase i, the olefln-to-paraffln ratio in the product 

dls~rlbutlon was noted. The }{DO reaction was found to be more sensitive 

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

rate of HDO reactions decreased 35-75% upon S addltlon~ while the HDN 

reaction rates decreased by - 20%. 
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Table 6 . 3 .  P r o d u c t  d i s ~ r i b u ~ l o n  o f  C 3 and C 4 h y d r o c a r b o n s  f r o m  e a c h  
model compound over sulfur-covered Mo (0,5 ML S) are 
shown. Conditions were i0 Tort hydrocarbon and 750 Tort 
hydrogen  a~ 610 K, 

Reactant 

furan 

THF 

p y r t d i n e  

i p~perldlne 

pyrrole 
I 

p y r r o  I:L d i n e  

i 

88 

P r o d u c t s  (mole %) 

..... , , ,,,, ,,, ,,,, ,,,, 

overail 
c~/-  ~ ~ .... / - " ~  / - - "  

4.6 
, , , ,  , ,  

2.1 1 .3  

, ,  H i ,  

64 NDb 14 11 11 

50 ND 25 25 

50 ND 17 33 

56 ND 22 -'22 

82 ND 9 9 

3.5 

r a t e  a_ 

0.37 

0.08 

o . o l o  

0 .012  

0.010 

0.011 

a u n l t s  of m o l e c u l e s  p r o d u c e d / m e ~ a l  s i t e  • s e c .  bND ~ noC d e t e c t a b l e  by 
me~hods used  i n  t h i s  s t u d y .  
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Section 6.4: Discussion 

There has been a tremendous amount of work done on determining the 

mechanism and best catalyses for the hydrodesulfurizatlon reactions 

because of ~h~ir great economic value. Much less work has been done on 

the HDN and HDO reactions because under the conditions necessary for HDS 

these two reactions also occur. We have found that HD0 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 reactions, using the sulfur analogues of the 

model compounds used in this work. I-I0 Sulfur on the Mo surface increased 

~he C 4 to C 3 and the alkene to alkane mole ratios of the products. 

Increasing the hydrogen over-pressure also increased the C 4 to C 3 ratio 

of the products; but, decreased the alkene to alkane ratio. 

The reaction -~ehanism for the HDO reaction using furan and THF, 

where the major products were propene and CO, was studied in more detail 

than the nitrogen HDN reactions. The rate of formation of propene from 

furan was found to he 10 times faster than from~F. A rate of produ~tlon 

of furan was also observed from THF° The mechanlsmappears to involve 

dehydrogenation followed by ring cpenlng and CO extraction to form propene 

and CO. The details of this slmplls~ic scheme need more careful experl- 

ments designed ~o probe eacd step individually. 
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CHAPTER SEVER: THE CONVERSION OF ACETYLENE TO 
FORM BENZENE OVER PALLADIUM SINGLE CRYSTAL SURFACES 

Section 7.I: Introduction 

Palladium surfaces have been noted 1-12 to possess the dlstlnctlve 

property that catalytic reactions of various classes can be observed 

both at high pressures and under ultrahigh vacuum conditions° An example 

is the trimerlzation of acetylene, which has been shown to occur both 
• • 

in ultrahigh vacuum and at higher pressures over a number of Pd surfaces 

(slugle crystals I-9, foils 6 and supported 6 catalysts) as well as over 

many homogeneous catalystslO-12. The low temperature formation of 

benzene has been observed using temperature programmed desorptlon (TPD) I-6, 

high resolution electron energy loss spectroscopy (HREELS) 7-9, angle 

resolved ultraviolet photoemlsslon spectroscopy (ARUPS)I,2~ metes=able 

noble gas deexcltatlon spectroscopy (MDS') 4, X-ray photoelectron s~ectros- 

copy (XPS)I, 2, low energy electron diffraction (LEED)I, 2 and molecular 

beam measurements2. This paper deals with the effect of pressure and 

additives on Pd'single crystal surfaces on the trlmerization of acetylene 

t o  form benzene, 

The cycllzatlon of acetylene to benzene was first reported to occur 

in small yields by Berthelot in 186G at elevated temperatures (300-400"C)53. 

In the 1940's, Reppe discovered that certain homogeneous nickel complexes 

produced benzene from acetylene in good ySeld under mild experimental 

condltlons54° Since that discovery, other research groups gave found 
l 

numerous homogeneous transition metal systems that catalyze substituted 

and functionalized acetylenes to form benzene derlvatlves12. For example, 

cobalt complexes such as CpCo(CO) 2 are used in cycllzatlou steps in the 
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synthesis of natural products such as steroids and Vitamin B6o Also, it 

has been shown that palladium chloride will easily oligomerize acetylene II. 

Additives, such as potassium, silicon, phosphorus, sulfur and 

chlorine, have been shown to modify the behavior of catalysts for many 

different reactions 13-17, and their interaction with surfaces has been 

studied extenslvely by many surface-sensitlve techniques I~-24. Two 

effects are posslble 7 (I) a geometric effects due to.slte blocking; and 

(2) an electronlc effect due to electron donation (as in the case of K 18) 

or electron depletion (as in the case of C125) of the near surface region. 

In this chapter, a systematic study of both surface composition 

effects and pressure effects on the chemlsorptlve and catalytic properties 

of palladium (I11), (I00) and (II0) single crystal surfaces on the cyclo- 

t r i m e r i z a t i o n  of  a c e t y l e n e  is d e s c r i b e d .  
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Section 7.2: Results: Introduction 

This study investigated similarities and differences in the trimerl- 

za~ion of acetylene to benzene using palladium single crystal catalysts 

under varying pressure conditions 410 -12 arm - I a=m) and with different 

additives on t h e  single crystal surface. Under b"dV condition, The cyclo- 

trimerlzation of acetylene on all three surfaces (4111), 41iO) and (I00)) 

was detected by observing the thermal desorp~ion of molecular benzene 

afuer dosing wish acetylene. All doses were at 130 K, Table 7.1 shows 

the dose molecules, desorptlon products, desorpTion temperature, E A of 

desorption and relative areas for the products of acetylene adsorption 

for nhe clean fill), 4100) and (II0) surfaces in UHV. 
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Section 7.3: Ultra-Hi~h Vacuum Studies: Pd(lll) 

On the Pd(lll) face, dosing 6 Langmulrs (L) of acetylene produced 

benzene with two distinct desporption peaks at 250 K and 490 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 

desorptlon products. The acetylene and ethylene desorbed at 190 K and 

305 K, respectively. Hydrogen, the only other product detected, had a 

broad desorption peak from 430-830 K, with a maximum at 450 K (Table 

7.1). At low acetylene coverages (0.5 L), the benzene desporptlon maxima 

remained unchanged. The amount of benzene formed decreased, with the 

area under the high temperature peak decreasing more rapldly than the 

area under the low temperatture peak. No C 4 products were detected. 

In order to determine whether the product formation was desorptlon rate- 

llmlted or reaction rate-llmited, C6H6, C2H 4 and H 2 were adsorbed on 

clean Pd(lll) and a TPD spectrum was taken. Benzene undergoes both 

reversible and irreversible chemlsorption, with the  fraction of reversibly 

bound benzene increasing with exposure. At low coverages (I.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 250 K and 520 K. With exposures greater khan 2 

L, the hydrogen spectrum remained unchanged and the benzene maxima occured 

at 235 K and 510 K'with a I:I0 intensity ratio (Fig. 7.2). No C2H 2 or 

C2H 4 fragments  were d e t e c t e d .  Hydrogen dos ing  y i e l d e d  a d e s o r p t i o n  peak 

a t  310 K wi th  on ly  the  peak a r ea  changing a t  h ighe r  coverages .  With 

ethylene (i.0 L), reversible desorption occured at 300 K with hydrogen 

desorbing at 370 K and 430 K in a I:I ratio. Higher coverages of ethylene 

(>2L) increased molecular desorption of ethylene only. 
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I /~t250 Pd (111 )-C2H 2 

I I \ , ,90 , 

I / ~ 3 ~ o  ' ' - 
[ J \ C H, (X2) 

~ ! 4 5 0 ~ ~ . ~ ~ ~ .  H 2 (Xl) 

T e m p e r a t u r e  (K )  

Fig. 7,] . The TPD spectca of aceEylene on clean Pd(lll) (6 L of acetylene 
dosed at 130 l~are dlsplayed, The four products from the desorp- 
~lon are shown - benzene, from the ~rimerlza~lon of acetylene; 
ethylene, due to se1£-hydrogena=ion of acetylene; hydrogen, from 
acetylene decompos1=lon; and molecular desorpElon of acetylene 
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~ ~ ' ~ ~ L  e~te= 
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¢/) . . ._~-~..~ ~ _  1L 

.ouj 

! , / - J  
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235 550 

Temperature (K) 
F~g. 7 . 2 .  Benzene was found ~o'undergo both r e v e r s i b l e  and i r r e v e r s i b l e  

a d s o r p t i o n  on c lean  P d ( l l ~ ) ,  The d e s o r p t l o n  s i gna l  of  benzene 
and hydrogen from 1,2 and 3 Lsngmulr doses of benzene on Pd(111) 
at t30 K are shown, At higher exposures, a large increase in 
r e v e r s i b l e  desorp~ion  of  benzene i s  o b s e r v e d .  
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Se c t i on  7 . 4 :  E f f e c t  of Adatoms on C y c l o t r i m e r i z a t i o n  a t  Low 
P r e s s u r e s :  P d ( l l l T -  

Adsorp t ion  of  0.25 monolayer  (ML) of  s i l i c o n  on Pd(111) did not  

s i g n i f i c a n t l y  p e r t u r b  the chemiso rp t ion  of a c e t y l e n e ,  as shown by the  

thermal desorptlon results (see Fig. 7.3)J As shown in Fig. 7.3, the 

only effect of Si was a slight decrease ~n the extent of acetylene 

decompostltlon (to form H 2 and C) and some enhancement of the high tem- 

peEature desorption peak of benzene. Phosphorus, however, greatly 

suppressed the acetylene decomposition, increased the yield of ethylene, 

and yielded a complex thermal desorptlon spectrum of benzene (from the 

cyclotrlmerlzatlon processes) with maxi~m at 200, 300, 400 and 470 K,. 

while doubling the benzene yield, 

Like P, S adatoms affected the thermal behavior of chem/sorbed acety- 

lene (see Fig. 7.3). At low coverages of S ( ~ 0.2 ML), the e~hylene 

yield and decomposition to hydrogen decreased, but the benzene.yleld 

slgnificantly increased, The low temperature benzene 'peak intensity 

increased and a new peak appeared at ~ 430K. At high S coverages (>0.25 

ML), the formation of ethylene was fully suppressed and the decomposition 

to H 2 was also very low. At these high S coverages, the benzene desorptlon 

spectrum was comprised mostly of a broad peak with a slngle maximum at 

260 K. 

Like P and S, C1 adatoms also shifted the acetylene surface chemistry 

toward benzene formation (see Flg. 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 K. Chlorine also 

suppressed  e t h y l e n e  fo rmat ion  and a c e t y l e n e  decomposi t ion  to  H 2 and carbon.  
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m 

¢rJ 

¢Z 
¢fJ 

(X2) 

+0.20 ML S 

Pd (111) ! 

