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A b s t r a c t

E lec t ron  Spin Resonance S tud ie s  o f  
Mat r ix  I s o l a t e d  Group I Metal C lu s te r s

by

George A. Thompson 

Advisor:  P r o f e s s o r  Derek Lindsay

Metal c l u s t e r s  o f  some group I e l em en t s ,  sodium, potass ium,  

s i l v e r  and gold a r e  s y n th e s i z e d  in n o n - r e a c t i v e  gas m a t r i c e s  and 

s tu d ie d  by ESR. The exper imenta l  ap p a ra tu s  and techn ique  i s  

d esc r ibed  in d e t a i l .  The method f o r  ana lyz ing  the  s p e c t r a  i s  

reviewed.  S pec t ra  a r e  i n t e r p r e t e d  with  simple m olecu la r  o r b i t a l  

theo ry  and the  J a h n - T e l l e r  e f f e c t .
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I .  INTRODUCTION

Metal c l u s t e r s  a r e  b road ly  de f in e d  as molecu les o r  ag g re g a te s  

composed p r im a r i l y  o f  metal atoms.  The s i z e  o f  the  c l u s t e r  p rov ides  

an approximate means o f  c l a s s i f i c a t i o n .  Small metal c l u s t e r s  with 

from 3 to  20 atoms a r e  t r e a t e d  as a d i s t i n c t  c l a s s .  These c l u s t e r s  

have rece ived  the  g r e a t e s t  amount o f  a t t e n t i o n  in the  l i t e r a t u r e .

The small metal c l u s t e r s  d e s c r ib e d  here  c o n ta in  only  metal atoms and 

a r e  s t a b l e  in the  absence  o f  l ig a n d s  or  o t h e r  s u p p o r t s .  They a re  

e l e c t r i c a l l y  n e u t r a l  molecule s  which i n t e r a c t  only  with  an u n r e a c t iv e  

m a t r ix .  The s p e c t r a  observed a r e  b e l ieved  to r e p r e s e n t  the  ground 

s t a t e  p r o p e r t i e s  o f  the  molecule and to  be s i m i l a r  to the  p r o p e r t i e s  

observed in the gas phase.

At the  o n s e t  o f  t h i s  p r o j e c t  the  experimenta l  unders tand ing  of  

th e s e  molecules c o n s i s t e d  o f  l i t t l e  more than p h o to io n iz a t io n  

measurements ( 1 ) ,  d i s s o c i a t i o n  e n e rg i e s  ( 2 , 3 ) ,  and a number o f  broad 

band UV-visib le  a b s o rp t io n  exper iments  ( 4 , 5 ) .  E s p e c i a l l y  noteworthy 

were the  2-photon i o n i z a t i o n  exper iments  which provided some v i b r a t i o n a l  

in form at ion  (6-8) and a s i n g l e  ESR a n a l y s i s  o f  Na^ in an argon 

m a t r ix  ( 9 ) .  With a few ex ce p t io n s  (1 0 -1 2 ) ,  most computa t ional  e f f o r t s  

were not  very s o p h i s t i c a t e d  and p r e d i c t e d  a wide range o f  s t a b i l i t i e s ,  

ground s t a t e s  and geom etr ie s  (13 ) .  The more s o p h i s t i c a t e d  ab i n i t i o  

c a l c u l a t i o n s  d id  p r e d i c t  r ea so n ab le  p o t e n t i a l  s u r f a c e s  f o r  the  a l k a l i  

t r i m e r s  (1 0 ,1 1 ) .  Most no ta b le  i s  the  p r e d i c t i o n  t h a t  i n t e r n a l  

rearrangment o f  the  n u c l e i  i s  pe rm i t t e d  v ia  low energy (100-300 cm"^) 

sadd le  p o i n t s .  This e f f e c t ,  p s e u d o r o t a t i o n ,  was to be observed in the 

ESR exper iments .
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During the  course  o f  t h i s  p r o j e c t  the  s t a t e  o f  the  a r t  was to 

improve d r a m a t i c a l l y .  The c u r r e n t  s t a t u s  o f  metal c l u s t e r  chem is t ry  

and spec t roscopy  has been th e  s u b j e c t  o f  a r e c e n t  review by G. Ozin (14 ) .  

The more genera l  f a c e t s  o f  metal  c l u s t e r s ,  e s p e c i a l l y  those  o f  economic 

im por tance ,  have been d e s c r ib e d  in a s e r i e s  o f  a r t i c l e s  in Science  

magazine (15-17) .

ESR o f  m a t r ix  i s o l a t e d  metal c l u s t e r s  has seve ra l  advantages  over  

o t h e r  t e c h n iq u e s .  The spectrum i s  a s su red  o f  a r i s i n g  from a co ld  

(4-30 K) molecu le .  Unlike m o lecu la r  beam work ( 1 8 ) ,  v i b r a t i o n a l l y  

e x c i t e d  o r  m e ta s t a b l e  s t a t e s  w i l l  no t  be p r e s e n t  to  a f f e c t  th e  s p e c t r a .  

Although m a tr ix  e f f e c t s  can be d e c i s i v e  in de te rmin ing  the  ground 

s t a t e  geometry (1 9 ) ,  such e f f e c t s  may be t e s t e d  by comparing s p e c t r a  

o f  the  molecule ob ta ined  in a v a r i e t y  o f  m a t r i c e s  and a t  s eve ra l  

te m p e ra tu r e s .  Inva r ia nce  o f  th e  m o lecu la r  paramete rs  i s  taken  as 

s t rong  ev idence t h a t  the  s p e c t r a  r e p r e s e n t s  r e a l ,  fundamental 

p r o p e r t i e s  o f  the  molecule r a t h e r  than m a t r ix  e f f e c t s .
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I I .  EXPERIMENTAL

I I .  1. I n t ro d u c t io n

Figure  1 shows a block diagram o f  the  exper imen tal  appara tu s  used 

f o r  th e se  exper im en t s .  Each component i s  d i s c u s s e d  in some d e t a i l  l a t e r  

in t h i s  c h a p t e r  or  in th e  r e f e r e n c e s  c i t e d .  The molecu les o f  i n t e r e s t  

a r e  prepared  by g e n e r a t i n g  a f l u x  o f  the  p r e c u r s o r  atoms from a metal 

vapor s o u rce .  This  metal f lu x  i s  c o -d e p o s i t e d  onto a low te m pera tu re  

s u b s t r a t e  with  a l a r g e  excess  o f  an n o n re a c t iv e  gas .  The d e p o s i t i o n  

s u b s t r a t e  i s  mounted i n s i d e  an ESR c a v i t y .  Both the  s u b s t r a t e  and the 

ESR c a v i t y  a r e  m a in ta ined  n ea r  4K by the  l i q u i d  hel ium c r y o s t a t .  The 

low te m pera tu re  r e s u l t s  in rap id  f r e e z i n g  o f  the  m a t r ix  g a s ,  immobil izing 

the  metal atoms and any c l u s t e r s  t h a t  may be formed.  Samples formed are  

s tu d i e d  with the  commercial s p e c t ro m e te r .

I I .  2. The Spect romete r

The s p e c t r a  con ta ined  in t h i s  t h e s i s  were recorded  with commercial 

ESR sp ec t ro m e te rs  which had been modi fied  f o r  low tem pera tu re  ma tr ix '  

i s o l a t i o n  exper im en t s .  A Japanese  E lec t ron  Optics  Labora to ry  ME-3X 

( " J e o lc o " )  was used f o r  a l l  o f  the  work on K^, Na,- and Na^, and 

p r e l im in a ry  work on Au, Ag and Cu. The Jeo lco  spec t rom e te r  was 

r ep laced  in September 1983 by an IBM-Bruker ER 200D ESR spec t rom ete r  

( " B ru k e r" ) .  The Bruker f i e l d  co n t ro l  u n i t  was i n t e r f a c e d  to  the 

Jeo lco  e lec t rom agne t  and power supp ly  by the  t e c h n ic a l  s t a f f  a t  IBM 

(Danbury,  C t ) . The Bruker was used f o r  a d d i t i o n a l  work on Ag and Cu. 

