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EVIDENCE FOR THE STRUCTURES OF ADSORBED NH
3 

AND H20 ON Ru(OOl )

Theodore E. Madey and John T. Yates , Jr .

Surface Processes and Catalysis Section
National Bureau of Standardn , Washington , DC 2O23~

Abstract: Ton adsor pt ion of NH 2 and H~ O on Ru(OOl ) have been
studied u s in g  the Electron StI~~jiate ’1 :) esorpt i . i i  T on.  Ang u o:-
Distribut. ~on (iiT :At ) cie’.h’’I , in cOO~ uflCtj’ .r vi • h therm al Jo—
sorp tion smiectroscopy and LFED . The results su~ .~ert that chemi—
sorbed NH~ and H0’.J are boniel ‘o hu v ia the ~ and C’ atoms , re—
spectivel~~, wI ’h

’ ll atnas pcim.t e~ ‘.w y f r r. the surface . The
utility of Ei~DIAD for determinition of structures of adsorbed
molecules is indicated .

INTRODUCTION EXPERI~~NT AL

The method of electron stimulated de— The ultrah :rh ~.‘acuurn apparat ic used for
sorption ion angul ar listrftut ions these s t o J ~ es has been descrIbed ~.:

- ‘~~—

(ESDIAD ) can provide information re— viously /2,Y. Pr:ef~y, a f ~~~~~~~ ~~~~~~~~
garding surface bonding Site symme t ry tron beam (00 Q 100 ~~.‘)  bcri bar- ’:: a
and local bonding confi.guration 1l ,? f .  Ru (OOl ) crynto~ on’o which t ! 0  or N h .
The pos i t ive  ion s which desnrb from an has been ads~ rb.~.d ~~~~~~ a
adsorbed layer J o r i n g  low enerv,y beam doser . Th~ Ion beams v hj c h  :~(
~ 100 eV) electron bombardment have from the crystal by eLectron s t l r~~T~~t e i

been found to desorb in discre te focused -iesorption ( E~ D )  pass ;hro~ot, a
beams in directIons related to the  sym— pherical gri.J ~nd ar. cel.. ra ’e: to a
metry of the single crystal r’,bs’rate. microcharmno r :ae ‘t~~~i as .~~bl;. The
The desorption of ions in diocrete beams output sigril from ~ t-T”~ as:.en: .,‘ is
is apparently related t~ the formation of disp layed visuaL y on a flicresce:.
localized bonds at the surface. screen and p:r .n~ rapi.el. ~~~~ io’~-nt: fi—

cation of iOnn ar •nade on~~n9 
-
~

In order to test experimentally the re— quadrupole mass rpe ,~~n .e ter  ~.f’). Ln.
lationship between ion desrc- p; ion ang le  addition , tb. ~Tt? nay b~ ~s a ~e—
and the bond angle ~r. Sri adsorted no’ Ic— tector in ;i.erns. .Jerocpt i~~. ~d~~eF
cule (or surface comriex), ye are from the aJs ri~ - i ‘Iv’~rs .  The c5 ’ - , . ~ .-
studying the adsorption of p hy ~~i r c r b e l  ness of the ~ u .  ~~~ I cry~” ~~ 

v.4~ .

and weakly chemisorbed specier , i.e., us ing Auger ~r T e ot ron .~; e - r  ..

systems whose b on . l in g  ome .ry uhould
only be weakly perturbed by adsorption.
The present discussion concerns the ad-
sorption of NH

3 
and fl20 on the close A. 11

20 on Ru
t OOl )

packed (001 ) surface of hcp P.m . Because
of the lone pair electrons on the N and The~~al d e n o r p  i~~r stu~ jer . ir.l jca e
o atoms in the se two molecul es , it was that the d cr fnan t n. ” i c ’  of h .,0 ~he’-

F anticipated that ‘he primary interaction sorption on R’m( O fll at ‘J° K ’ :s as ~S o
with the Ru surface would be via the N dissociated r .Ieculo~ masS i8 ~~~ is
and 0 atoms; the hydrogen end of the ad— th~ primary . --.sl dc’o.- r ; i
sorbed molecules should herefore be di— (H 0 also ads~’rhr na l~ r.. :ari y ’t. “ : . a ~.
reeted away front the surface. The ESDIAD an~ carburice .1 Ni ( 1C ’ /~ / and
results for 11