! 

Pd (1 ! 1) CsH s (X2)] 

150  250 475 " 600 

Temperature (K) 

F i g .  7 . 3 .  S ix  L o f  a c e t y l e n e  were  Hosed  on a d d i t i v e - c o v e r e d  P d ( l l l )  a t  
130 K. The benzene  TPD s p e c t r u m  was t h e n  r e c o r d e d  and  i s  d i s -  
p l a y e d  f o r  e a c h  s u r f a c e .  The h igh  ~ e m p e r a t u r e  peak  i s  o b s e r v e d  
to shift upwards from 470 K on the Si-dosed surface to 490 K 
on the Cl-covered Pd(lll) surface. Phosphorus is observed to 
have a complex thermal desorptlon specnrum wluh four maxima. 
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The adatom effect upon the acetylene cyclotrlmerlzatlon 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 cyclotrlmeriza=Ion. Thus, Pd(III)-S is an impressively 

selective catalyst for benzene formation ~rom acetylene ~nder ultra-hlgh 

vacuum conditions. The main difference in the TPD spectra between the 

Pd(I[I)-S and Pd(III)-CI surfaces was that the Pd(|ll)-S surface mostly 

promoted the low temperature cyclotrlmerlzation reaetlon and the Pd(III)- 

C1 surface promoted the high temperature process. 

Using TPD studies to observe the effect of adsorbed benzene on adatom- 

covered palladlum surfaces led to the same trends as found with acetylene 

adsorbed on adatom-coved Pd surfaces. For example, Fig. 7.4 shows the 

effect 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 led to an enhancement of the 

high temperature (470 K) benzene desorptlon peak. 
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m 

0 < 0.25 ML-Si 4L ~} 
t . _  

CD 
o~ 0.25 ML Si 4L C - C 
f.f) 

250 470 

Temperature (K) 

F i g .  7 .A.  ~ n z e n e  TPD spee=ra  a re  compared on a S t -doped  9 d ( l t l )  s u r f a c e  
a f t e r  benzene o r  a c e t y l e n e  d e s o r p ~ i o n  (4 i a d s o r p t i o n  a t  130 
K) .  A c e t y l e n e  ELves a b r o a d e r  high ~empera~ure p e a k .  Hore 
a c e t y l e n e  exposu re  enhances the  h igh  t empera tu re  benzene p e a k ,  
whereas  more benzene exoosure  enhances  the  low ~empera~ure 
deso rpn ion  maxima. 
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Section 7.5: Ultra-~i~h Vacuum Studies: Pd(110) 

The Pd(ll0) surface produced four times less benzene than the (III) 

face. On the (ii0) face, benzene desorbed 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 desorptlon of acetylene 

occured at 180 K with a broad shoulder plateau extending to 500 K. 

Ethylene desorbed at 260 K, and hydrogeh desorbed in a broad peak centered 

at 490 K. When the surface was dosed with 6 L of benzene, molecular 

desorption oecured at 250 K, with a shoulder extending to 425 K. At low 

coverages (i.0 L), a single peak at 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 310 K at all coverages, when 

adsorbed on t he  surface alone. ° 
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ffl 
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265 

Pd (110)-C2H 2 

CsH s (Xl O) 

C2H 4 (Xl) 

~____ C2H 2 (Xl),, 

Temperature (K) 

Fig, 7.5. The TPD spectra of acetylene on clean Pd(llO) (6 L acetylene 
dosed at 130 K) are shown. The four products from ~he desorptlon 
a r e  ahown - b e n z e n e ,  e t h y l e n e ,  h y d r o g e n  and a e e ~ F l e n e .  
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Section 7.6: Effect of Adatoms on Cyclotr~merlzaClon at Low 
Pressures: Pd(ll07 

Silicon at low surface coverages (<0.25 ML) enhanced the benzene 

yieZd through the high temperature desorption peak (see Fig. 7.6), and 

decreased the decomposition of hydrogen. At 0 Si=0.37 ML, =he yield of 

benzene  i n c r e a s e d  f u r t h e r  t o  a f a c t o r  o f  3 .5  ( r e l a t i v e  =o t h e  c l e a n  

s u r f a c e ) ,  w h i l e  the  e t h y l e n e  and  h y d r o g e n  y i e l d s  we re  l e s s  t h a n  t h a t  

o b s e r v e d  f o r  t he  c l e a n  P d ( 1 1 0 )  s u r f a c e .  

P h o s p h o r u s  on the  ( 1 1 0 )  s u r f a c e  o f  Pd a l s o  i n c r e a s e d  t h e  c y c l o t r i -  

m e r i z a t i o n  and s e l f - h y d r o g e n a t i o n  r e a c t i o n s  of  a c e t y l e n e .  Benzene  d e s o r p -  

t i o n  was f o u n d  t o  i n c r e a s e  a t  P c o v e r a g e s  g r e a t e r  t h a n  0 . 2  ML. As on 

P d ( l l l ) ,  t h e  g a i n  i n  benzene  y i e l d  was i n  the  h i g h  t e m p e r a t u r e  d e s o r p t i o n  

peak  ( s e e  F i g .  7 . 6 ) .  At h i g h e r  c o v e r a g e s  of  P, two b e n z e n e  TPD maxima 

were  o b s e r v e d  a t  270 K and 440 K. The h i g h  ~ e m p e r a t u r e  maximum was 

i n c r e a s e d  by a s  much as  a f a c t o r  o f  4 ( ® pffi0.42 ML) r e l a t i v e  t o  the  

clean surface, while the ethylene yield remained at the level of the low 

c o v e r a g e  s u r f a c e .  A d e c r e a s e  i n  the  amount o f  h y d r o g e n  d e s o r b i n g  f rom 

the s u r f a c e  was o b s e r v e d .  

On s u l f u r - c o v e r e d  P d ( l l O ) ,  ~he  y i e l d  of  benzene  showed a s l i g h t  

i n c r e a s e  w h i l e  the  y i e l d  o f  e t h y l e n e  d e c r e a s e d  w i t h  i n c r e a s i n g  S c o v e r a g e .  

The molecular desorptlon of acetylene increased with increasing sulfur 

coverage. At higher coverages of S, 0 S-0.4 ML, no ethylene was detected, 

very little hydrogen desorbed, and the amount of benzene formed was 

approximately the same as on clean P d ( l l O ) .  
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250 460 

Temperature (K) 

F i g .  7 . 6 .  The benzene TPD spect ra  from add i t i ve -covered  Pd( l lO)  a f t e r  a 6 
L exposure of acetylene at  130 K. S i l i c o n  and P add to ~he 
benzene y i e l d  i n  ~he h igh  t e m p e r a t u r e  peak ,  s i m i l a r  to  t h e i r  
e f f e c t  on Pd(111)  and Pd( lO0~.  S u l f u r ,  on the  o t h e r  hand, 
enhances  the low t e m p e r a t u r e  benzene d e s o r p t i o n  maximum s l i g h t l y  
and C1 reduces  =he o v e r a l l  y i e l d  and b roadens  the  two maxim~ 
i n t o  one peak .  
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Addition of Cl to Pd(ll0) resulted in dacompositon, hydrogena=ion 

and cyclotrlmerlzation of acetylene. At a C1 coverage of 0.30 ML, a very 

weak ethylene desorption was observed ar 290 K and a broad benzene desorp- 

tlon maximum was observed at 370 K (see Fig. 7'6) 



136 

Sec=ion 7.7: Ultra-High Vacuum Studies: Pd(lO0) 

On the Pd(lO0) surface, dosing 6 L of acetylene produced benzene 

continuously from 250 K to 490 K wlnh three maxima at 260, 380 and 470 K. 

At exposures below 3 L, no benzene was detected. Thls surface formed 20 

times less benzene than the (111) crystal face. With a 6 L dose of 

acetylene, in addition to trlmerlzatlon, reversible desorptlon, hydrogen- 

ation and decomposition were also observed (see F~g. 7.7)° Acetylene 

desorbed at 180 K with a shoulder at 250 K, and e~hylene desorbed in a 

slnEle peak at 305 K. The hydrogen desorptlon from the decompositon 

reached a maximum at 420 K, followed by a broad plateau fro~ &95 to 625 

K. At low coverages of acetylene (I,0 L), there was primarily decompo- 

sition. Benzene dosed on the crystal at low coverages (I.0 L) yielded a 

weak maxlmum at 310 K wlth 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 

ohserved~ alone 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° Ethylene (0.5 L) gave 

molecular desorptlon at 260 K and 310 K in a 1:5 ratio wi~h hydrogen 

desorblng at 365 K° Larger ethylene doses increased the low temperature 

reversible desorptlon peak without affection ~he hydrogen desorptlon. 
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oE C2H 2 (Xl) 
, _  , 3 0 5  . . . . . . . . . .  ~ , 

425 

Temperature (K) 

Fig. 7.7~ l~ne TPD spectra of acetylene from clean Pd(100) (6 L acetylene 
dosed ac 130 K), showing the four products of the desorp=ion 
reaction - benzene, ethylene, hydrogen and acetylene. 
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Section 7.8: Effect of Adatoms on Cyclotrimerizatlon at Low 
Pressures: Pd(100) 

Potassium on the (i00) face of palladium bad a large negative effect 

o n  the formation of benzene from acetylene (see Fig. 7.8). The yield 

of ethylene and hydrogen was decreased by ~ 95Z (see Fig. 7.9,11). The 

molecular desorption of acetylene was slightly reduced, ~ 20-25% (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 Fd(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 

Si prozotlon on Pd(100) and Pd(lll); that is, the hlgh temperature peak 

increased and accounted for a six-fold increase in the yleld .of benzene 

at a Si coverage of 0. I0 ML. Higher coverages of Si on Pd(100) further 

increased the yield of benzene, up to ~ 20 times that of the clean surface 

at Sl coverages of 0.38 ML. Concommitantly, the ethylene yield was also 

enhanced by a factor of ~ I0. The decomposition reaction increased also, 

although the hydrogen desorptlon remained constant (see Fig. 7°11). 

Phosphorus adsorbed on Pd(|00) also Influenced the chemistry of 

chemisorbed acetylene, lhe yield of benzene was enhanced, but not to the 

extent observed on silicon-covered Pd(|00). At 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 in 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 Increaslng P coverages, benzene de~orption maxima w~re also observed 
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~" ~ % X,~0.25 ML S (X40) 

\ +oao ML 

0.25 ME K (X40) 

_ Clean Pd 

250 500 

Temperature (K) 

°-~,¢ . 