Since a d e t a i l e d  d e s c r i p t i o n  o f  th e s e  sp ec t ro m e te r s  i s  a v a i l a b l e  in the  

e x t e n s i v e  documentat ion provided by t h e i r  m anufac ture rs  ( 2 0 ,2 1 ) ,  only  a 

b r i e f  d e s c r i p t i o n  here  i s  w ar ran ted .  A more e x t e n s i v e  review of  the
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Fig .  11.1 Block Diagram o f  the  Experimental Apparatus

O u t l i n e  o f  the  exper im en ta l  system used f o r  the  e l e c t r o n  sp in  

resonance  spec t ro scopy  o f  m a t r ix  i s o l a t e d  metal c l u s t e r s .  A commercial 

spe c t ro m e te r  i s  used to  d e t e c t  the  s p e c t r a  of  metal c l u s t e r s  i s o l a t e d  

in a n o n - r e a c t iv e  m a t r ix  m a in ta ined  a t  low tem pera tu res  by the  l i q u i d  

hel ium c r y o s t a t .
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exper imen tal  p r i n c i p l e s  o f  ESR, along with  a d e t a i l e d  review o f  the 

v a r io u s  a p p l i c a t i o n s ,  i s  a v a i l a b l e  in the  c l a s s i c  work by Poole (22 ) .

Both spec t rom e te rs  employed a X-band microwave b r idge  c o n s i s t i n g  

o f  a k l y s t r o n ,  a r e f l e c t i v e  type  sample c a v i t y ,  a s o l i d  s t a t e  micro ­

wave d e t e c t o r  and a r e f e r e n c e  arm arranged  f o r  homodyne d e t e c t i o n .  

Monochromatic microwave r a d i a t i o n  (^9 .2  GHz) i s  gene ra ted  by an AFC 

s t a b i l i z e d  k ly s t ro n  (maximum o u tp u t  ^200 mW), and a t t e n u a t e d  and guided 

to a custom b u i l t  T E ^  microwave c a v i t y  where a s tand ing  wave i s  

e s t a b l i s h e d .  The q u a l i t y  f a c t o r ,  o r  Q, o f  the  c a v i t y  i s  between 3500 

and 4500 (23) .  Power d e n s i t i e s  achieved  in t h i s  c a v i t y  e a s i l y  s u f f i c e  

to  induce al lowed t r a n s i t i o n s  between the  a d j a c e n t  zeeman l e v e l s  of  

the  sample du r ing  re sonance .  Detec t ion  o f  the  resonance i s  achieved 

by ba lanc ing  the  microwaves r e f l e c t e d  from the c a v i t y  with those  from 

the  r e f e r e n c e  arm. The d e v i a t i o n  from t h i s  balanced s t a t e  caused by 

th e  change in Q o f  the  c a v i t y  dur ing  resonance i s  d e t e c te d  by the  

semiconductor  d iode .  In p r a c t i c e  the  r e f e r e n c e  arm i s  a d ju s t e d  to 

p rov ide  a small b ia s  c u r r e n t .

Proper  tun ing  o f  the  r e f e r e n c e  arm o f  the  b r idge  i s  c r i t i c a l  

f o r  o b ta in in g  maximum s igna l  to  n o i s e  and r e s o l u t i o n .  The b ia s in g  

o f  the  diode i s  determined by the  a t t e n u a t i o n  le ve l  in the  r e f e r e n c e  

arm and i s  n ece ss a ry  f o r  optimum diode response .  Overbias ing r e s u l t s  

in the  g en e ra t io n  o f  a v o id ab le  Johnson no ise  in the  d io d e ,  while under ­

b ia s in g  reduces  the  o u tp u t  s i g n a l .  Both underb ia s ing  and o v e rb ia s in g  

can r e s u l t  in d e v i a t i o n  from the  d iodes  l i n e a r  response  re g io n .

Attempts to  compensate f o r  improper b ia s in g  by changing the  ou tpu t  

power of  the  k ly s t ro n  arm o f  the b r idge  r e s u l t s  in s igna l  lo s s  from
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e i t h e r  i n s u f f i c i e n t  power d e n s i t y  in the  c a v i t y  or  s a t u r a t i o n  of  the 

re sonance .  Higher k ly s t r o n  powers a l s o  r e s u l t  in FM s ideband 

g e n e r a t i o n .  This n o ise  source  may, under un favorab le  c i r c u m s ta n c e s ,  

exceed t h a t  o f  the  d io d e ,  f u r t h e r  degrading  s igna l  q u a l i t y .  The phase 

o f  the  r e f e r e n c e  arm s e rv e s  to  s e l e c t  only  the  a b s o rp t io n  mode o f  the 

resonance  f o r  t r a n s m is s i o n  to  the  d e t e c t o r .  The admixture o f  a d i s p e r ­

s ion  component would d i s t o r t  l i n e s h a p e s  and i s  h igh ly  u n d e s i r a b l e ,  

exce p t  in s p e c ia l  a p p l i c a t i o n s .

Careful  a t t e n t i o n  to  tu n ing  the  microwave b r idge  was well rewarded 

by in c re a s ed  s p ec t ro m e te r  s e n s i t i v i t y .  While on the  Bruker spec t rom e te r  

t h i s  tun ing  procedure  i s  q u i t e  s im p le ,  the  e a r l i e r  J eo lco  ins t rum en t  

was d i f f i c u l t  to  tune  a t  t im e s .  Careful  moni to r ing  o f  the  k ly s t ro n  AFC 

u n i t  with  an o s c i l l o s c o p e ,  in a d d i t i o n  to  fo l lowing  the  m anufac ture rs  

recommended procedure ,  was nece ssa ry  f o r  ach iev ing  optimum performance .

In o r d e r  to d e t e c t  very  small changes in the  c a v i t y  Q accompanying 

the  resonance c o n d i t i o n ,  th e  magnetic f i e l d  was modulated a t  100 kHz and 

th e  o u tp u t  o f  the microwave d e t e c t i n g  d iode was am p l i f i e d  with a 100 kHz 

band pass a m p l i f i e r  and subsequen t ly  phase s e n s i t i v e  d e t e c t e d  in a 

l o c k - i n  a m p l i f i e r .  The magnetic f i e l d  was modulated with  custom b u i l t  

low impedance c o i l s  mounted d i r e c t l y  on the  c a v i t y  and main ta ined  a t  

c ryogen ic  t e m p e ra tu re s .  The modula t ion and phase s e n s i t v e  d e t e c t i o n  

system was o f  a s t an d a rd  type  used to r ecove r  weak s i g n a l s  from no isy  

backgrounds in many s c i e n t i f i c  a p p l i c a t i o n s  (24 ) .  The o u tp u t  o f  the 

lo c k - in  a m p l i f i e r  was e i t h e r  a c t i v e l y  f i l t e r e d  by an "EDC-301" a c t i v e ,  

low pass f i l t e r  be fo re  being p l o t t e d  on the  s p ec t ro m e te r  X-Y r e c o r d e r ,  

o r  s to r e d  d i g i t a l l y  in a s igna l  ave ra ge r  (Tracor Northern #1710-4K,
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T racor  Northern I n c . ,  M iddle ton ,  W is . ) .  The s e n s i t i v i t y  o f  t h i s  s igna l  

d e t e c t i o n  scheme i s  on t h e  o r d e r  o f  5 x 1 0 ^  s p in s /g a u s s  (23 ) .

The e l e c t ro m ag n e t  used to  tune the  zeeinan l e v e l s  i n t o  resonance  

had f l a t  po le  caps (300 mm d ia )  with  a 60 mm a i r  gap,  mounted on a low 

impedance wate r  cooled  c o i l  which drew 0 to  80 amps to  induce magnetic 

f i e l d s  from 0 to  10 k g au s s .  The e lec t ro m ag n e t  as  provided  by the  

f a c t o r y  was u n s u i t a b l e  f o r  th e s e  exper iments  consequen t ly  custom made 

pole caps were used to  r e p l a c e  the  o r i g i n a l  Jeo lco  p a r t s .  This change 

in c re a s ed  the  a i r  gap to  90 mm. No s i g n i f i c a n t  d e t e r i o r a t i o n  o f  

the  m agne t ' s  per formance was observed as evidenced by high r e s o l u t i o n  

s p e c t r a  o f  the  pe ry lene  r a d i c a l  taken  be fo re  and a f t e r  m o d i f i c a t i o n .