2
0 and NH.~ adsorbed on Ru Sl(1ll) /5/.) Fo l lovi’.~’ S .,ra .en of

(001) are in agreemermt with thi s model , the chp~ jsor le ,I ‘1~~n 10.f-r ~w h ’h ~
and a combination of LEED, ESDLID and served to th .’rmnali v d. wrb 11 ‘ w j .~’
thermal desorption studi o s are used to first orde r kmn.e ic~~), r ,l t i l .,vo,s -f
provide insights Into the bonHng in 11

2
0 were • t o . ’ nv ~~ : • c . ~c ’nse ‘n the

these systems. The present. brief account surfane a ~0 ~~ . The mo ’i5syers i.-
is a report of work in progress, and it sorb thernB Ly ~~ ~~~~ nero -r~ or
will  be amplified In greater detail else— kInetics (Indi -stive - t  ‘r..e
where / 3 / .  w i t h  an ac ’ ~v’. ’i ‘n .- -. e 

~ :.
‘ ‘  1 11.5 k ’ a l /

mole , In ~7 ’ ’ i R * 7 t .’Pra’ n ’. w m t b  . he ~~~~
of ~u h 1 i s r t ’1o n ‘f i ce .

1
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Examination of  11,0 adsorption using B. NH on Ru(OOl )
ESD indicates that foP l w  coverages
C e ~ 0.2), H~ icnc desorb in a hollow Thermal desorption st ai ie o f
conical distribution resulting in  an on Ru(OOl ) - . j,-’~~’Y  t h a t  t~H .n. m c i —
ESDIAD pattern hi v in~r he appearance of a man ly mol .r-ly •iIn -r i , ’-~ t -

“halo” of 11+ io ns C i.~.m r e a ,b ) . A:: th e the  dom m o O  ~~~~
. r mna  0 . - r;~ : ‘ n : r ’

coverage of’ a i s o r ~ ed 1120 i n c r eases , the is  mass 1 ~~. 
‘h . n , i r t o

fl + ion pa t te rn  becomes hex r t ~t . i n i l l y  sym — t h e r m a l l y  ~~~~~~~~~ i n  a e q i ~ metr ic , as schematically iL ..stratei in  b i r i d j r .~ m° .t ’ ’-~~ i n  tb. t .nt~~er m t , :
Fig.  Ic. F i n a l l y ,  for }{~ ,-~ cove~~ ges ~ I ~ l~ C K to V.0 ~~~. The p .o.
monolayer , an i m t e n : : e  bohri of H ions m u l t i p le  o v e r I - ~~ ; . n ~ :O .t.o ~~~
normal to the s ur f o o e  is obs erve. l  p ern i un. q u i - . ~,

. .r- n~~ -~’ I.(Fig .  i d ) .  ~loss a n a l y st s  ‘ f L.’ ESD iom:s  s o rp t i o n  nm - .: .r  . ~o. I. t .: a
indicated tha t  t. ‘r a l l  th e  ~ i t t e r r s of of t he  choni: ci .- o ’ ~~‘ ~~~~~~ :-
FIg.  1, the d m : nan t ionic  s ’-cies de— m u lt i l a y e r s  of 01 f m - n on t I e  s . - ‘ - t
t ected was t-t~ - A ’ wj ’ l  be -~ i s : - : : ’r . -±  up on f o t ~ • ~.t m o e
below , the i~~ P A  d a t a  t’ -r  fr -oct  j o n i l  The h e r r - - m I  d cc:- : : o r ~ re: • i :

monolayer c o v P r a t en o r N ., ‘.m. con s  I a t r eason:mt-  a, n. - .~ -
~ 

, .‘ r e - -

wi th  a model in w h i c h  H~~ is bo nded to  data of  Dan : . -  ‘ - - r .  • - ~ ‘t I .  .- -~~

the Ru ( OOl ) s ur f a - . v i a ’ t I . . 0 i t rn , w i t i :  ‘n
H atoms direct el away from the surface
/3/ . ESD stu~Les ~-f al -rbm- ~ ‘0~

cate t h a  • be low - • ‘.- - • - - .g. tr~
layer i - r n - I  1 ’ ?~~~ i - :  I : . . ~ r-~ .. 