Fig, 7.8. B~nzene TPD spectra from adacom-covered Pd(lO0), after a 6 t 
exposure of acetylene at 130 K, are displayed. Silicon, 0.25 HL, 
is found to enhance ~he forma~lon of benzene ~ 15 times relaClve 
to the clean surface. For St- and P-covered surfaces, the h£gh 
temperature desorpclon maximum was enhanced further ac higher 
addi~£ve coverages. 
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Fig. 7.q. E~hyteue TPD spectra, after a 6 L dose of ace~yleneon Pd(100), are 
displayed. The more elec=ron-wlthdrawlng additives, S and CZ, 
completely block ethylene desorptlon at higher additive coverages. 
Potassium-covered surfaces produces very It~le ethylene. Ar 
coverages of more than ~ 0.i ML, Si-covered Pd(lO0) enhances 
the formation of e~hylene, as well as benzene, much more than 
the other additives. 
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rt~, ~.IO. A~e¢v1ene TPDspectra, after a 6 Ldose of acetylene on Pd(lO0) 

ac 130 K, are dtsp~a?ed. Clean P~(100), K-, P-, S- and Cl- 
covered surfaces have similar TPD~ra~es for acetylene desorp- 
;£on. Stilton appears to have ~he s~ronges~ binding site for 
~ce~y lene.  
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Fig. ; . l l .  The hydrogen  TPD s p e c t r a ,  a f t e r  a 6 L dose  of  a c e t y l e n e  a t  130 
K on Pd ( lO0) ,  a re  d i s p £ a y e d .  Al l  the  a d d £ t i v e s  reduced the  
amount o f  H 2 deso~p~ion,  K > C1 > S > P > Si > c l e a n .  Higher  
c o v e r a g e s  o f  P, S and C1 f u r t h e r  reduce  the  H 2 y i e l d .  
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to shif= to higher temperatures, with the increased yield coming mainly 

from =he high temperature desorption peak,  470-490 K. 

Low coverage sulfur on Pd(100) ( ® S<0.25 HL) decreased the yield of 

ethylene and only slightly increased the benzene yield, The desorption 

of  hydrogen was d e c r e a s e d  markedly  f o r  a l l  S c o v e r a g e s ,  and the  d e s o r p t i o n  

s p e c t r a  was ve ry  b road ,  from 435-610 K ( see  F ig .  7 . 1 1 ) ,  The major  change 

observed at higher S coverages was the "decrease in ethylene yield. For 

example, at G S-0.25 ML, the ethylene yleld was one-half that for the 

clean surface (see Fig. 7.9). 

Chlorlne was found to enhance the yield of both ethylene and benzene 

(see Fig. 7.8,9). The effect, however, was much smaller than that observed 

for either Si or P, For coverages of 0.3 ML of Cl. the yield of benzene 

wus found to be 5 times higher than for the clean surface. 



144 

Section 7.9: Coverage Dependence o_~fAddltlves 

Coverage dependence of additives for =he 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 

C1 (>0.25 ML), the amountof 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, 
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Fig. 7.12. The effect of varying the a d d i t i v e  coverage at a c o n s t a n t  expo- 
sure of acetylene, at 130 K, is shown. Electron-wlthdrawlng 
additives, S and CI, and electron-neutral P have similar 
o v e r a l l  e f f e c t s  on f o r m a t i o n  of  benzene .  S i l i c o n ,  f o r  c o v e r a g e s  
up to  0 .35 ML, enhances  t he  benzene y i e l d  i n  t he  h i g h  t e m p e r a t u r e  
p e a k .  At 0 .38  ML, t h e  S i -doped  s u r f a c e  i n c r e a s e d  the  y i e l d  20-  
f o l d  o v e r  the c l e a n  surface. 
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Section 7.10: Co~version of Acetylene to Benzene at Hi~hPressures 

The cyclotrlmerizatlon of acetylene on three low Miller index planes 

of palladium ((III), (II0) and (I00)) wa~ extensively studied at atmospheric 

pressures (200-1200 Tort). For all the temperature and pressure conditions 

used in this study, benzene was the only p~oduct detected. 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) an atmospheric 

pressure. It was found that the (111) and the (I00) surfaces were approxl- 

merely equal in catalytic activity and the (I00) surface was - i/4 as 

active. The (III) and (I00) surfaces had a turnover frequency (T.F. 

number of molecules produced/ metal atom •sec, assuming lXl0 +|5 metal 

atoms on the single crys=al surface) of 0.014 molecules/slit • sec (200 

Tort acetylene, 850 Tort N 2 or Ar at 570 K)° No correction was made 

for the slight differences in metal Surface atoms on the various faces. 

On the more active surfaces, the reaction had up to 50Z conversion of 

acetylene to benzene or roughly a 20 mole percent yield of benzene. At 

these conversions, the reaction was ~imited by either surface poisonlng 

or product concentration. The slope of the turnover frequency versus 

I/T plot, assuming Arrhenlus kinetics, yields the apparen= activation 

energy of the reaction, calculated as 2 kcal/mol on all three surfaces 

(Fig. 7.14). Plottlng the reaction rate a~ a function of acetylene pressure 

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

(Fig. 7.15): 
kp+Ic ~ C" Rate 



147 

*"CD 

O 0  
E ~- 

• ~ N 

m 

rr ._ 
0 

3C2H2 P-~--d C6H 6 
I~~UHV 

High 
pressure 

(111) (110) (100) 

Pd surface 

Fig .  7 .13.  The s t r u c t u r e  s e n s i t i v i t y  for  both atmospheric  (high) and UHV 
studies for the conversion of acetylene co benzene over Pd(lll), 
(II0) and (I00) sur£aces is shown. 



148 

I 

O 0  

U .  ~ _ 
< Z  

® 

I 

@ 

I 

0 
E 

i 

0 

II 

LU 

0 
0 

Od 

0 
o 

o 

L~ 

o 

r ~  

I 

I 

0 
° 

X 

m 

W w 
N 

W 

W U 

E 

Q} 

r -  0 
O ~  
U ~J 

U 

O ~  

[ 
0 

8 

J 

(puooes-e~!s/selnoeloLu) 
~ouenbeJ$ JeAoujn], 6o"I 



149 

7 ~  I I ...... I - 

/ R C s H  6 ffi K p + I  C - C . 
o 6 -  
X X 20 esf total p 1111) - 

5 -  300°C 

0 L "  ,I ,I I 
o 100 200 300 

Acetylene pressure (Torr) 

Fig. 7.15. The pressure dependence plot for the conversion of acetylene 
co benzene over Pd(lll), (I00) and (ll0) at high pressures. 
The p loc  i s  made by v a r y i n g  the  p a r t i a l  p r e s su re  of  a c e = y l e u e  
a t  a c o n s t a n t  t o t a l  p r e s s u r e  and t e m p e r a t u r e .  
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Analysis by AES and CO titration after the reaction, found a partially 

carbon-covered surface. After heating the crystal to 650 K and exposing 

it to IXI0 -6 Tort of H 2, the surface remained carbon-covered, suggesting 

a stablle graphitlc overlayer. The CO titration technique determ£nes the 

percentage of bare metal sites, as CO does not adsorb on carbon overlayers 

at low pressures. After the trimerlzation reaction (200 Torr acetylene, 

850 Tort N 2 or Ar at 570 K for 3 h), it was found that 5-79% of the 

Pd(lll) surface and 12-15% of the Pd(100) were composed of bare metal sites. 

The least active surface, Pd(II0), contained less than 2Z hare metal sites. 

From TPD studies, it was determined that CO binds more tlghCly to 

the partially carbon covered metal than does C ~ C. In order to determ/ne 

if the reaction proceeded on the bare metal or carbonaceous overlayer, 

200 Torr of CO was added into a room temperature reaction mlxture 3 h 

after the start of the reaction. The reaction rate immediately decreased 

to ~ 0.00 T.F. Subsequent heating of the crystal to 485 K, which is 

above the desorptlon temperature of CO, restored the reaction rate to 

within 15% of its original value. This shows that the reaction proceeds 

on the bare palladlum atoms. At lower reaction temperatures, the poisoning 

rate decreased. 

Ethylene, as the reactant gas, instead of acetylene, produced small 

quan~i~les of benzene (50 times less than d i d  acetylene)| and ethane, as 

the reactant gas, showed no activity for the formation of benzene. A 

mixture of methyl acetylene and acetylene produced only benzene. 



151 

S e c t i o n  7 . 1 1 :  E f f e c t  o f  Adatoms on C y c l o t r i ~ r l z a t l o n  a t  High 
Pressures: Introduction 

High pressure catalytic studies were carried out over three Pd 

surfaces ((III), (i00) and (II0)) co determine the effect of adatoms on 

the cyclotrimerizatlOn of acetylene to form benzene, Reactions were, in 

general, carried out between 290 and 620 K at an acetylene pressure of 

200 Tort. Reaction rates were calculated by assuming that each Pd surface 

atom was one reaction site, and no correction was made when adatoms were 

deposited on the surface. This leads us go report conservative values 

for the reaction rates. The products observed from all reactions were 

benzene and ,ery small amounts of C 4 hydrocarbons. Small amounts of 

ethylene (<5% of the benzene formed) were not detectable by gas chroma- 

tography due =o the large acetylene reactant gas peak tail. 
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Section 7.12: Effect of Adatoms on C~clotrimerlzation at High 
Pressures: Pd(il1~-and Pd(100) 

The initial rate of production of benzene over clean Pd(lll) and 

Pd(lO0) at 570 K with 200 Torr of acetylene was found to be 0.05 molecules 

of benzene produced per Pd surface atom per second 6. Potassium was 

observed to have the greatest positive effect on the rate of production 

of benzene over Pd(lll) (see Fig. 7.163. Wlth ~ 0.25 ML of K (200 Torr 

acetylene, 850 Tort N 2 at 570 K) the rate doubled to 0.10 molecule/slte • 

sec. When K was present on the surface, less graphltlc carbon appeared 

in AES (due ~o the decomposition reaction) and the rate of polsoning of 

the reaction was reduced, relative to reaction over the clean surface. 

The activation energy and pressure dependence for~benzene formation on 

additlve-covered surfaces did not appear to change from the values obtained 

+I 
on clean surfaces, being ¢onstan~ at ~ 2.1 kcal/m¢,l and Ratec6H6-kP c ~ C " 

Sillcon also had a positive effect on the reaction rate of benzene 

formation. For example, at a coverage of - 0.33 ML the rate was increased. 

by 35%. Similarly, relative to the reaction over clean Pd(lll), the 

amount of graph!tic carbon deposition was reduced with SI present on the 

surface. 

Phosphoru~ ~md a negative effect on the reaction rate. The reaction 

rate decreased with coverage of P (see Fig. 7.16). For example, at 0 p= 

0.33 ML, the rate of production of benzene was reduced by 37%. With P 

present, the graphltlc carbon deposition rate and the poisoning rate were 

slm/lar to that found over clean Pd(lll). 