The u t l i m a t e  r e s o l u t i o n  was l i m i t e d  by th e  magnet ic f i e l d  homo­

g e n e i ty  o f  the  e l e c t ro m a g n e t .  The system r e s o l u t i o n  i s  dem onst rated  

by the  s p e c t r a  o f  a 10"° m o l e / l i t e r  s o l u t i o n  o f  pery lene  (F ig .  2) in 

H^SO^ taken  on the  Bruker in t h i s  l a b o r a t o r y .  The Jeo lco  performance 

s p e c i f i c a t i o n s  inc lude  s p e c t r a  o f  the  same molecule taken a t  the  

f a c t o r y .  The s u p e rh y p e r f in e  ( sh f )  s p l i t t i n g  a r i s i n g  from th e  hydrogen 

a t  the  #2 carbon (F ig .  3) i s  c l e a r l y  r e s o l v e d .  The l i t e r a t u r e  va lue  of  

t h i s  s p l i t t i n g  i s  0.450 gauss .  The spectrum in F igure 4 show peak to 

peak l i n e w id th s  on the  o r d e r  o f  125 mGauss. This i s  assumed to  be the  

r e s o l u t i o n  o f  the  in s t ru m en t  under optimum c o n d i t i o n s .  For molecu les 

analyzed h e r e ,  n a t u r a l  l i n e w id th s  were always much g r e a t e r  than the 

.i n s t r u mental r e s o l u t i o n .

The magnetic f i e l d  s t r e n g t h  was c a l i b r a t e d  as n e c e ss a ry  with  a 

proton NMR (Micro-Now, Model 515, Micro-Now A s s o c i a t e s ,  Chicago,  111. 

60646).  The accuracy  o f  t h i s  c a l i b r a t i o n  techn ique  was confirmed by



Fig.  1 1 .2 ESR Spectrum o f  the Pery lene Radical

This ESR spectrum o f  the  pery lene  r a d ic a l  in HoSO^ i s  30 gauss wide and cen te red  about  g = 2.  I t  was 

ob ta ined  in  2000 seconds us ing  a 200 msec time c o n s t a n t .  The magnetic f i e l d  modulat ion  i s  400 mGauss a t  

100 kHz. The microwave a t t e n u a t i o n  o f  29 dB provides 17 w a t t s  o f  power.
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Fig.  I I . 3 High R eso lu t ion  Spectrum o f  th e  Pery lene  Radical

This ESR spectrum o f  a s i n g l e  h y p e r f in e  group o f  th e  pe ry le ne  

r a d i c a l  (F ig .  I I . 2) dem ons t ra tes  the  in s t ru m e n ta l  r e s o l u t i o n  o f  the  

s p e c t ro m e te r .  The 5 gauss spectrum i s  scanned in  2000 sec  wth a time 

c o n s t a n t  o f  1000 msec. The magnetic f i e l d  modulat ion i s  400 mGauss a t  

12.5 kHz. The microwave a t t e n u a t i o n  o f  25 dB p rov ides  0.63 w a t t s  of  

power.

125 mGauss

450 mGauss

H
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comparing s p e c t r a  o f  atomic potassium and KÔ  with  l i t e r a t u r e  va lues  

(2 3 ,2 5 -2 7 ) .  The r e l a t i v e  and a b s o l u t e  f i e l d  va lues  a r e  be l ieved  

to  be a c c u r a t e  to  w i th in  0.1 and 2 g a u s s ,  r e s p e c t i v e l y .

I I .  3. The Dewar

The l i q u i d  hel ium c r y o s t a t  used in th e s e  experiments  has been 

d e s c r ib e d  in d e t a i l  e l sewhere  and only  a b r i e f  d e s c r i p t i o n  w i l l  be given

h e re .  The dewar in F igure  4 i s  a double chambered type capab le  of

m a in ta in in g  the  microwave c a v i t y  and d e p o s i t i o n  s u b s t r a t e  a t  te m pera tu res  

n ea r  4K f o r  the  r e c o rd in g  o f  s p e c t r a .  The te m pera tu re  o f  the sample 

was monitored by v a r io u s  means over the  course  o f  t h i s  work. I n i t i a l l y  

a carbon r e s i s t e r  was used .  This  dev ice  was c a l i b r a t e d  a t  3 f ixed

p o i n t s ,  4.2 K, 77 K and 300 K and judged to  be a c c u r a t e  to  5%. This

dev ice  and i t s  c a l i b r a t i o n  a r e  d e s c r ib e d  in Ref.  23. This dev ice  was 

l a t e r  r e p la c e d  by a c a l i b r a t e d  Germanium r e s i s t a n c e  thermometer  

(Cryocal  I n c . ,  S t .  Pau l ,  MN 55114).  P r e c i s i o n  to  0.0005 K was claimed 

by the  m a n u fa c tu re r .  The f i n a l  dev ice  used was a Gall ium Arsenide 

d iode  in c o n ju c t io n  with  a S e r i e s  5500 M icroprocessor  Based Temperature 

I n d i c a t o r / C o n t r o l l e r  ( S c i e n t i f i c  I n s t ru m en ts ,  I n c . ,  West Palm Beach,

F la .  33407). P r e c i s i o n  to  ±0.2 K was claimed by the  m anufac tu re r .

This dev ice  was e x c e p t i o n a l l y  conven ien t  to  use .  A f te r  a few minor 

ad jus tm en ts  i t  could m a in ta in  the  c a v i t y  a t  a f ixed  te m pera tu re  fo r  

extended pe r iods  o f  t ime with  l i t t l e  o r  no ad ju s tm en t .

All tem pera tu re  t r a n s d u c e r s  used were mounted in a s i m i l a r  manner.

In th e  absence  o f  s i g n i f i c a n t  h e a t  loads  to the  c a v i t y ,  the  p r e c i s i o n  

o f  th e s e  measurements should approach the  r a t e d  p r e c i s i o n  o f  the 

t r a n s d u c e r .  Large h e a t  loads  to  the  c a v i t y  a r i s e  from 3 main sources :
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Fig .  I I . 4 The Liquid Helium Dewar

L ate ra l  c r o s s  s e c t i o n a l  view o f  th e  l i q u i d  hel ium dewar used f o r  

th e s e  exper im en t s .  The des ign  and c o n s t r u c t i o n  o f  the  dewar a re  

d i s c u s s e d  in d e t a i l  in Reference 23.



M I C A  W I N D O W

T O  M I C R O W A V E  
B R I D G E

L H e  F I L L / V E N T  T U B E S

T O  H E L I U M  P U M P

  VALVE D R I V E R

O M N I S E A L  "

 R A D I A T I O N  S H I E L D S

u j

—  WA VE G U I D E

VAC
o

R I S E R
UJ

UJ
Scale

H E L I U M  VALVE

o
VACCSJ

UJVAC n 2 s h i e l d

5cm
H E A T E R / S E N S O R S

■ r
H E A T  E X C H A N G E R

S A P P H I R E  P L A T E

- C O U P L I N G  F L A N G E  ( I R I S )
F R O M  L A M P

C A VI TY

M I R R O R  M O U N T
A L K A L I  OVEN

T O  P U M P S
c =

E X T E R N A L L Y  M O U N T E D  
C A R T R I D G E  H E A T E R S  A ND  
T H E R M O C O U P L E S

F R O M  G A S  L I N E



14

t he  d e p o s i t i o n  system, the  modula t ion c o i l s  and microwave power 

d i s s i p a t e d  in the  c a v i t y  w a l l s .  When a c c u r a t e  tempera ture  

measurements were needed the  d e p o s i t i o n  system was tu rned  o f f  and 

both the  modula t ion  am pl i tude  and microwave power were kept  a t  a 

minimum.

I I .  4. The Gas Line

A gas hand l ing  ap p a ra tu s  was c o n s t r u c t e d  to  permi t  the  r e g u la te d  

i n t r o d u c t i o n  o f  high p u r i t y  gas i n t o  the  microwave c a v i t y .  The gas l i n e  

in Figure 5 i s  c o n s t r u c t e d  p r i m a r i l y  o f  s t a i n l e s s  s t e e l  and i s  evacuated 

by a l i q u i d  n i t r o g e n  t rapped  o i l  d i f f u s i o n  pump (Model HVP-150-A, 

V ac t ron ics  Lab Equipment,  I n c . ,  East  N o r th p o r t ,  L . I . ,  N.Y.) .  P re s su re s
_  r

of  1 x 10~ t o r r ,  as  measured with  an i o n i z a t i o n  gauge and c o n t r o l l e r ,  

(Model 6-GC, V ac t ron ics  Lab Equipment, I n c . ,  East  N or th p o r t ,  L . I . ,  N.Y.) 

were t y p i c a l  p r i o r  to  d e p o s i t i o n .  During exper im en t s ,  the  m a t r ix  gas 

handl ing  s e c t i o n  o f  th e  gas l i n e  i s  i s o l a t e d  from the  d i f f u s i o n  pump 

and a m a t r ix  gas i s  bled i n t o  th e  microwave c a v i t y  through a high 

p r e s s u r e ,  v a r i a b l e  leak  need le  valve ( S e r i e s  203, G r a n v i l l e - P h i l 1ips 

Co. , Boulder,  CO, 80301) ,  s ev e ra l  f e e t  o f  vacuum l i n e  and a p r e c i s i o n  

c u t  e f f u s io n  s l i t .  The gas l i n e  p r e s s u re  i s  monitored by a s e n s i t i v e  

c a p a c i t a n c e  manometer ( S e r i e s  200, MKS I n d u s t r i e s ,  B u r l in g to n ,  MA) 

with  0.001 t o r r  p r e c i s i o n .  Typical  p r e s s u re s  dur ing  d e p o s i t i o n  were

0.700 to  0.800 t o r r .  The e f f u s i o n  s l i t  was 0.020 inch t h i c k  and 

al lowed about  10^  m o l e c u le s - s e c - '*' i n t o  the  c a v i t y ,  a l though t h i s  f i g u r e  

depends on the  p a r t i c u l a r  m a t r ix  gas in use and o t h e r  paramete rs  (23) .