-
~~ ,

con i c a l  a r m  se .. ~.
- v.’-~~i~ . - . •

‘
,,- .-- - ..-

~~~~~~• ~~~ ~
eoveragc-s ~~~~~~~~ . 

- 
Ia~~~~ . ~ h~ , . ~o

~~~~~~~~~~
. i--

’ 
..~~ verag&’:., a o x o g  m l  S t ’ ’ .’ : .  r :~~~ . . -ir  O

— 

~~~ .-~~ tha t  of F i g .  Ic i s  -; N w e / e r , • h o
11+ he xagon f r  rn ° h :  he same r i  Pr —
ta t ion as t b ’  R .m ( O T ) ~u i : : t : - a (a) (b) gonal array wh ’  e~~c ‘ :.

N H
3 is rotated ~i (i~i~~. o ) .

Upon h” - .’ Ing he N N  l a y e r fo rm ed
at 90 K the ‘ l a l  . “ i c -  renmn~: in : r ,t en —
si ty but d ‘ - . not d m n . a 1 j . a r u n t : T
320 K , who r e  • ic hc’rr-m . ~. o nr ;

p~ data i t - i  i ‘-
~ ‘- is

essentma I p p 5’T) I t
NH m u l t i  v°:o r e r u l ~~-~ i n cn. i: ’ -. - : “

beam of Ii ‘m ::;si :: in  ‘he r i r e ~~~ic r
norma l to t h e  sui fa : . .- as :1  r i r  o .l in(c) (d) Fig. id. An adscr~ t on ntcdi 1 c~ no I
with these res-.ilts is ;rem .-c eI 1 , - b -v .

Fig. 1. Schematic ESD IA D patterns for
H 0 and NH on Ru (OOl) at 90 K2 3 + Molecular orbital calc-m.a tions and ~oo
(a) Formation of hollow cone of H phase ultraviolet p l o  - ‘o n i s s i o n  :-pt - - -~ no—

ions from adsorbed NH
3 

and 11
20 scopy (UPS ) measurempo ’ irtticat ’ tha

(b) “Halo” 11+ pattern characteristic 1120 and NH~ both J sscsu nor-b on , :lmei

of low coverages (lone pain electrons on t h e  0 and ~.

+ atoms , r e s p e c t i v e l y  / 7 .  1 is expected
( c) Hexagonal H pattern character— that the i n it ial in t e r a ct i o n  between

i~ t1c of intermediate coverages H O  (or NH~~ and a r a n s i t l c n  mnc~~a l  s u n —
(less than 1 monolayer) f’ee ~h”ul~ be via t h e  lone  p a i r  crbi —

(d) Normal (central spo t )  H~ pat— 
tals located prir ’srm 1, - n ‘h e  oxy ~~’n
(nitrogen) e n t  -~~ ‘h. rno ,ec -.~le. Ev~ —tern m om ice multilayer
dence for the mole cular adsorpt:on of
11
20 is fairly strong , iltho ’mg h infrared
stud ies /~~‘ ‘f NH . adsorbed mn h i~: i y
d isperse d R u nup t~~r “-I on OiO _ i d :  a t e
the p osSIb l e  f mrm a t o r t  ~f ,~and N~
groups as well as c- o r i i r i ’~t . - ’1

2
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Schematically, models of H~ 0 and NH ad— substrate atoms , the amimuthal onienta—
sorption consistent w i t h  t~ e therma~ de— tions of the hexagons suggest tha t  the
sorption data and the halo” ESD1A D pat— H atoms in N~ C are located i n  r i ’ir:es
terns are given by:  j o in ing  near~ st neighbor substrate atoms ,

whereas t h e  H atoms in Il l  - are located in
the d i r e c t i o n  ~ f the  th re~ —f o1d  vacant

H sites.

~~~H \V1 or
\ \ \ \ ~~ .

i~ D of 1120 and ~1}I bonded t -ough 0 and /
N resul ts  in H~ r’ .~~ n mm i o n — r i m i .
direc t i ons .  The ~

‘hi. I ” is on-s i si cite -i t ,-, ~~~ ••~~•~~•t~

occ~Lr either be°ause a 7 i m n m ’ ’ m I  c r :r .n t : _

t ions of the adsorb ’,I — ie-: - ,~~ - s a r e  (a) NH3 (b) H20random and n on -coc ’r d i : i - t t e l , or because
the adsorbed m o l e c u l e o  may be f ree ly
rotating.