Sulfur and chlorine had a large negatlve effect on the reaction 

rate. For coverages of greater than 0.20 ML, no benzene production could 

be detecte4. Reacclons on chlorinated surfaces were carried out at room 
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pressures (200 Torr acetylene, 850 Torr N 2 and 300 K) is shown. 
Pd(l|l) and Pd([00) appear to be affected slmilarly by the 
dlfferen~ addltlves. Pocasslt~ and Si enhance the rate of 
benzene formation, while P, S and C1 decrease the ra~e of 
benzene Eorma~iono On Pd(l|0), S and P increase Che rate, 
while addition of K, S and C[ decrease the rate. 
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temperature, due to the low desorption temperature of chlorine from Pd 

surfaces. The race of formation of benzene from chlorinated surfaces was 

very low, even for coverages as low as 0.i ML, and for coverages over ~ 0.2 

ML, no benzene forma=~on was observed, 
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Sec__.tion 7 . 1 3 :  E f f e c t  o f  Adatoms on .... C T e l o t r i m e r i z a t i o n a t H i g h ,  , 
P r e s s u r e s :  P d ( l l 0 )  

The r a t e  of  f o r m a t i o n  o f  b e n z e n e  o v e r  c l e a n  P d ( l l 0 )  was f o u n d  t o  

be ~ 1/5 that of Pd(lll) for the same reactloBcondltlons, Additives had 

less effect over the (110) surface. In contrast with K-doplng of the 

(I00) and (III) surfaces, adsorption of K on the (II0) surface decreased 

the rake of benzene formation (see Fig. 7.16). 

Silicon and phosphorus both enhanced the rate of benzene formation 

to the same extent. As on Pd(lll) and Pd(100), sulfur and chlorine 

depressed the rate of benzene formation on the Pd(ll0) surface. It was 

also noted that the rate of poisoning was increased at comparable 

coverages, as adatoms were changed from K to el. 
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Section 7.14: Discussion of UHV and High P?essure Studies on Clean 
P_~dSingleCrTstal Surfaces: Introduction 

The cyclo~FI~-~FIzaUlo~ reac~lon of acetylene over clean Pd catalysts 

to form benzene proceeds readily in pressures ranging from IX[0-12-1 arm 

and on a variety of surfaces (single crystals, films and supporEed on 

alumina). The reaction is structure-sensitive at both 10w and high 

pressures. In D-HV the stoichometrlc reaction over nhe (111) face is the 

most active. The (110) face is one-fourth as active, and the (I00) is 

one-twentleth 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 activlty at low pressures over Pd(lll) has been attributed 

to a template effect I in which three acetylene molecules are orlented 

in the slx-fold symmetry of the Pd(lll) surface in the Kekule benzene 

structure. 

In addition to the cyclotrimerizatlon reaccion, hydrogenation, 

reversible molecular desorption and decomposition reactions are also 

detected 31 at all pressures. At hlgh pressures the reaction has an 

apparent activaEion energy of 2 kcal/mol and is first order in acetylene 

pressure (Rate = MP +l c ~c)" 
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Section 7.15: Discussion of UHV and High Pressure Studies on Clean 
P_~dSingleC.rystal Surfaces 

In UHV, benzene desorbs with two maxima at 250 and 450 K, on the 

Pd(lll) when formed from acetylene. When the surface was dosed with 

benzene, there were desorpcion maxima at the same temperatures, suggesting 

that benzene formation is desorption rate-limlted rather than formation 

rate-llmited. Similar thermal desorption traces of H 2 from the C E C and 

C6H 6 doses further substantiate this proposition. In both cases, hydrogen 

desorbes in a broad hixhhemperature peak centered around 450-540 K. 

These similarities between benzene desorptlon 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 method 55 of calculatlng activation energies (E A) for 

UHV reactions from desorption maxima, the activation energies for benzene 

formation are 15 and 30 kcal/mol for the low (260 K) and high (520 K) temp- 

erature peaks, respectively, on the (111) surface. Contrasting these 

values with those from high pressure studies, shows large differences in 

.E A, At high pressure the trlmerlzatlon reaction has an E A of'2 kcal/mol. 

For a high pressure reaction this is an extremely low value. For compari- 

son, the formation of methane from CO and H 2, a facile reaction on Fe, 

has an E A of 24 kcal/mol and hydrogen exchange on Pt has 8 kcal/mol 

activaclon energy 40,56. This low energy could suggest formation of benzene 

• on an overlayer of ethylidyne or other carbonaceous fragments, on~o which 

it would be loosely bound. 

From CO titrations, it can 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 cataly=ic rates, according to open active sites. 

Crystal Percentage of Catalytic 
Face _..Frequency a- Open Sites Rates 

(111) 

(ioo) 

(11o) 

Turnover 

O. 048 

0.048 

0.014 

m,, 

aualts of molecules/slte * sec 

7 

12-15 

--2 

0.96-0.68 

0.40-0.32 

0.7 
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(111) and (I00) curfaces, approximately 5-7% and 12-15%, respectively, 

of the surface was bare after I h of reaction and on the least active 

(II0) surface only I-4% of the surface was bare. The differences in 

bare metal sites on the (III) and (I00) surfaces which have similar 

turnover frequencies are most likely due to different poisoning rates. 

Also, when CO was added to the 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 desorptlon of C0, 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 titrations, CO poisoning "experiments and structure 

sensitivity show that the bare metal atom is the active site for the 

reacting a~ 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 

Irreversibly-bound carbon in the catalytic steady state reaction limits 

the rate by blocking sites. 

If the percent of open orac~ive surface sites is taken into account, 

the reaction still exhibits structure sensitivity (see Table 7.2). The 

(Iii) surface is still the most active, followed by the (II0) and then 

the (I00) face. This is the same activity ordering as seen in UHV. The 

relative values of the activity differ; however, this may be due to the 

inability to d@termine perfectly "the percentage of open sites with CO 

titrations. 

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

UHV, in addition to benzene formation, approximately 20% asmuch ethyiene 
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forms. At high pressure on slngle crystals, less than 5% ethylene forms, 

which is the detection limit of our gas chromatograph. Hydrogen could 

n o t  be detected a t  hlghpressures. 

TI~ low activation energy for this reaction can be explained by 

incorporating an adsorption equilibrium constant into the rate law. 

The apparent actlvition energy, which is determ/ned from the slope of the 

in(Kex p) versus I/T plot, then equals the eombinatlon of the surface process 

activation energy and the heat of chemlsorptlon. We were unable to extend 

the experimental parameters to regions of high acetylene coverage to test 

this hypothesis. 

The most difficult question to address is that of posslhle mechanisms 

for the cyclotrlmerlzatlon reaction. It is possible that at high and 

low pressures two or more mechanisms exist. Since benzene is detected 

in all pressure regions investigated, there may be a gradual transition 

from one path to another. 

There are a few possible .~chanlsms which could occur on the surface. 

One scheme involves the concerted reaction of three acetylene molecules 

slmultaneouely Jolningll, 31. Another mechanism Involve~ formation of a 

cyclobutadiene ring on the surface~ which is bound roughly parallel to 

the surface II. This ring would not be tightly bound to the surface, 

since no C 4 products were detected el=her at low or high pressure, thus 

this type of mechanism seems improbable. This type of mechanism has 

been ruled out in the homogeneously catalyzed reactlon I0,12. The third 

mechanistic scheme involves a metallacyclopen~adlene as an Intermedlate 12. 

In organomecalllc cheu~stry, numerous studies have investigated possible 

schemes for [2+2+2] cycloaddltlonsl2. Spectroscopic evidence (NMR, IR) 

suggest that two acetylenes sequentially displace two ligands to form a 
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metallacyclopentadlene intermediate. This is followed by theInsertion 

of another acetylene to form a metallacycloheptane or aDiels-Alder type 

addition to form benzene, The first portion of the scheme has been 

proven, but the addition of the final acetylene is very rapid and .the 

pathway has not been determined. 

Analysis of product distribution and yields did not give enough 

information to propose a mechanism. Current electron energy loss spec- 

troscopy studies will shed some light on this inErlgulng problem. 
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S e c t i o n  7 . 1 6 :  D i scus s ion  of UHV and High P re s su re  S t u d i e s  on Promoted 
PdSingleCrystal Catalysts: Introduction 

The cyclotrimerization of acetylene has been observed over promoted 

(III), (I00) and (Ii0) single crystal surfaces of palladium at both high 

and low pressures. The difference in benzene yield at low pressures, 

relative to the rate of production of be:Izene at high pressures, was quite 

dramatic over th~ different promoted surfaces. Potasslum was found to 

eliminate vlrtually all benzene formation 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 coverages (<0.I HL) of S or C1 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 stolchlometrlc results. 
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Section 7.17: Discussion of trHV and H~h Pressure Studies on Promoted Pd 
Sin_~Crystal Catalysts: Adatom Properties 

To facilitate understanding of the results presented in this study, 

some of the important properties of the adatoms are considered first. 

The four adatoms (Si, P, S and CI) decrease slightly in atomic radlus 35a 

(see Table 7.3) with increasing atomic number, from 1.32 A for Si to 0.g0 

A for CI. The atomic radius of CI, however, ranges from 0.90 A for the 

neutral Cl atom to i~80 A for CI-. The ionic radius of K is 1.33 A. 

Palladium is slightly larger, with an atomic radius of 1.38 ~ A/though 

structural data is not available for these adatoms on Pd surfaces, there 

is some structural data for S and Cl on Ni(lll) and Pt(lll) 25. These 
, 

studies show adatoms to reside generally in threefold hollow sites. 

Therefore we expected that Si~ P, S and C1 would also chem/sorb in the 

threefold sites of the close-packed Pd(lll) surface. Due to insufficient 

data for the Pd(100) and Pd(ll0) surfaces, no conclusions ca~ be drawn 

on the nature of the blnding sites for the adatoms, but it is known that 

S on Ni(100) resides in the highest coordination site30, 

Electronegativlty is another empirical parameter that differs signifi- 

cantly for the adatoms used in this study. To observe how th~ surface 

electonegatlvity 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 S1 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. Paullng electronegativity 35a and aco~c radlus 35a of each 
adacom, y~Ilad!umand hydrogen, 

Elemen¢ 

H 

K 

Si 

P 

S 

Cl 

Pd 

P a u l i n ~  E l e c c r o n e ~ a c i v i t y  ' . A;omic Radius ( A ) 

2.1 0 .37  

0,8 1.33 a 

I ,8 I ,32 

2,1  i .28 

2.5 I .27 

3.0 0.90 

2.2 1.37 

a l o n l c  r a d i u s  
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While the atomic radii of the adatoms vary only slightly, there is a 

large difference in electronegatlvlty (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 fie with the electronegativi~y data very well and will be 

used to explain the results of the cyc!otrlmerizatlon reaction studies. 