Fig.  I I .5 Block Diagram o f  the  Gas Line
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A f te r  an exper im en t ,  the  gas l i n e  could be evacua ted  and 

ou tgassed  with  he a t in g  ta pe  p r i o r  to  the  nex t  run .  Aside from occas iona l  

vacuum t r o u b l e ,  the  gas l i n e  performed r e l i a b l y  and u n e v e n t f u l l y .

I I .  5. The Metal Vapor Source 

5a .  I n t r o d u c t io n

As the  exper iments  on the  a l k a l i s  were in p rog re s s  us ing  the  source  

d e s c r ib e d  in Ref.  23,  th e  des ign  and c o n s t ru c to n  o f  a v e r s a t i l e  high 

t e m p era tu re  metal  vapor source  was b e g u n . - The des ign  needed to  meet

severa l  demanding r e q u i re m e n t s .  The source  had to  g e n e r a t e  metal

14 17 -1f l u x e s  o f  10 t o  10 a toms-sec  i n c i d e n t  on the  d e p o s i t i o n  s u b s t r a t e

f o r  a per iod  o f  s e v e ra l  hours .  These f l u x e s  had to  be s t a b l e ,

r e p r o d u c i b l e  and d i r e c t l y  measured.  Fluxes o f  t h i s  magnitude re q u i re d

vapor p r e s s u r e s  o f  metal  o f  up to  100 m i l l i t o r r ,  a l though  1-10  mi 11 i —

t o r r  would s u f f i c e  f o r  most exper im en t s .  For s ev e ra l  m e ta ls  o f  p o s s i b l e

i n t e r e s t ,  t h i s  would r e q u i r e  te m pera tu re s  o f  about  2500°C (28) .  Given

the  p ro s p e c t  o f  th e s e  extreme te m p e ra tu r e s ,  c a r e fu l  a t t e n t i o n  to  hea t

t r a n s f e r  p ro cesse s  would be r e q u i r e d .  The maximum a c c e p ta b l e  h e a t  inpu t

in t o  the  l i q u i d  hel ium and l i q u i d  n i t r o g e n  r e s e r v o i r  i s ,  r e s p e c t i v e l y ,

200 mWatts and 20 Wat ts .  The source  a l s o  had to  be i n t e r c h a n g e a b le

with  the e x i s t i n g  low tem pera tu re  sou rce .  This  p redetermined  the  beam

t r a j e c t o r i e s  f o r  both th e  metal f lu x e s  and the  m a t r ix  gas .  The space

c o n s t r a i n t s  were a l s o  s e v e r e .  The a v a i l a b l e  space i n s i d e  the  vacuum

chamber was a c y l i n d e r  o f  ^3" d ia m e te r  by 6 " long.

5b.  Methods f o r  Genera t ing  Metal Vapor

Of the  most common te ch n iq u es  used f o r  h ea t ing  metal  samples to

high te m p e ra tu r e s ,  r a d io  frequency in d u c t io n  h e a t i n g ,  e l e c t r o n  beam
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bombardment and high c u r r e n t  r e s i s t i v e  h e a t in g ,  the  l a t t e r  was chosen 

due to  space  c o n s t r a i n t s  in th e  dewar.  Several types  o f  r e s i s t i v e l y  

hea ted  sources  were c o n s id e re d ,  some o f  which a re  shown in F igure 6 . 

D i rec t  h e a t in g  o f  a tu n g s te n  f i l a m e n t  with  the  sample wrapped onto  the  

t u ngs te n  i s  shown in F igure  6a .  D i r e c t  h ea t ing  o f  a f i l a m e n t  o f  the 

metal o f  i n t e r e s t  i s  a l s o  an op t io n  (F igu re  6b) .  Other sources  c on ta in  

the  molten metal in a c r u c i b l e  hea ted  by a tungs ten  "basket"  h e a t e r  

(Figure.  6c ) ,  o r  con ta inment  o f  t h e  metal in a boa t  o f  t u n g s t e n ,  t a n ta lum ,  

o r  molybdenum, which a l s o  s e rv e s  as a h e a t e r  when c u r r e n t  i s  passed 

through both th e  boa t  and sample (F igures  6d and 6e ) .

Each o f  th e s e  sources  has i t s  advan tages  and drawbacks.  Fi lament 

sources  have th e  low es t  c u r r e n t  requ i rem en ts  and r a d i a t e  th e  l e a s t  

amount o f  h e a t  o f  th e  d i f f e r e n t  s o u rc e s .  I f  the  metal has a l a rg e  

enough vapor p r e s s u r e  below i t s  m e l t ing  p o i n t ,  the  sample may be used 

w i thou t  a s u p p o r t ,  e l i m i n a t i n g  the  p o s s i b l i t y  o f  a l l o y i n g  and contamina­

t i o n  from c o n t a c t  with  a d i s s i m i l a r  metal a t  very high te m pera tu re .

Table 1 l i s t s  some m e ta ls  which have a s i g n i f i c a n t  vapor p r e s s u re  below 

t h e i r  me l t ing  p o in t .

The use o f  a tu ngs te n  f i l a m e n t  as a suppor t  permi ts  o t h e r  meta ls  

to  be s t u d i e d ,  though th e  p o t e n t i a l  f o r  con tamina tion  and a l l o y in g  a re  

i n t ro d u c e d .  Tungsten su p p o r t  f i l a m e n t s  a r e  advised  f o r  very high 

te m pera tu re  work when source  r a d i a t i o n  must be minimized.

Basket  h e a t e r s  in co n ju n c t io n  with  a  c r u c i b l e  (F ig .  6c) have l a rg e  

s u r f a c e  a r e a s ,  hence l a r g e  r a d i a t i v e  hea t  o u t p u t s .  The c r u c i b l e  

m a t e r i a l ,  t y p i c a l l y  boron n i t r i d e ,  fused qua r tz  or  carbon may p r e s e n t  

a con tamina t ion  problem. These m a t e r i a l s  must be c a r e f u l l y  ou tgassed
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Fig .  I I . 6 Metal Vapor Sources

A ssor ted  metal vapor sources  c ons ide re d  f o r  use .  The ca t a lo g  

numbers r e f e r  to  the  R. D. Mathis Co. 1983 c a t a l o g .
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Table I I . 1 Metals  Which May be Used on Filaments  Without  Suppor t .

Group El ement Atomic No. MP (°C) V ATb

IIA Ba 56 725°C 630°C 105°C

111B Sc 21 1540 1250 290

IVB Ti 22 1660 1500 160

VB V 23 1890 1700 190

VIB Cr 24 1860 1250 610

Fe 26 1540 1300 240

Co 27 1500 1100 400

Ni 28 1450 1000 450

Pd 46 1550 1400 150

Pt 78 1770 1300 470

a Temperature a t  which th e  vapor p r e s s u r e  o f  the  metal i s  1 mTorr. 

bAT = MP -  T^, in u n i t s  o f  °C.
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f o r  a few ho~;rs to  minimize c on tam ina t ion .  They a l s o  have a tendency 

to  b reak ,  s p i l l i n g  the  c o n t e n t s .  Thei r  major advantage i s  t h a t  they  

e l e c t r i c a l l y  i n s u l a t e  t h e  sample from the  power s u pp ly ,  minimizing 

changes in source  r e s i s t i v e l y  as th e  sample i s  consumed. Although the 

source  was des igned  to  accommodate th e s e  c r u c i b l e s ,  they  were never  

used .