Additional evidence f -m the adsorbed 0

1190 structur e comes t’ror- a measurement 0 0
o~ the }I~ e m i s s i o n  inO P. The cone 0 0
angle of the region of r ax i r -urn  i n t e n s i t y  ~~~~~~ ‘

of the H h~ 1n f rom H - I is estimated to
be ll~ + 10 , in com~hni son w:th the 0 0
1014.5 HIM angle of the f ree  molecule .
The fact that th o  i r : ,o e s or p t l on  angle o
is greater than 1OL.. 5 nay be due to 0

several factors , i::: u l i : : ~ ibs 1na~~e 0 0
force on the  de so rb ing  i~~ I -  nm ‘n d  t h e  o
i n f luence  of  su r f a ce  i- r. l i r , J  m n . d  charae
t ransfer  on ‘-lie H OH a: o i be ’  e.g., t h e  (c) Ru(OO1) Lattice
HON angle in f ree  iJ - -.o measured ko be -

110.6 / 9 / ) .  l’ tmj la~- rn s r :r . ’mr cn ’ a a r e
undei~~ay for 101 ~~, aol (cc p”Io 1 b y ) v~ I l
permit us t~~ d : S t :n g - :i s h  l” -~~w.’P :, t he  Fig. 2. A zimuthal snientnt i n  - °

possible a i s .rp t : - ’r .  mode ls .  hexagonal  H 4 
E3l)IAI) p a t to r n a  f --

NH and 11 0 adsorbed on b u l O O l )
At higher H 0 coverages (i > 0.2 mon o-  at390 K 

2
l aye r s ) ,  1a~ eral i n t o r ’t ’t i o n s  between
neighboring molecules apparently resul t (a) I~H~~; O.~ ‘~ 0 1

in the formation of l5 r n a i n n -  in  which  the I b )  H C ;  0.? 8 < 1
o r ien t a t io n s  of the H . 1’ rs, - l e c - m t e s  are
coordinated with the t.oxa~ -mnal symm etry Cc) R~ (OOl ) substrate

of the subst rate. This i s  interpreted
as the cause of the  hexagona ’ H~ E~D I AD Finally, mu l t i l ay er s  of both N H . a n t

pa t te rn  i l l u s t r a t ed  in F i g .  Ic .  Note 1120 y ie~ d H ions in a d~ rp c - • - n  ~
- otis..

that no ordered LE~~1 pattern other than to the surface. This su~~ests t h a t

the (1 x 1) pattern characteristic of and OH bonds point outward in a n or n - o :

the clean subs t ra te  was seen during 11 direc ti on f rom t h e  t h i c k  layers of
adsorption at 90 K , so that  if ordere~ 

vitreous NH
3 
and 11

2
0 ices formed up on

domains having other symmetry ex is t , condensation at 90 K.
they can have onl y s h o r t  range order
( domain s i ze  ~ 15 ‘ I C  ) .  Lateral CONCLUS ION
Interactions also rec ’ml t In  a s i m i l a r
onlentational effec t In t h e  1111R layer The ESDIkD method Is able to provide
at coverages s l i g h t l y  le ss  t h an  a mono— unique infornot i on  about structures of

layer. A major difference between the adsorbed rnoleoal .-s , even in  the  absence

respective H~ hexagons from H~0 and NH of long range or d er ,  Cf part :cular

Is . thei r  o r i e n t a t i o n  with res’pect to t~e 
Interest is the ap p a r en t  ahil:t y ‘~~~

underl y ing  Pu subst r a ’ e ( F i g .  ~m )  If tect the con ” na ’ ion of the hydr gen

the N(and o) aro bonded to ain g le  Ru l igand s, whi ch Is  not easi l y

3

- - - -.—--- — L  r..~~~ -
—

~ 
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accomplished using LEK D . We await in-
dependent verification of the cormc lu—
sions r ega rd ing  adsorbe -I H~ ’~ and
using other sur face  s ens i tive  stru c—
tural techniques , such as LEF.D or
angular  resolved 111-h .
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