Adatoms on all metal surfaces, under conditions of low pressure, 

~mve several effects on surface reactions - the additives can (i) 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 unlformly dispersed on metal surfaces 32,33 

(except at higher monolayer coverages), and to donate electrons Ko the 

surface 19. Sulfur and chlorine are known to form ordered islands at low 

coverages 30 and withdraw electron density from the surface 34. From our 

work function measurements, we found P and Si to be electron donors, but 

not to the same extent as K (see Fig. 18). Phosphorus and sillcon were 

found to form ordered LEED structures over some metal surfaces. For 

example, K forms a 47 X ¢7 RI7 ° over Pd(lll). Also, s~ructures have 

been observed over Cg and Si 30. Phosphorus and silicon are known to 

form stable co~pounds with many metals (Pd2Si , PdSi, Ni2Si, NI2P and 

NisP2)35a,b,36 , 

Both  a c e t y l e n e  and b e n z e n e  a r e  known 37 -39  t o  d o n a t e  e l e c t r o n s  t o  

metal surfaces. Acetylene has a low-lylng antlbondlng orbital which i s  

partially filled in the presence of electron donors on the metal surface, 

such as K 38, destabilizing the carbon-carbon bond, Benzene's antlbonding 

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 groupd0,41. 
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From the theoretical work of Anderson 37,38 on Ni, Pt and Ag surfaces, S 

and CI would be expected to poison the surface toward acetylene cheml- 

sorption. No other work has been completed on the effects of Si and P 

on the bonding of acetylene a=d benze,e 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 reac=ion of 

acetylene over single crystals of palladium has been investigated. We 

have previously published 6 the rate (Turnover frequency=0.05 molecules 

benzene/site •sec, 200 Tort acetylene, 850 Tort N2, 570 K on Pd(lll)), 

+I) pressure dependence (rhte of benzene=kP C ,~ C and activation energy 

(E A ~ 2 kcal/mol) for.the ~ormatlon of benzene from acetylene o~er Pd 

single crystals. In these earlier studies, we found Pd(lll) and Pd(100) 

surfaces to have =he same rate of benzene production, but on the Pd(ll0) 

surface the rate was about 25% of the rate on the (III) and (I00) surfaces. 
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Section 7.19: Discussion of H£gh Pressure Studies on Promoted Pd Single 
Crystal Catalysts: Pd(!ll) and Pd(l~) 

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 amoun~ of carbon present on 

the surface after each'reactlon. We found that the activation energy 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 i~ the form of graphite or a polymer 

of acetylene. It is possible tha~ the electrOn-Wlthdrawlng additlvies 

enhance the polymerlza=ion process, by acidifying the metal surface 51, 

thereby decreasing the rate of benzene formation. Figure 7.18 shows the 

amount of carbon present on the (I00)surface after flashing the modified 

surface to 520 K in UHV. Electron-don~tlng addltives 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-withdrawlng additives. 

Phosphorus did not fi~ the trend of electron donors acting to enhance 

the rate of benzene formation. It appears to have slightly more carbon 

at equllibrium than the clean Pd(100) surface, so the electron-donating 

power of P is not enough to stop either polymerization of decomposition. 
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S~,ct ion 7 .20 :  D i s c u s s i o n  of H~_~gbPressure S t u d i e s  on Promoted  Pd S i n g l e  
Crystal Catalysts: Pd(ll0) 

The clean Pd(ll0) surface was shown to have only ~ 2% open surface 

at equilibrium, which was used to explain the diminished rate of benzene 

production. The (ii0) surface of fcc metals can be thought of as a mono- 

tonically-stepped surface. This high density of steps is expected to be 

more reactive towards decomposition of acetylene. High carbon coveraKes 

on the surface under reaction conditions are therefore expected. 

Additives on Pd([lO) had less effect on the rate of formation of 

benzene than on Pd(lll) and Pd(|00). Potassium was found to inhlblt the 

reaction rate and P enhanced the rate as much as Si, One explanation 

for K decreaslng the rate of formation of benzene is that K on Pd. plus 

acetylene induces facetlng on the surface. Alkali me~als are known to 

induce a 2 X ] reconstruction in Ag(ll0) surfaces 43,44, if M ~r K + 

acetylene, induces a reconstruction in Pd(|10) 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 7.2_1: Discussion of UflV Studies on Promoted PdSingleCrystal 
Catalysts: Pd(lO0), Pd(lll) an~d Pd(llO) 

Low pressure results for addltlve-covered surfaces can be explained 

by a combination of surface structure and electronic interactions. 

Potasslum-covered Pd surfaces produced less benzene and less decomposition 

products than Si-, P-, S- and Cl-covered surfaces. Potassium is the 

least likely 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 form 30. If the 

adsorbate interaction is short range, then well-dlspersed adatoms will 

produce a greater or@tall effect than adatoms with a clustering tendency. 

Less metal sites would be covered by additives such as Si, P, S and CI, 

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

our results~ since acetylene was not fbund to chemlsorb to multilayers on 

K, due possibly to K atoms blocking sites. With dlspersed K on the 

surface, three acetylene molecules would be less likely to be close enough 

together on the surface to form benzene. Our results seem to indicate 

that the electronic effect, as correlated to the change in work function, 

is not the major promotor function for K under UHV. 

Ultra-hlgh vacuum studies are summarized in Fi E . 7.19, which shows 

the effect of each additive on the 5enzene yield on each surface, at a 

coverage of 0.25 ML. The most pronounced effect observed was that of Si 

on Pd(lO0), where at a coverage of 0.38 ML, the yield of benzene increased 

twenty-fold. 

Significant effects o~ the formation of benzene from acetylene were 

observed from Si on Pd(lO0) surface and P on the Pd(l!l) surface. The 

greatly increased benzene formation over these two surfaces may be attributed 
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to the formation of surface compounds. The Pd$1 compound is known to be 

stable 35, and although no palladium phosphides are known, they are well 

know for nickel 35 (Ni2P, melting point of 1385 K; and NisP2, melting 

point of 1458 K)o Figure 7.20 shows evidence for the formation of a 

surface pallad~um slllcide. As the temperature of the Sl-covered Pd(100) 

surface is raised, the work function shifts dramatlcallyD indicating a 

reversal of dipole moments. This shift corresponds to Si dissolution, as 

also shown by the sllght change of the AES Si slgnal (no Si desorptlon 

was observed). This work function shift has been shown to indicate 

surface compound formation 26,45-5!. 

Phosphorus on Pd(lll) was found to have similar changes in the york 

function, showing a change upon annealing the crystal. The~e changes 

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

In general, the work function versus coverage plot was reverslble with 

annealing/flasiling of the crystal to desorb some of the additive. Future 

work is planned to test the hypothesis os surface compou.d formation with 

Si and P on Pd(111) and (I00). 

Sulfur on Pd suppressed the decomposition reaction. R~lat1~e to the 

three clean su:faces, only ~ 5-|0% as much H 2 and ethylene were observed 

(see Figs. 7.|I) in the TPD experiment. As noted prevlously, Anderson and 

cowor~rs 37'38 predicted electron-wlthdrawing additives would block most 

acetylene adsorption and weaken the acetylene-~etal bond. The weakened ace- 

tylene-Pd surface bond can account for the large decrease in decomposition 

observed. Benzene formation remained approxlmately unchanged and molecL~ar 

desorptlon was enhanced somewhat (see Fig. 7.2,4,9). It appears that S selec-- 

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

hydrogenation of CO (see Chapter 5), as well as deh~drogena=ion reactions. 14,52. 
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Chlorine also reduced the amount of acetylene decomposition, but not 

to the same extent as does S. Molecular desorptlon of acetylene was 

enhanced. Benzene formation was enhanced sllghcly on Pd(lO0) while it 

declined slighty on Pd(lll) 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 C1 

and S are known to form ordered structures at low coverages, indicating 

island formation, l= is interesting that for similar coverages of S and 

C1 2-10 times more hydrogen was formed on the chlorinated surfaces. In 

general, the trend from K + Si + P ÷ S ÷ C1 seems to indicate that increas- 

ingly elecf~on-wlthdrawing additives lead ~o decreasing decomposition, but 

the most electron-withdrawing additive, CI, breaks this trend. 

The site blocking contribution to the surface reaction appears to be 

greatest for K and decreases as the additive atoms become m6re'eleetro- 

negatlve. The electron interactions increase as che additives become 

more e l e c t r o n e g a t t v e .  
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Section 7.22: Comparison of Results of UHV and~Pressure Studies on 
Promoted Pd ~Cr~stal 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 =he amount of hare palladium exposed. 

A= high pressures, the surface is saturated with acetylene and the 

formation of benzene competes with the decomposition 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 C1 appear to enP~nce to polymerization or decomposition reactions, 

poisoning the catalytically active sites. The low pressure stoichiometric 

results correlate with slte-blocking for electropnsi=ive additives and 

shifting to more of an electronic interaction for elec=ronegatlve 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 cyclo~rlmerizatlon of acetylene has been investigated 

usin E both low pressure surface science techniques and high pressure 

reaction studies. Additives were found to have relatively complicated 

catalytic behavior, which could be explained with the aid of surface analy- 

tlcal tools such as AES, XPS, TPD, and LEED. Potassium was found to have 

the greatest effect on both the hydrogenation of CO and the cyclotrlmerl- 

zatlon of acetylene over all metal catalysts. 

/ 
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Section 8.2: Hydro~enatl.on o~fCarbon Monoxide 

Hydrogenation of carbon monoxide was carried out over Mo, Rh. mixed 

oxides of Rh and 3d transition metal perovskites. 

The hydrogenation of CO on Mo surfaces in the pressure range i-I0 

arm and temperature range 520-670 K, primarily produces methane, ethene 

and propene. The reaction rate exhibits positive order in CO pressure 

for CH 4 formation unlike other methanatlon catalysts. The reaction also 

produces a larKe fraction of ethene and propene instead of saturated 

hydrocarbons as observed for other transition 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 unsaturated products, 

This has been explained in terms of an electronic effect by which K 

induceo back-donatlon of electrons into the CO 2 w * orbital, increasing 

the amount of CO 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 products. This has 

been explained in terms of selective adsorption site blocking, preferentially 

reducing the amount of hydrogen on the surface. 

For hydrogenation of CO over Rh polycrystalline loll catalysts, a 

large equilibrium deuterium isotope effect is observed, The activation 

energy for the reaction is similar to other methanatlon catalysts. Also, 

the pressure dependence of the reaction obeys the rate law: 

RatecH 4 = KP+IHzP-IcO . 

These observations lead to the conclusion that one of the final hydrogenation 

steps in the reaction mechanism is rate-llmitlng. 
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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 ox£datlon state of 

the transition metal catalysts. The activity is lower for the o~ide 

catalysts relative to clean metal catalysts with the sameactlve metal 

center. For the transition metal perovskites, the overall ac=ivlty 

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 additlve-c~ered Pd(lll), (I00) 

end (II0) single crystal surfaces at bo~h high ( ~ I arm) and low ( 

10 -12 arm) pressures has been studied. 

At low pressures the reaction was found to have a high degree of 

structure sensitivity for the formation of benzene, Pd(lll) > Pd(110) > 

Pd(100). At low pressures, additives had large effects of the amount of 

benzene formed, On Pd(III), addition of P to ~he surface (0.25 ML) 

doubled the amount of benzene formed, while K (0.25 ML) greatly reduced 

the amount of benzene.relatlve to the clean suface (see Fig. 7.19). 