R e f ra c to ry  metal  c r u c i b l e s  ( "Boa ts" )  a re  a good compromise between 

f i l a m e n t s  and b a s k e t  h e a t e r s  with  ceramic  c r u c i b l e s .  As shown in 

Fig .  6c ,  they  a r e  small y e t  capab le  o f  ho ld ing  s u b s t a n t i a l  q u a n t i t i e s  

o f  sample.  These boa t s  were used e x t e n s i v e l y  with  g e n e r a l l y  good 

r e s u l t s .  The covered Moly boats  p rov ide  f a s t e r  r e lo a d in g  of  the  source  

between boa t  changes than  the  uncovered type s in c e  the  sample w i l l  no t  

s p i l l  o u t ,  c i rcumvent ing  th e  need f o r  p rem e l t ing  the  sample in a t e s t  

chamber be fo re  l o a d in g .  The covered boats  a l s o  have a sm a l l e r  o r i f i c e  

which in theo ry  should p rovide  lo n g e r  run t im es .  In p r a c t i c e  t h i s  was 

o f f s e t  by small p in h o le s  in th e  bottom o f  the  b o a t s ,  s p i l l i n g  the  

c o n t e n t s .  The p inho le  problem was p a r t i a l l y  o f f s e t  by in t ro d u c in g  

8-10 p ie ces  o f  25 mil s i n g l e  s t r a n d  tu ngs te n  w i r e ,  each about  1/2 cm 

long in the  boa t  with  the  sample to  p rovide  a l a r g e  s u r f a c e  a rea  fo r  

the  sample to  wet .  In the  even t  o f  a p inho le  in the  bottom o f  th e  boa t ,  

the  sample does no t  f low o u t  as  a l i q u i d  as most o f  the  l i q u i d  metal 

adheres  to  the  s u r f a c e  o f  th e  t u n s t e n  w i re .  The two boats  shown in 

F ig s .  6d and 6e (R. D. Mathis Co. ,  Long Beach, CA) were used f o r  most 

e x p e r im e n t s .

5c.  Power Supply Design

The power requ i rem en t  f o r  th e s e  sources  can be e s t im a ted  by
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balanc ing  the  Jo u le  h e a t in g  in the h e a t e r  with  the  power d i s s i p a t e d  

by conduct ion  and r a d i a t i o n .  Each o f  th e s e  power d i s s i p a t i n g  mechanisms 

i s  ev a lu a te d  f o r  a t y p i c a l  source  o f  each ty p e ,  a f i l a m e n t ,  a b a s k e t ,  

and a b o a t .  The dimensions  o f  the  boa ts  in F igure  6 , among o t h e r  use fu l  

q u a n t i t i e s  a r e  l i s t e d  in  Table 2. The e f f e c t i v e  l e n g th  o f  the source  i s  

approx im ate ly  1" l e s s  than  the  t o t a l  l e n g th .  This compensates f o r  th e  

p a r t  o f  the source  which i s  e f f i c i e n t l y  cooled by being in good thermal 

c o n t a c t  with  the  e l e c t r o d e s .  Even when th e  sources  were a t  high 

te m pera tu re s  the  s e c t i o n s  nea r  the  e l e c t r o d e s  were cool enough no t  to 

r a d i a t e  in the  v i s i b l e .

Heat T r a n s f e r  Through a Gas

Heat  t r a n s f e r  by conduct ion  through a gas ,  Q is  in genera lgas
very d i f f i c u l t  to  e s t i m a t e  a p r i o r i .  The low p r e s s u r e s  w i th in  the  

source  chamber g r e a t l y  s i m p l i f i e s  the  c a l c u l a t i o n .  Since the  mean f r e e  

path o f  the  gas i s  l a r g e  r e l a t i v e  to  the  source  chamber and the  s u r f a c e  

a rea  o f  the  boa t  i s  small r e l a t i v e  t o  the  r a d i a t i o n  s h i e l d ,  a s imple 

model based on th e  k i n e t i c  gas th e o ry  i s  used .  The f requency  of  

c o l l i s i o n s  between m a t r ix  gas molecu les and the  source  i s  c a l c u l a t e d  

by ana logy to  e f f u s i o n  of  a gas th rough an o r i f i c e  o f  th e  same a r e a .

Each c o l l i s i o n  with  the  source  i s  assumed to  occur  with  a gas molecule 

a t  th e  t em pera tu re  o f  th e  r a d i a t i o n  s h i e l d ,  T ^ . ^ ,  and i t  r e c o i l s  

from the  source  a t  a l a rg e  f r a c t i o n  o f  the  te m pera tu re  o f  the  source .

The f r a c t i o n  o f  the  hot  gas molecule s  i s  s m a l l ,  hence the  c o l l i s i o n a l  

f requency i s  determined by a gas a t  T •n |<.

From the  k i n e t i c  th e o ry  of  ide a l  g a s e s ,  th e  p r o b a b i l i t y  o f  a 

c o l l i s i o n  with  a wall segment o f  u n i t  a r ea  i s  denoted by Z in Eq. 1.
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Table I I . 2 Dimensions o f  Some Metal Vapor Sources .

Source Type 

( s e e  Fig .  6 ) L1 L ( e f f ) 3 CSA4 CSSA5 SA 5 SAh(cm2 )

F l a t  F i lament 1 7/8 1 7/8 0.0031 0.30 0.30 1.9

Tungsten F ilament 1 7/8 1 7/8 0.0015 0.16

oo

0 .6 8

Basket  with  C ruc ib le 8.16 8.25 7/8 0.0015' 0.16 3 . 5 b 22 . .

Covered Boat 1 7/8 1 7/8 ' 0.0050 0.52 0.52 3.3

Open Boat 1 7/8 1 7/8 0.0025 0.51 0.51 3.3

a Conta ins  a f a c t o r  o f  2/3 (SA^ = 2/3 x x CSSA). 

b Inc ludes  a d d i to n a l  s u r f a c e  a r e  o f  c r u c i b l e .

1. Length o f  source  c a r r y i n g  c u r r e n t ,  in in c h es .

2. Length o f  source  r a d i a t i n g  s i g n i f i c a n t l y ,  in in c h es .

3. Length o f  source  being s i g n i f i c a n t l y  cooled by c onduc t ion ,  in in c h es .

4. Cross s e c t i o n a l  a r e a  o f  s o u rc e ,  in square  in c h es .

5. Sur face  a r e a  o f  a c r o s s  s e c t i o n a l  e lem en t ,  in inches .

6 . Total  s u r f a c e  a rea  o f  source  r a d i a t i n g  s i g n i f i c a n t l y ,  in square

in c h e s .
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z = 4 V C Eq. 1

where N i s  the  number o f  molecule s  c on ta ined  in a volume V. C i s  the  

mean speed o f  t h e  m o lecu le s .

S u b s t i t u t i n g  the  s t a n d a rd  ex p re s s io n  f o r  C y i e l d s  Eq. 2.

7 N r8 R T J / 2  
4V irM ' Eq.. 2

where R i s  the  gas c o n s t a n t ,  T i s  the  t em pera tu re  and M i s  the  

m o lecu la r  w e igh t ,  in c o n s i s t e n t  u n i t s .  Using the  deal  gas law, N/V 

can be rep la ced  by PL/RT in Eq. 3.

Z = PL
4RT

,8RTsl /2 Eq. 3

where P i s  the  p r e s s u r e  and L i s  Avogradro 's  number. Eq. 3 g ives  the

frequency  o f  co ld  molecu les  c o l l i d i n g  with a u n i t  a r e a .  For a source

with u n i t  a r ea  a t  T , and a t r a n s f e r  e f f i c i e n c y  o f  a ,  the  r a t e  o fsource

h e a t  o f  d i s s i p a t i o n  i s  g ive  by Eq. 4.

aPL,<'Tsource  , 8 RTs o u r c e 4 

<'RTs i n k ’
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where k i s  the  bo l t zm an ' s  c o n s t a n t .

During d e p o s i t i o n  p r e s s u r e s  in th e  source  chamber o f  the  dewer 

were approx im ate ly  0.010 t o r r .  Assuming a T ^ ^  o f  300 K, M = 40 f o r

the  case  o f  a rg o n ,  and = 0 . 7 ,  Eq. 4 i s  w r i t t e n  as :

Qgas = ° ‘ ° 31  mw x SAh (cm2) x Tsource  (K) Eq‘ 5

2
For the  f i l a m e n t  in F igure  6b with  a 1.68 cm s u r f a c e  a rea  a t  1500°C,

Eq. 5 p r e d i c t s  t h a t  on ly  80 mw w i l l  be d i s s i p a t e d .  The b ask e t  h e a t e r
2

arrangem ent in F igure  6 w ith  a 28 cm s u r f a c e  a rea  a t  1500°C w i l l

d i s s i p a t e  approx im ate ly  1.3 w a t t s .  The boa t  in F igure  6 with  a 
2

3.35 cm s u r f a c e  a r e a  w i l l  d i s s i p a t e  approx im ate ly  0.16 w a t t s  

a t  1500°C. Table 3 summarizes the  expec ted  h ea t  t r a n s f e r  a t  seve ra l  

d i f f e r e n t  t e m p e ra tu r e s .