Benzene formation on Pd(lO0) increased 15 fold, relative to clean Pd(100), 

with the addition of 0.25 ML of Si, possibly due to formation of a Pd 

sillclde. The effect of additives on t~e low pressure stoichlometrlc 

reaction can be explained by a combination of surface structure and 

electronlc interactions, 

The effect of additives on the high pressure catalytic conversion of 

acetylene to benzene was much different than ~n the low pressure stolchlo- 

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 elsc~ron-donatlng additives (K, Si) on the surface, relative to 

clean Pd (see Fig. 7.[8), and increased with electron-withdrawing additives 

(S, CI). The structure sensitivity at high pressures for addltive-covered 

surfaces was found to be in the same order as a~ low pressures, Pd(lll) > 

Pd(II0) > Pd(100), when only the at=lye surface (free of carbon) is taken 

into account. Much less difference in the overall rate of benzene formation 

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

Section A.I: Materials and Suppliers 

Schematics for the double pass cylindrical m/rror analyzer (CMA) used 

in the studies discussed in this thesis are shown in Figs. A,I - A,37 and 

and Photographs A.38- A.53. Not shown are sdhematics for the fleld ter- 

mlnatlng pl"ates, which were purchased from the vacuum division of Physical 

Elec=ronics. The Mu metal shields, shown in Figs. A'I9 - A.22 and Photographs 

Mu Shield Company 
121 Madison St. 
Ma!den~ MA 02148 
(617) 321-4410. 

Vacuum feedthroughs were purchased from Varlan (Rotary-Varlan954-5151, 

I0 pln-Varlan 954-5033). The channeltron used was purchased from Gallileo 

(5800 series, high voltage model). The wire meshes used were tungsten 100 X 

100 with 0.001 In. wire and 50 X 50 with 0.002 £n. wire and purchased from 

Hnlque Wire Weaving 
762 Ramsey Ave. 
Hillsdale, WI. 

A11 ceram/c components are composed of I00~ AI203 and were built in the 

ceramic shop at LBL by Will Lawrence and Bill Wilkie. All measurements 

shown in the fiEures are in units of inches. 

A.38,39, were purchased from 
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Section A.2: 0vervicw of Schematics 

F ~-.go._ A.I -A.12 are the schematics for the double pass CMA. 

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

Figs. A.19 -A.22 are schematics for the outer Mu metal shleldlng for 
the CMA. 

Figs. A.23 - A.37 are schematics for the internal electron gun which is 
used for Auger electron spectroscopy. 



S e c t i o n  A.3 : 

187 

Abbreviations Used in Schematics 

Be-Cu = Berrillum-Copper 

• CL = center llne 

CCF = conflat flange 

FH = flat head screw 

HEX = hexagonal head screw 

IC = inner cylinder 

ID - inside diameter 

OC = outer cylinder 

0D = outside diameter 

OFHC - oxygen-free, hlgh purity copper 

R = radius 

SH = socket head 

304SST = 304 stainless steel 

Vac ~ vacuum 

t 
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Section A.4: Figs. A.I - A.I~ 

The main body of the double pass CMA is shown in Figs. A.I - A.12. 

Photographs A.40 - A.43 and A.47 - A.52 show the CMA being disassembled 

piece by piece. 
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Attachment Pla~e-Top from vac Side 
Material-Aluminum 
OD=5 ~8 ID= 3 Y4 Thickness= I/4 

Feedthru 
9/16 Clearance 
Electrical 

s-lO plcs. 

Clearance Hole 
tersunk for 10- 
from far side- 
. Support post 
ment points. 

F i g .  A.2 .  ~ e  alumin,,m attachmen= p l a t e  Eor '~he  suppor= p o s t s  i s  a l s o  t he  
a£taehmenC p o i n t  £or the  OC s h i e l d i n g  ( see  Photograph A . 4 9 ) .  
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Back-up Pla~e for Bottom Field 
Terminator Support (Copper) 

304S5T-I/16 Thick 

7 
5.062 
Dia 

/ ~ /  .. 8R-. 344 Holes 

/ . X " \ Clearance hole for 
! f /-~ \oc ~eedth~. s~ielding 

I ..( ~ , _ ~ /  I \_.~,,0o,..,°oo. 
I i °- ~,~. ~ ~,!--~o~°. 

(o' i , 
/ ( ~ ) ,,:; / Hoze eor ,,~,,// ~ , , , o o e . r o n  

! " 

Fig .  A . 3 .  The back up p l a t e  f o r  the  f i n a l  f i e l d  te rm/nacor  supporc i s  held 
above the channe l t ron  by f o u r  suppor t  pos ts  ( see  Photograph A ,48 ) .  
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2 nd Outer Lens 
OHFC Copper 

4.47 O.D. 

O 

4-40 Thru-3 plcs. / 
Ilolds Cen~er Field/ 

hole thru 
Pur, p Out 

4.380 ,. 

. , - .  - - ,  

I 

, i 

I 
I 

i I 
i I 

i I 

t I 

6.75 

Fig. A.5. The lower oxygen free copper outer cyllnder (see Photograph A.41). 
The middle field cermlnaror is held by three 4-40 allen head screws. 



1 st Outer Lens 
OHFC Copper 

"~I/~6 slo~-Equally spaced 
60 Apart-6 plcs. 

3.B75 

~ 4 . 4 1 D i a  ' ' m  

~"--4.30 Di~r--'-'--"~'B 

I 

I 
I 
i 

D--"4 • 375 Dig--------'---~ 

- - 4 . 4 7  Dia --------- 

450Incline 
X1/16 

A 

Fig ,  A.6 .  The upper oxygen f r e e  copper  c y l i n d e r .  The bottom i n t e r l o c k s  into 
the bottom outer cy!Inder and the top field ~ecm/na~or rests on the 
s l o ~ e d  top (see Pho~ograp~ A.40). 
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I~7 Dia. Hole 

Hole-.125 Dia. 
I 

".765R . . 
. . . _ 2 - 5 6  Tapped ho les -q  p¢cs, 

J 1,715 B.C. 

"~-~ 45 ° 
. ~ . ~ - ~ . 2 3 5  P ia .  Hole-2 plcs. 

~ . 8 0 4  R-2 plCS. 

• ,t .SlQ_/ 

6.187 

2 nd Inner Lens Grid Dimensions=.002 wire X 
Be-Cu .020 sq. sec=ions 

~I. 990_ .~ Cou.~ 

• Alig 

- r  I ~ - - - - - , - T I  ~ 990 

L 

7-- 
.125 

Countersink for 2-55 FH-2 plcs. 
Aligned with QL of windows. 

] 
I aL 3.047 

I .250 

I .o . - - . - - , - -  e ~  

I .094 D ia .  HoZes-4 p l c s .  
~----~.8~-- Aligned with QL of windows 

• r D 

" " - - - - 1 . 9 4 5  
Dia 

f ! 
| , 9 5 0  .625 

Fig.  A.7. The lower Be-(h inner  c y l i n d e r  ui~h tungsten mesh-covered e l e c t r o n  
windows (see Flg. A.9), The middle field cermlnacor slts on top of~ 
t h i s  cy l inder  and i s  held in place by =he upper inner  lens  (see 
Fig .  A.8, Photographs A.42 ,43) .  
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1S~ ~nner Lens 
Be-Cu 

n.n .~.030 

.094 Dia hole 
on ~ o f  
w l n d ~  p lcs .  ~ . A .  990.--~ 

Grid Dimensions = .002 wire 
X .020 Sq. sect ions o 
Grid Radius = i~, 120 sector 

Section A-A 

~i" 94~ jIncline for 
II _.To If/g~Z~acd~u: 

.._ ~Dia. 
hole ~hru-2 plcs. 
Also covered with grid 

•/•1.910 Dia-2 p lcs .  
o grads are below 
.94 Dia. 

.530-2 p lcs .  
t ! 

.750 
,, f 

Fig. A.8. The upper Be-Cu inner =yllnder. The m~ddle field termlna~or Is 
held by the long shoulder on ~he bottom of this inner cylinder (see 
Photograph A,SL). The top field ter~Xnator rests on ~he cop o£ the 
cyllnder and the electron gun slts between the grld-covered electron 
windows {see Fig. A.9). 
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Section A-A 
Machining Detail of Windows 

I 
1.22 Typ 

I 

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

. ,  . , . . ,  s i s ,  , I 

[ i I I long 

F i E .  A .9 .  Deta i l  of  the e l e c t r o n  windows for  the  inner  c y l i n d e r .  
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/.Incline for 
, , , ~  grid radius 

// ~ ,~nner Mu .~le~al Shie1~ing 
// I ~ IAttac~ent 

If I \\ 1 2-se Th=U,oZqUally- T /][ / \~/ Space, 40 Apart 

i \\.. ~o~o., ,~--- /1 

Grid Dimen~io'-~s=.001 Wire X .010 
sq • sections o 

Grid Radius=l I/8", 120 Sector 
|st Apera~ure .250 Hole on 
304SST Spotwelded every 1/16" 

Grid Analysis=Cr=84. S%, Fe=12% 
Cu= 2%, Ni= 1.5% 

, 
! 

~.,:~ '.~.~o /"i-°~ ~ 
~45° Incline 

Fig. A.IO. The cover shield for the (IRA, ul~h aE=achamnts for the scare assem- 
bly rods (see Fig.  A.I i ) ,  and inner Mu shie ld .  The sh ie ld  has a 
hemlspher~cal gr id spo~welded on ~he ~op (see Photograph A,SO). 
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Stack Assembly Rods-4 pcs. 
OHFC Copper 

Tapped 4-40X 
.375 Both ends 

.187 Dia. 

I0.I00 

Flats 

Fig. A.II. The OHFC copper stack assembly rods (see Photographs A.40,41). 
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Support Posts-4 pcs. 
304SST 5/16 Hex 

~u~ ~so~ 
OC Shielding 

3.22 

r,i 

I' 

Tapped I0-32X3/8 
Both Ends 

Dia " . 

0C Shielding 
2% 1½ Aluminum 

I L 
FIR. A.12.  The bottom ~ermlnator support posts and outer  cyl inder alumin,Jm 

shie ld ing  (see  Photograph A.49) .  
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S e c t i o n  A.5:  F i g s .  A.13 - A.18 

The pivoting aperacures are incorporated into the  CHA for Changing from 

AES to XPS mode. The electron flux for AES is much higher than that for XPS, 

therefore, to extend the channeltron llfetlme, smaller aperatureg are used in 

~he AES mode. The pivoting aperatures are located abovethe channeltron and 

at the field terminating place (at the apexes of the electron flux through 

t h e  CMA). 