Heat T ra n s f e r  by Conduction

Heat t r a n s f e r  by conduct ion  from the  hot  reg ion  o f  the  source  to

the  w ate r  cooled  e l e c t r o d e s  i s  e s t im a te d  us ing  Eq. 6 .

n _ k X CSA ,, . x c
Qcond -  — q ; —  x Eq- 6

where k i s  the  c o n d u c t i v i t y  o f  the  metal ( 2 9 ) ,  the  c r o s s  s e c t i o n a l  a r e a ,  

CSA i s  in cm3 , Lh i s  th e  d i f f e r e n c e  between L and L ( e f f ) .  The use o f  

Lh = L -  L (e f f )  r a t h e r  than Lh = L -  L ( e f f ) / 2  i s  o f f s e t  by o m i t t i n g  a 

f a c t o r  o f  2 f o r  the  two e l e c t r o d e  system. AT = TSQUrce -  where

Tsource  =' 1500 °C and Ts in k  ‘  20°C’ iT  = 1480°C'
S t r i c t l y  sp eak in g ,  th e  i n t e g r a l  form o f  Eq. 6 should be used

ta k ing  in t o  account  t h a t  k i s  a fu n c t io n  o f  L. This i s  no t  necessa ry



Table I I . 3 Heat T ra n s fe r  Cons ide ra t ions  f o r  Various Metal Vapor Sources

Source Type Temp (°C) Q 1 vgas -Q „ zTond Q ,3 Tad P = A k4 r 5 V 6 3

F l a t  Fi lament

Sc 1000 0.078 0.49 9.9 ’ 10 0.950 65 0.28

Cr 1000 0.078 1.87 9.9 12 0.604 57 0.28

1500 0.090 2.45 50 53 0.526 80 .0 .75

Co 1000 0.078 1.46 9.9 12 0.472 83 0.36

1500 0.090 2 .0 0 50 52 0.431 110 1 .2

Ni 1000 0.078 2.43 9.9 12 0.78 56 0.29

1500 0.090 3.84 50 54 0.826 65 0.71

Pt 1000 0.078 2.63 9.9 13 0.848 48 0.28

1500 0.090 4.47 50 55 0.961 55 0.98

Round Filament

W 1000 0.027' 1.65 3.5 5 1 .10 34 0 .21

1500 0.038 2.27 18 20 1.01 50 0.26

2000 0.048 2.85 55 58 0.950 66 1.0

2500 0.059 3.56 140 150 84 1.8

rocn



Table I I . 3 (continued)

Source Type Temp CC) Q̂ 1 Qcon(12 Qra(J3 P = A k“

Baske t  Heater

w 1000 0.91 0 .2 0 120 120 1 .10 34 3.0

1500 1.63 0.28 580 580 1.01 50 7.9

2000 1.6 0.35 1800 1800 0.950 66 16

2500 2 .0 0.4 4500 4500 84 29

ME-9

Ta 1000 0.14 7.8 17 25 0.614 46 0.45

1500 0.19 12 87 99 0.634 69 1 .0

2000 0.24 17 270 290 0.650 82 1.9

2500 0.29 21 670 690 0 .666 98 3.3

, ME-5

W 1000 0.13 14 17 31 1 .10 34 0.29

1500 0.18 19 85 100 1.01 50 0.63

2000 0.23 24 270 290 0.950 66 1 .2 PO
cr>

2500 0.28 30 660 690 84 2 .1



Table I I . 3 (continued)

Source Type Temp ( • «  Q̂ 1 Qcon/  Qrad3 P » A k4

Boat,  ME-5

1000 0.13 7.8 17 25 0.614 46 0.30

1500 0.18 12 85 97 0.634 69 0.73

2000 0.23 17 270 290 0.650 82 1.4

2500 0.28 21 660 680 0.666 98 2.3

1000 0.13 13 17 30 1.03 27 0.25

1500 0.18 18 85 100 9.929 37 0.54

2000 0.23 22 270 290 0.876 47 1 .0

2500 0.28 27 660 690 0.840 55 1.7

1. Ca lcu la ted  from Equation I I . 5,  in u n i t s  o f  w a t t s .

2. Ca lcu la ted  from Equation I I . 6 , in u n i t s  o f  w a t t s .

3. Ca lcu la ted  from Equation I I . 7,  in u n i t s  o f  w a t t s .

4. From C. Y. Ho, R. W. Powell and P. E. L i l e y ,  J .  Phys. Chem. Ref. Data 1_, 279 (1972).  In u n i t s  o f

watts-cm/K.

5.  Thermophysical P r o p e r t i e s  o f  High Temperature Sol id  M a t e r i a l s ,  Vol. I :  Elements,  Y. W. Touloukian (Ed.)  

1967, MacMillan. In u n i t s  o f  uohm-cm.

6 . Ca lcu la ted  from Equation I I . 9 ,  in u n i t s  o f  v o l t s .
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a t  t h i s  le ve l  o f  approx im at ion .  The water  cooled e l e c t r o d e  i s  assumed

to be a h e a t  s in k  o f  i n f i n i t e  c a p a c i t y .  An average  va lue  o f  the

thermal c o n d u c t i v i t y  i s  used.

For the  f i l a m e n t  in Fig.  6b,  Eq. 6 reduces  to  Q(cond) = 4.6 k

where k = 4 f o r  Cu and 0 .60 f o r  Ta. For t h i s  ar rangement 3-18 w a t t s

w i l l  be conducted to the  e l e c t r o d e .

An analogous c a l c u l a t i o n  f o r  a tungs ten  baske t  h e a t e r  p r e d i c t s

Q . = 1.4 k = 24 w a t t s  and f o r  th e  ta n ta lum  boat  in Fig .  6b cond

Qcond = 27 k = 16 w a t t s .

Heat T ra n s f e r  by Radia t ion

R a d ia t iv e  hea t  em i t t ed  by a body a t  tem pera tu re  T i s  d e sc r ibe d  by 

Stephans '  law, Eq. 7.

SRAD ■ e ’0 ’SA(T^ource  -  T*1nk) Eq. 7

e i s  the  e m i t t an ce  which can vary  between 0 and 1. Metals g e n e r a l l y  

have a va lue  between 0 .7  and 1, because t h i s  q u a n t i t y  i s  ex t remely  

dependent  on c h a r a c t e r i s t i c s  o f  the  s u r f a c e ,  e s p e c i a l l y  roughness ,  

o x id a t io n  and co n tam in a t io n .  Since th e se  a r e  d i f f i c u l t  to  c h a r a c t e r ­

i z e ,  e w i l l  be taken  as 0 .9 .  a i s  Stephans '  c o n s t a n t ,

5.6 x 10“ ^  — w a t t —  por th e s e  c a l c u l a t i o n s ,  T »  T . . so t h a t„ source  s inkcm -K
4

Ts ink may be n e g lec te d  in Eq. 7. The e f f e c t i v e  s u r f a c e  a rea  o f  the  

source  i s  th e  same as f o r  th e  problem o f  convec t ion  t r e a t e d  above;  

a g a i n ,  a l l  q u a n t i t i e s  a r e  c a l c u l a t e d  a t  1500°C.
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For the  f i l a m e n t  in  Fig.  6a

Q on(j = ( . 9 ) ( 1 .6 8  cm2 ) ( 5 .6  x 10~12 -  w?--t -- ) (1773K)4 = 84 w a t t s
cm -K

For th e  b a s k e t  h e a t e r  ar rangement in Fig .  6b

Q o d = ( *7 ) ( 28 cm2 ) (5 .6  x 10"12 — ( 1773K) 4 = 1400 w a t t s
cm -K

For the  boa t  in F ig .  6c

Q n h = ( -7 )  (3 .35  cm2 ) (5 .6  x 10' 12 — ) (1773K)4 = 170 w a t t s  
cona cm -K

These c a l c u l a t i o n s  were r e p ea ted  f o r  v a r io u s  te m pera tu res  and 

a r e  summarized in Table  3, along with  the  t o t a l  power req u i re m en ts .

For the  des ign  o f  t h e  power supp ly ,  the  q u a n t i t i e s  in Tables 1 

and 3 a r e  used.  The power,  P, d i s s i p a t e d  by J o u le  he a t in g  i s  given by 

Eq. 8 .