F i g .  A.1 shows the  r o t a r y  f e e d t h r o u g h  used  t o  move the  a p e r a t u r e .  T h e  

a p e r a t u r e s  a r e  c o n n e c t e d  by a 0 .125"  s t a i n l e s s  s t e e l  rod .  The rod  ~s  i n s e r t e d  

t h r o u g h  the  " a p e r a t u r e  s h a f t  h o l e "  i n  e a c h  a p e r a e u r e  ( s e e  F i g s .  A . 1 5 , 1 6 )  and 

moved by the rotary feedthrough on the 8" CCF (see Fig. A.13) moving the 

p i v o t i n g  a p e r a t u r e  l e v e r  arm ( s e e  F i g .  A . I 7 ) .  "The 0 .125  rod r o t a t e s  45"  and  

i s  a t t a c h e d  to  t he  two p i v o t i n g a p e r a t u r e s .  The 0 .125  rod  i s  a t 6 a c h e d  t o  

t h e  8" CCF as shown in  P h o t o g r a p h s  A . 4 7 , 4 9 .  
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203 

~13 o Pivoting Aperture - Lever 
Arm-Ipc. 
304 SST 

' ~ .125 Thick 

-vm ~,156. 

n ~ I"-'~' ~o~e 

P i v o t i n g  Apezature  Shaf t  
Insulators-3 pCSo 

~375 ~ Alum. Oxide 

7~ 
PII 
!11 
I I  
il! 

~-- • 250 Dia 
-. 127 Dia 

T 
~.isq 

I 

ig. A.14. The pivoting aperature arm wh±ch is activated by the rosary £eed- 
uhrough, The 0,125 rod Is attached w~th the clamplng screw (see 
Pho~oEraph A,49) insula~ors fo r  ~he 0.125 rod, to go inside the 
o u t e r  cylindec of the QtA. 
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~125 Dia. thru 
/.125R 

.125--~ ~ 

".25"~ 

Aperature Pivot Arm 

BE-CU 2 pcs. 

~rs~nk & Tap Hole for 
0-80 FH Screw 
Screw to stick down .180 

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

DeCu-2 Thrus~ Bushing=.250 O.D. X o128 I.D. X 
• 125 ThK 
One has 2-56 Tapped hole radially into 
,127 I .D. for Set Screw 

FiE. A.15. The pivoa arm eonnec=ed =o 0 . i 2 5  s h a f t  £s inser=ed i n  the  oval  
ho le  of  the p ivo t i ng  a p e r a t u r e  ( s ee  Pho~ograph A.45, F i g .  A .18 ) .  
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Top Ap~rn~ure-Be-Cu 
Top View 

/--~-55 Screw-.200 Dia. Head 
80 Thru /is stop adjus~menn for 

t e "~;-pring Attachment /~.290R pivoting apera~ure 
~-~pera ur Sho~ - in~ 11 
~o~-.125 ~i~: \~o ---- // 

~-.u~ / ~ ~Countersin~ for 2-56FH 
/ ~ from opposite side,A~taches 

/ ~ Elec~:ron gun posts 
/ I---.235 Dia Hole thru-2 plcs. 

l~u Aperat insulator ~.ube whi=h carry wi~es 
Dia uo electron gun 

Section B-B 

J°l°_~f! f ~ ,  ~l ° 
.~0o .o~o ~ . + _  

FiE.  A .16 ,~7 .  ' ~e  top and bot tom a p e r a c u r e s  each have an apera~uce  ho le .  
sp r ing  a t t achmen t  po in t  and scgp to hold ~he p l v o t l n g  apera~ure  
i n  the c o e r e c t  p o s i t i o n  ( see  Photograph  A . 4 5 ) .  



• 2 0 6  

Bottom Aperature Top View 
Pivoting Aperature Not Shown 
Same as Top Aperature 

$ " 

~ lOO Ro1~-4 plcs. 
tches 2"" ~nner 

~ Lens Assembly 

S e c t i o n  A-A 

P i v o t i n g  A p e r a t u r e  D i a = . 0 6 2  
Grid spocwelded to  unders ide  

• Grld is .002 wire, .020 square section~ 

~ | / ~o ° 
.~'~%~.~_. _.J-~..o~o ! l 

- -  | i - - I  

I 'e 

!~---~. 93~----~ 
" - -  D i a - -  

F i g .  A . 1 7 .  See p r e v i o u s  f i g u r e  f o r  d e s c r i p c l o n .  
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Pivoting Aper~ture Details 
T~p=.IO0 Dia 
Bottom=.062 Dia 
Spring Lenguh Relaxed ~.44 

~. 187P 

Threaded 
~ia 1 i ~  1°6° " ~  o .  1 i 

- Thru Spring A~cachment Poin~ 

F i g .  A.18.  The p i v o t i n g  a p e r a c u r e .  The ~op ape racu re  i s  0.100 i n  d~ame~er 
and the bottom ape racu re  I s  0.062 In  dlamecer  (see Photograph A . 4 5 ) .  
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Section A.6: Figs. A, I9 - A.22. 

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

insure unlformmagnetic fields inside the CMA. 
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Inner Mu Metal Shielding 

S i d e  V z e v  

• ' ~ . 2 2  Dia .... - -  

• - = . o + 4  D~[,~ S°~''' 

" ; ~ " ' ~  

0 

4 S l o t s - g 0  ° Apar~ 

5.125 Dia ,, 

12.812 

~.050. 
Wall ' 

T1",,icknes~ 

l 
1.312 

I 
! 

F t S .  A . 2 2 .  Side view o f  che i n n e r  Hu a~cal  s h i e l d ,  The inner  and o u c e r  
s h i e l d s  a r e  s e p a r a c e d  by 0 .090  i n .  and a r e  p a r a l l e l  v lCh  r e s p e c t  
t o  t h e  body o f  t h e  (lqA. 
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Inner Mu Metal Shielding-I pc. 

Top View 

Dia 

I 
-- 5.22 . . . . .  - - - -  

Dia 

F i g .  A.21 .  Top v*ew o f  the  inner  Hu metal  s h i e l d  ( s e e  Phocogcaph A . 3 9 ) .  
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Section A.7: Figs. A.23 - A.3___~7 

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 gracket 
BE-CU ~ :L~_I,~:: ~. 

:'i ~ .... # / < , : : - %  k! 1., 

2 pies.  

\ i . i - - - - , . o : o - - - t  :, . 
• 182 "125 1 .i,~"~ 'L------~----~r- .o ~ ~  

~-0~o-:~:,'11. ~ , . 1 1 ,  
=:,<:~,.,oo,o I I~ .o=~ l l  

V-,.,,o---II 

I 
.97 

i 

F ig .  A .23 .  E l e c t r o n  Eun base w¢~h fou r  2-56 holes =apped to ho ld Ehe gun 
t o g e t h e r  and two coun~erbored ho les  fo r  the gun moun= on the 
Q~A (see Fig. A~6). 
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Outer Mu M e t a l  Shield 

S ide  V i e v  

-- 5 .500  D ia  

f i l l  14~40 

v ! 
. 125_  

3 S l o t s - 1 2 0 °  Apar t  

F i g .  A .20 .  S ide  v i e w  o f  c l~  o u t e r  ~hs BeCal  s h i e l d ,  



Top view 

Outer Mu Metal Shielding-1 pc. 

~' 5,40 Dia 

I J 
I ..... ~.soo ~i~ 9 

I 

FI 8 .  A .19 .  Top vlew of ~he outer  Hu me=al sh ie ld  (see Photograph A . 3 8 ) .  

212 
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Electron Gun-Plate 
304S5T 

Top Side 

• 660 ~ ~  

/--.282R 

/0-80 Tapped from side to 
hold deflector'insulator 

\ t s-4 p1=s. 

~ ' ~ . 4 2 1 R  

./ / Counterbored .108 Dia X .094 
deep with .060 hole ~hru-3 plcs. 

~~ocating 3 ceramic posts. 
~ ~  7108 Hole thru-4 plcs. 

For holddown sdrews 

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

i ......... ~--~25 Thk. 

~i, 053Di'a 1 ' 

FIg, A,24, Base plate for the electron gun, The Internal parts of the elec- 
tron g u n ' a r e  b o l e e d  to  t h i s  pla t :e  ( s e e  P h o t o g r a p h s  A . 4 4  - A . 4 6 ) ,  
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Electron Gun-Fl lament 

0 o 
~ Y  __~--rilamen= ~s .o02x. I01 
~ i  / rLb~n TtLnglt..Qn 

. . . .  I~1 ~ w • meT.m1 l~.r1;= (TIn~.iJu~.; betvee n 
I ! I [ , .1;56 f l l i ~ e n ~  Ind pOStS. 

II I 
U__.32 

fu."nae@d brazadl/ J~- ~-o c e r a r ; c  "-"I  ,053 D&1-7 p i c a .  

E l e c t r o n  Gun- 
?;li.'~en~ A l l e ~ l ) "  Fllte-1 pC. 

]04SST 

. IO0 Holes-3 p lcs ,  

-6 p i t s .  

~,,060 "f'nk, 

F i g .  A,25.  £ l e c t r o n  gun f i l a m e n t .  The tungs ten  ( p r e f e r a b l y  thor iaced  
tungsten)  £11a=ent i s  spotwelded =o the Mo support pos~s u s i n g  a 
thin loll of tantalum or platinum. The helghc of the filament is 
critical to insure reasonable emission durlnE use, The 2 Mo rods 
are connected to FI and F2 on Fig. A.I. 
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Electron Gun-Filament Assembly Plate-I pc. 
3045ST 

/Tapped 0-80 
B-B ~ ~ / 3 plcs. 

~ . 2 8 2  R 

Dia 
~'. 500 ~ 

,i Dia 
13 ° ~242, ~h~..~ i 

.060 

- 1.28  [ 
D i a  

~.412 ' 
Dia 

--. 036 Dia 

.335 

I--- 688 -~ 

Dia 

Fig. A.26. Electron filament holder. The filament assembly fi~s up in the 
h o l d e r  ~uch t h a t  t h e  e n d  o f  t h e  f i l a m e n t  i s  l i n e d  up w i t h  t h e  
0 . 0 3 6  h o l e  a~ t h e  t o p  and  I s  - 0 o 0 1 0 - 0 . 0 0 2  i n ,  f r o m  t o u c h i n g  t h e  
s i d e s  o f  t he  h o l e .  The f i l a m e n t  h o l d e r  a s s e m b l y  p l a t e  h o l d s  t h e  
fllamen~ In place and is wired =o VI on ~g. A.I. The plate is 
held away from the elec~con gun plate (Fig, A~6) by 3 ceramic 
posts (see F ig .  A,37). 
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Electron Gun Lens 
304SST 

Top View 

175DJ mm- 

4 
.312 

t 

" "  ,25o - -  I~seru with aperature 
_~1~ / - , p o t w e l d e d  in 

--__~.~__'--,060-2 ~!r.s. / ,  

.:,; lili :==: l 

[I 
~--- 552Di~'a 

I 
~--.625Di~ 

~ 692 Dia-- 

Flg .  A,27. ~'qe e~ec~ron beam focusing stage f l u s  on ~op of  Ehe def lec~oc lens 
assembly and i s  connected ~o V2. 
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Elec~ron Gun-Plate 
304S5T 

Top Side --0-80 Tapped 
thr~-4 plcs. 

ntersink & clearance 
for 0-80 FH-3 plcs. 