P = I2R Eq. 8

where I i s  the  c u r r e n t  th rough  th e  r e s i s t a n c e ,  R. S u b s t i t u t i n g  V = IR

and the  ex p re s s io n  f o r  r e s i s t a n c e ,  R = rL^/CSA in t o  Eq. 8 g ives  the

v o l t a g e  n ece s s a ry  to  d i s s i p a t e  a given power P f o r  a source  o f  e f f e c t i v e

l e n g t h ,  Lh , with  a c r o s s  s e c t i o n a l  a rea  o f  CSA and a r e s i s t i v i t y  o f  r .



PL

CSA
h r ) V 2

30

Eq. 9

The use o f  r a t h e r  than  L i s  j u s t i f i e d  by the  l a r g e  in c r e a s e  in r  

between 20°C and 1000°C, a f a c t o r  o f  3. The v o l t a g e s  c a l c u l a t e d  by 

Eq. 9 f o r  s e v e ra l  sou rces  and te m pera tu re s  a r e  l i s t e d  in Table 3.

They i n d i c a t e  t h a t  v o l t a g e s  from 0 to  50 v o l t s  may be needed,  though 

most a p p l i c a t o n s  w i l l  r e q u i r e  v o l t a g e s  from 0 to  5 v o l t s .  A v o l t a g e  

r e s o l u t i o n  o f  \% was assumed to  be n e c e s s a ry .

A power supply was des igned  and c o n s t r u c t e d .  I t  c o n s i s t e d  o f  a 

s t a n d a rd  high power v a r i a c  run o f f  o f  wall c u r r e n t  with  an o u tp u t  o f  

0 to  140 v o l t s .  This  v o l t a g e  was a p p l i e d  to  the  primary s t a g e  o f  a 

s p e c i a l l y  c o n s t r u c t e d  t r a n s fo rm e r  (MEW 5258, Newton Eng ineer ing ,

Newton, MA) with  a 40 amp primary  o f  30 tu r n s  and no secondary  as 

d e l i v e r e d  by the  m a n u fa c tu re r .  Depending on the  p a r t i c u l a r  exper iment ,  

the  secondary  would be wound with  n t u r n s  o f  2-0 c a b l e ,  n = 1 to 5.

The f i n a l  v o l t a g e  o u tp u t  f o r  a v a r i a c  s e t t i n g  o f  x i s  xn/30.  n was 

u s u a l l y  1 so t h a t  the  power supply  could  d e l i v e r  0-4Js v o l t s  with  a 

p r e c i s i o n  o f  3% o r  b e t t e r .  This was s a t i s f a c t o r y  f o r  th e s e  exper im en ts .  

Curren t  th rough t h i s  boa t  was co n t in u o u s ly  moni tored with  a commercial 

c u r r e n t  me te r .

I I .  5d. Rad ia t ion  Sh ie ld  Design -  Heat t r a n s f e r  c o n s i d e r a t i o n s .

The c a l c u l a t i o n s  in th e  p rev ious  s e c t i o n  used elementary  hea t  

t r a n s f e r  c o n s i d e r a t i o n s  to  e s t a b l i s h  the  power needs o f  the  source .  

S im i la r  methods a r e  now a p p l i e d  to  e s t i m a t e  the  h ea t  in p u t  to  the  

sur rounding  exper imenta l  ap p a ra tu s  -  the  l i q u i d  hel ium, l i q u i d  n i t r o g e n ,
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su p p o r t in g  e l e c t r o d e s  and r a d i a t i o n  s h i e l d s .  For the  purposes  o f  

th e s e  c a l c u l a t i o n s  a source  a t  2000°C r a d i a t i n g  5000 w a t t s  i n t o  space 

i s  assumed. Also assumed i s  t h a t  the  e l e c t r o d e s  w i l l  have to  h ea t  s ink  

1000 w a t t s .  In s p e c t io n  o f  Table 3 shows th e  l a r g e  margin f o r  e r r o r  

i m p l i c i t  in th e s e  assumpt ions .

The hea t  in p u t  i n t o  the  l i q u i d  hel ium from the  high t e m pera tu re  

source  can be e s t im a te d  from Stephans '  law. Assuming a p p r o p r i a t e  

s h i e l d i n g ,  th e  r a d i a n t  h e a t  t r a n s f e r  to  the  l i q u i d  hel ium i s  d e t e r ­

mined by the  0.124" d ia m e te r  metal vapor inpu t  ho le  in th e  l i q u i d  

n i t r o g e n  cooled  r a d i a t i o n  b a f f l e  2" above the  metal vapor s o u rce .

This c o n f i g u r a t i o n  pe rm i ts  use o f  r a d i a t i o n  s h i e l d s  which l i m i t  th e  

h e a t  i n p u t  to  l e s s  than 100 mw-hr"^. This  co r responds  to  a l i q u i d  

hel ium lo s s  o f  l e s s  than  0 .2  1 i t e r s -h r" '* ' .

The 3" d iam ete r  l i q u i d  n i t ro g e n  cooled r a d i a t i o n  b a f f l e  would 

absorb  a c o n s id e r a b l e  amount o f  r a d i a t i o n .  From simple geometr ic  

c o n s i d e r a t i o n s ,  about  20% o f  the  5000 w a t t s ,  1000 w a t t s  would reach 

the  l i q u i d  n i t r o g e n  in th e  absence o f  an a d d i t i o n a l  r a d i a t i o n  s h i e l d ,  

an u n acc ep tab le  amount. The hea t  i n p u t  was reduced by th e  "top 

r a d i a t i o n  s h i e l d "  (F ig .  7 ) .  The top  s l i t  block opening i s  0.0625" x 

0.750" and about  1.25" from the  metal vapor s ou rce .  While t h i s  does 

n o t  a f f e c t  the  f low o f  metal  i n t o  the  c a v i t y ,  i t  p reven ts  most o f  the  

r a d i a t i o n  from reach ing  the  l i q u i d  n i t r o g e n .  Of the  5000 w a t t s  e m i t t e d ,  

only about  0 . 2% o f  i t ,  12 w a t t s  reach  th e  l i q u i d  n i t r o g e n .

The r a d i a t i o n  s h i e l d  i s  s u b j e c t  to  a l a rg e  hea t  in p u t  and some 

c a r e  was needed in i t s  d e s ig n .  I t  c o n s i s t s  o f  a s o l i d  0.375" t h i c k  

p l a t e  of  oxygen f r e e  high c o n d u c t iv i t y  ("0FHC") copper .  The s l i t



32

opening which permi ts  th e  metal vapor to  reach the  c a v i t y  was c u t  as

2 s e p a r a t e  p l a t e s  which were mounted on the  main copper  p l a t e ,  which 

had a l a rg e  (0 .375" x 1 .5" )  opening (F ig .  7 ) .  This des ign  al lowed f o r  

changes in the  metal  f l u x  t r a j e c t o r y  w i th o u t  r e p l a c in g  th e  main s h i e l d .  

The copper  r a d i a t i o n  s h i e l d  was in good thermal c o n t a c t  with  a water  

cooled  h e a t  s i n k .  A b r i e f  c a l c u l a t i o n  dem ons t ra tes  the  need f o r  t h i s  

h e a t  s in k in g .  Assuming the  boundary o f  th e  s h i e l d  i s  i n s u l a t e d ,  only  

r a d i a t i v e  h e a t  t r a n s f e r  would remove h e a t  from the  s h i e l d .  The 

t e m pera tu re  o f  the  s h i e l d  under th e s e  c o n d i t i o n s  can be es tm ated  from 

S tephans '  law. The s h i e l d  w i l l  no t  be ab le  to  r a d i a t e  away 150 w a t t s  

from a u n i t  a r ea  u n t i l  i t  reaches  about  2000°C, which i s  c o n s id e r a b ly  

above th e  m e l t ing  p o i n t  o f  copper .  C le a r ly  h e a t  s in k in g  o f  the  s h i e l d  

i s  n e c e s s a ry .  The adequacy o f  h e a t  s in k in g  the  s h i e l d  a t  the  edge i s  

checked by c o n s id e r i n g  th e  h e a t  f low through a copper bar  3 cm long ,  

t h i s  being the  d i s t a n c e  from the  c e n t e r  o f  the  r a d i a t i o n  s h i e l d  to  the 

edge.  Equation 10 g iv e s  th e  te m pera tu re  g r a d i e n t  e s t a b l i s h e d  in a bar

3 cm in l e n g th  (L) o f  c r o s s  s e c t i o n  A (1 cm ') o f  a m a te r i a l  o f  thermal
-1  -1c o n d u c t i v i t y  k (4 .1  w a t t  -°C -  cm ) conduct ing  450 w a t t s  o f  h e a t ,  Q.