344 R 

094 Clearance hole for 
flector insulator tubes 

I 
. 6 6 0  

600R 

660 

! J| ........ ,.,, 7 m 

• 050  T ~ .  

m$"-------1.400 Dia -~ 

Flg. A.28. The mlddte plate holdlng the Internal electron gun pacts lines up 
the deflector lens wires and is bolted to the top electron gun 
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Electron Gun-Deflector Lens Holder-I pc. 
3 0 4 S S T  

• ~apped O-80X. 187-4plcs. 

\\ ~a~o~ o-~o~. ~-~ ~lo~. 

A-A .235R | If:: 

D e f l e c t o r  L e n s - 4  p c s .  
3 0 4 S S T  S c a l e  4X 

~ apped 0-80 

F~g. A.29. The electron gun deflector lens holder Is shown from the Cop (Fig. 
A.29) and side and bottom (Fig. A.30) views. The deflector pla~es 
(see Ftg. A.30) are held in place by ceramic ~solated screws (see 
Figs. A.34,36), which are connected to the t0 pin connector tn FJg. 
A.I. 
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Electron Gun Deflector Lens Holder 

Section A-A 

I 
.153 
.-E--- 

.935 

i.TFI 

--===--": 812 Dia 
~.5e2 Di~---=T, ]" • 

,1. o. ifV ,.  l 
J . .  

1.032 D t a  

2-56X. 187 with 
..031 pumpcu~ holes 
3 p l c s .  

.421 R 

Fig. A.30..~_e Fig. A.29 for description. 



.065 Holes 
thru-4 plcs. 

Electron Gun-Final Aperature-I pc. 
304SST 

~--. 125 
I_ Dia 

.9~'-- 
Dim 

1.062Dia 

i 

f 
.440 

-J- 

.050 

Flgo A.3L.  The f ~ n a l  apera~ure  for  ~he e l e c t r o n  beam i s  0 . J 2 5  i n .  d i a p e r e r  
and 0°440  i n .  l o . g ,  and u s u a l l y  a~ ground p o t e n t i a l ,  c o n n e c t e d  ~o 
V3.  
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Electron Gun-Plate 
304SST 

Top Side 

Tapped Hole-3 plcs. 
Apart 

--~--._.462R 

.867R 

• 830R 

r--Countersink & 
clearance hole for 
2-56 FH-4 plcs. 

.127 Hole thru- 
4 plcs. 

% 600R 

1.00 

• 105 Thk. 

Fig .  A.32. l~e ~op e l e c t r o n  gun moun~tng bracket  holds the e l e c t r o n  gun ~n 
p lace  and bol~s the e l e c t r o n  gun ~ogegher w~ch th e  gun suppor t  
pos t s  (see  F ig .  A .35) .  
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Electron Gun-Top Shield-I pc. 
304SST 

f .  867R 

B- 0-80 FH-120 ~ Apart 

1.625 Di~ 

~.160 D i ~  

! | .44o 

I • 830 D/~'''~ 
-- I • o~D. la" 

Fio~. A.33, Top sbleld for ~he electron gun is bolted =o the cop mounting 
bracke t  w£~h ~hree 2-56 screws (see  Ff~ .  A.35) .  



225 

Electron Gun 
Deflector Lens Insulator-lpc, 
Alum. Oxide 

l 

45 ° 

Electron Gun 
L~ns Insulator-Ipc. 
Alum. Oxide 

--.6BeO.ia----.- 

~,375Dia~ 

(- i [ I i 
I i 
i 

ZncZine/' 
---'7- Ic/ 

Electron Gun-Lens Insul--uors-4 each 
Alum. Oxide 

© © 
--. 2 ooDi.~ a --. 200Dia---- 

~::: :~o ~ .~oo 

Fi E" A,34 . A.37. The assar~ed ceram/cs, support poses, screws and wlre 
Insulaclon ceramics in de~a11. 
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Electron Gun Assembly Suppor~ 
Posts- 2 pcs. 
OHFC 

l i- 
'BB5-2-% 

2-56X.20 Deep 
with pumpout 

~.094 ?tats 

~ .125 Dia 

Electron Gun Support Posts-4 pcs. 
304SST 

-56X.2 Deep 
with pumpout 

Flats 

Dia 

15 T h r e a d e d  

Fig. A.35. 
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Eleczron Gun Wire InsulBtion Tubes 
1 pc. for 4-.020 Copper Wire 
1 ~c. for 5-.020 Copper Wire 
Alum. Oxide 

Electron Gun-lnsulating 
Mounting Posts-3 pcs. 

Alum. Oxide 

0 
P ".092 Dia 

I 

I 
i 

i . 6 5 0  

__1_ 
E1eczron Gun 
Deflector Lens 

. 189 Dia 

i - 
. 5 0  

T 

10.0 
This a r e a  

copper p l a t e  

Alur' Oxide 

~~.187Dia 
~ ~104Dia 

.050 .065 P 

11.0 

Fig. A.36. 
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Electron Gun 5crews-3 pcs. 
304SST 

~_-- _u 

.031 

-I 
.062 

.082 
Dia 

. - 7 - -  

1.45 

_ .312 

Threaded 2-56X. 312Long 

Rig. A. 37. 
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Section A.8: Photographs A.3.__~8- A.5___~2 

Photograph A.38. 

Photograph A.39. 

Photograph A.40. 

The CMA mounted on its stand, showing the outer metal shield 
(see Fig. A. 19,20). The cylinder is attached to the  AI 
plate (see Fig. A.2) by four allen head screws. 

The inner metal shield (see Fig. A.21,22). The shield is 
attached to the first aperature (see Fig. A.10, Photograph 
A.50). 

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

Photograph A.41. The lower outer cylinder. The middle field terminating 
plata is held by 3 set screws on the top of the cylinder. 

Photograph A.42. The top and botuom inner cylinders with the middle field 
t e r m i n a t i n g  p l a t e  in p lace  ( i n  p r a c t i c e ,  the lower o u t e r  
c y l i n d e r  must be in  p lace  p r i o r  to  p u t t i n g  in  the middle 
field term~natlng plate). 

Photograph A.43. The upper  i n n e r  c y l i n d e r  and middle f i e l d  t e r m i n a t i n g  p l a t e  
removed to  exposed the i n t e r n a l  e l e c t r o n  gun. 

Photograph A.44. A closeup of the electron gun. The four ceramic sleeved 
wires  in  the  middle a r e . f o r  d e f l e c t r l o n  and the o t h e r  s e t  
i s  f o r  f i l a m e n t  c u r r a n t ,  f o c u s i n g ,  a c c e l e r a t i n g  and 
grounding the various stages of th~ gun (see Fig, A.23 - 
A.37). 

Photograph A.45. Another view of the electron gun. The pivoting aperature 
f o r  the top i n n e r  c y l i n d e r  i s  a l s o  sho~n (see F ig .  A.15 - 
A.18). 

Photograph A.46. A top view of  the e l e c t r o n  gun ( see  F ig .  A.31 ,33) .  

Photograph A'47. A closeup view of the lower portion of the CMA. The 
channeltron is mounted such that it can be replaced without : 
f u r t h e r  d i sassembly  (see  Fig .  A .48) .  The mounting b lock  f o r  
the 0.125 p i v o t i n g  rod i s  a l so  shown (see  Fig.  A.49) .  The 
high voltage feedthrus have copper barrel connectors on the 
vacuum side for easy connection and removal. 

Photograph A.48. A second c loseup  of the lower CMA assembly.  The 10 p in  
feedthru for deflection is clear as wall as the channeltron 
connection. 

Photograph A.49. A t h i r d  c lo senp  of the lower CMA assembly.  The r o t a r y  f e e d -  
th ru  and p i v o t i n g  arm setup ( see  F ig .  A. 13,14) and the  o u t e r  
cylinder AI shielding (see Fig. A.12) are shown. 
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Photograph A.50. The first aperature (see Fiz. A. 10) with hemispherical 
tungsten mesh spotwelded in place. 

Photograph A.51. The upper Be-Cu inner cylinder (see Fig. A.8). 

Photograph A.52. The top field terminating plate. 
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Fig. A.38 XBC 857-5522 
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Fig. A.39 XBC 857-5523 
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J 

XBC 857-5524 Fig. A.40 
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• "1 °" 

• ! .I 

4 

Fig. A.41 
XBC 857-5527 
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'XBC 857-5521 
' 'Fiq. A. z~2 
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Fig. A.43 
XBC 857-5528 
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Fic!. A.,],I XBC 857-5529 
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XBC 857-5531 
Fig. A.45 
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[:ig. A.49 XBC 857-5534 
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Fig. A.51 XBC 857-5537 
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}:ig. A.52 XBC 857-5538 



This rcporl was done with support from Ihc. 
Dcparlmcnt of Energy. Any donclusions or opinions 
expressed in Ihls report reprcscnz solely those of Ihe 
author(s) and noLneccssarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name doce 
not imply approval or recommendation of Ihe 
product by lee University of California or the U.S. 
Dcparzmenl of Encrt'y to Ih¢ cxcluslon of others that 
may be suitable. 



e 

Reproduced by N T / S  
'~ National Technical Information Service 
~ Springfield, VA 22161 

*~ ~ This report was printed specifically for your order 
from nearly 3 million titles available in our collection. :'E 

, -  ~ 8 For economy and efficiency, NTIS does not maintain stock of its 
8 ~ " ~  ~ vast collection of technical reports. Rather, most documents are 

custom reproduced for each order. Documents that are not in 
. -  electronic format are reproduced from master archival copies 

i m m  mW O P (/I • ~ and are the best possible reproductions available. 
_~ ~,i oe~ '=' Occasionally, older master materials may reproduce portions of 
~ ~t O documents that are not fully legible. If you have questions 

~ O  ,-¢ ~ '  concerning this document or any order you have placed with 
~. ~ NTIS, please call our Customer Service Department at (703) 

'= I= N 605-6050. 
~,J =_ p 

' " 0 0  ,- I~ About NTIS 
= Ntis oo, ot   oientifio, technical, enoineerino, and re ateU 
I= ~ business information -then organizes, maintains, and 
• disseminates that information in a variety of formats-including 

, ~ ~  ~) 0 O ID ~= electronic download, online acces& CD-ROM, magnetic tape, 
~1 ~ ,~ ~. diskette, multimedia, microfiche and paper. 
= .  E ,_. - .  ~ ~ ,~ ~ The NTIS collection of nearly 3 million titles includes reports 

~1" describing research conducted or sponsored by federal 
m ~_ S o agencies and their contractors; statistical and business 
~ J: I~i eL information; U.S. military publications; multimedia training 

~ ~ ~ products; computer software and electronic databases 
~. :: ~. developed by federal agencies; and technical reports prepared 

~ O ~ '=O by research organizations worldwide. 

~ ! , ~ ~  http://www.ntis.qov. For more information about NTIS, visit our Web site at 

' "  O 

; ~ '-~ U.S. Government Information Assets 
Ensuring Permanent, Easy Access to 



U.S. DEPARTMENT OF COMMERCE 
Technology Administration 

National Technical Information Service 
Springfield, VA 22161 (703) 605-6000 