T = QL/kA -  330°C Eq. 10

This i s  a most c o n s e r v a t i v e  e s t i m a t e  r e l y i n g  on h ig h e r  than 

a n t i c i p a t e d  r a d i a t i o n  f l u x e s .  The geometr ic  arrangement of  the 

r a d i a t i o n  s h i e l d  a l s o  p rov ides  f o r  g r e a t e r  thermal c o n d u c t i v i t y  than 

a simple bar  o f  the  above d im ens ions .  The w ors t  case  tem p era tu re  of  

330°C i s  s t i l l  well w i th in  the  working t em pera tu re  o f  copper .
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The tem pera tu re  o f  the  lower s l i t  block i s  e s t im a ted  by co n s id e r in g  

the  tem pera tu re  g r a d i e n t  e s t a b l i s h e d  in a p l a t e  o f  s t a i n l e s s  s t e e l  

1 cm x 1 cm x 0.16 cm conduct ing  150 w a t t s .  A thermal g r a d i e n t  o f  l e s s  

than 150° i s  p r e d ic t e d  by Eq. 10. The t e m pera tu re  o f  the  p l a t e ,  being 

sunk to  the  copper r a d i a t i o n  s h i e l d  a t  330°,  should not  exceed 480°C. 

This i s  well w i th in  t h e  working t e m pera tu re  o f  s t a i n l e s s  s t e e l .

The o t h e r  components o f  the  source  which se rve  as r a d i a t i o n  

s h i e l d s ,  th e  f l a t  s h i e l d  and the  curved s h i e l d  (F ig s .  8 and 9 ) ,  a re  

ove rdes igned .  Both s h i e l d s  have e x t e n s i v e  w ate r  coo l ing  channe ls .

All o f  th e  f l a t  s h i e l d  i s  w i th in  0.25" o f  c o l d ,  f lowing w a te r ,  while 

f o r  the  curved s h i e l d  no spo t  i s  more than 1" away from c o l d ,  f lowing 

w a te r .  The upper o p e r a t i n g  l i m i t  o f  th e s e  p a r t s  i s  much g r e a t e r  

than the  top r a d i a t i o n  s h i e l d .  The pumping gap in the  curved s h i e l d  

(F ig .  10) permi ts  a small amount o f  r a d i a t i o n  to  reach the  s t a i n l e s s  

s t e e l  t a i l  o f  the  dewar.  During the  most extreme c o n d i t io n s  

encountered  in exper iments  with  t h i s  s o u rc e ,  a s l i g h t  warming o f  the 

dewar t a i l  was observed .  The base o f  th e  source  was e f f i c i e n t l y  

p r o t e c t e d  by a 0.25" copper  p l a t e .  Being 6" from the  source  r e l a t i v e l y  

l i t t l e  h e a t  i s  i n c i d e n t  on i t  and d i r e c t  coo l ing  was not  n e c e ss a ry .

The e l e c t r o d e s  may be r e q u i r e d  to  conduc t  a c o n s id e r a b l e  amount o f  

h e a t  away from the  source  w i thou t  reach ing  an e x c e s s i v e l y  high tempera­

t u r e .  From the  top  o f  th e  e l e c t r o d e s  where the  source  i s  a t t a c h e d ,  to  

the  cold wate r  in the  hollow body, i s  approx im ate ly  1 cm. Given the 

1 cm d iamete r  o f  t h e  e l e c t r o d e s  and an assumed hea t  i n p u t  o f  500 w a t t s  

a thermal g r a d i e n t  o f  350°C i s  c a l c u l a t e d  by Eq. 10. Although t h i s  

i s  a c c e p t a b l e ,  th e  a c tu a l  h e a t  i n p u t ,  hence the  thermal g r a d i e n t ,  

should be a f a c t o r  o f  10 l e s s  f o r  most exper im en ts .
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Fig .  I I . 8 F l a t  Rad ia t ion  S h ie ld  and E lec t rode s

HIGH TEMPERATURE SOURCE
FLAT RADIATION SHIELD AND ELECTRODES

METAL VAPOR SOURSE

FLAT RADIATION SHIELD

ELECTRODES

BASE FLANGE

TO WATER SUPPLY



Fig.  I I . 9 Curved Radia t ion  Sh ie ld

CURVED R A D I A T I O N  S H I E L D
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Fig .  11.10 Side View o f  Assembled High Temperature Source
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I I .  5e.  Monitoring  Metal Fluxes

Metal f lu x e s  were mon i to red  us ing  a commercial q u a r t z  c r y s t a l  

d e p o s i t i o n  moni to r  (Model QM-300, Veeco In s t ru m en ts ,  I n c . ,  P la inv iew ,  

L I . ,  N.Y.) with  a custom b u i l t  high tem pera tu re  senso r  head (F ig .  11).  

The s enso r  head was s i m i l a r  to  the  Veeco VTT 300 excep t  t h a t  the 

coo l ing  system was more s o p h i s t i c a t e d .  The microbalance  senso r  head 

worked q u i t e  well a t  a l l  tem pera tu re  ranges encoun te red .

The microbalance  read ing  can be r e l a t e d  to the  metal f lu x  

i n c i d e n t  on the  s a p p h i r e  p l a t e  by c o n s id e r i n g  geometr ic  f a c t o r s  and 

c o r r e c t i n g  f o r  the  d e n s i t y  o f  the  metal  in u se .  The geomet r ic  f a c t o r s  

can be d e s c r ib e d  by Eq. 11.

F lu x (c a v i ty )  = 0.121 f l u x  (microbalance)  Eq. 11

° -1in the  unusual  u n i t s  o f  angstrom per  second (A -  S ) o f  aluminum.

°  -1 -1 Convert ing  from A -  S o f  aluminum to  atoms-sec  o f  metal o f  d e n s i t y ,

P ,  Equation 11 becomes

Flux = 0.121 x (pg/cm^) x N(l /mole)  x 10”® cm/A x

ra te (A/S) /M (g/mole )  Eq. 12

o
where the  r a t e  i s  read  d i r e c t l y  from the  in s t rum en t  in u n i t s  o f  A/S and 

N i s  Avogadro's  number.

The numerical  f a c t o r s  can be combined to  form Equation 13.

Flux = 7.3 x 1 0 ^  x ( p/M) x f lu x  (A/sec) Eq. 13



Fig .  11.11 Quartz Crys ta l  Microbalance Sensor Head
Front  and s id e  views o f ' t h e  assembled senso r  head and vacuum feed th rough .
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The gas i n p u t  on the  high tem pera tu re  source  i s  i d e n t i c a l  to the  

one on the  low tem pera tu re  s o u rce .  These f lu x e s  a r e  c a l c u l a t e d  in 

Ref. 23 and a r e  given by Eq. 14.

F lux(gas)  = 3.4 x 1018 (P/M x T) 1/2

where P i s  the  p r e s s u r e  in t o r r  o f  gas behind the  in p u t  s l i t ,  u s u a l l y

0 .75 .  M , ' t h e  gram m o lecu la r  weight  i s  40 i f  argon i s  used and T

i s  300 K. The d i l u t i o n  f a c t o r ,  D i s  th e  r a t i o  o f  f l u x ( g a s ) / f l u x ( m e t a l ) .
o

For copper metal being d e p o s i t e d  in a rgon ,  D = 2 3 0 / r a t e ( A / s e c ) .

This  c a l c u l a t i o n  n e g l e c t s  t h a t  no t  every  atom i n c i d e n t  on the 

d e p o s i t i o n  s u b s t r a t e  o r  microba lance  c r y s t a l  adheres  to  the  s u r f a c e .

Also neg lec te d  i s  the e f f e c t  o f  a g g re g a t io n  o f  metal in the  m a t r ix .

These f a c t o r s  a r e  assumed to  be small and the  above d i l u t i o n  f a c t o r  

should be o f  th e  c o r r e c t  o rd e r  o f  magnitude.

In p r a c t i c e ,  f lu x  r a t e s  were chosen to  p rov ide  the  b e s t  s p e c t r a .

For a l k a l i  m e ta l s ,  e x c e s s i v e l y  l a r g e  f lu x e s  r e s u l t e d  in the  growth 

o f  a l a r g e  s igna l  c e n te r e d  about  g = 2. For th e  group IB m e ta l s ,  

l a r g e  f lu x e s  r e s u l t e d  in severe  i n s t a b i l i t i e s  in the  s p e c t r a l  

b a s e l i n e .

I I .  5 f .  Opera t ion  o f  the  High Temperature Source

The high t e m pera tu re  source  i s  a s imple d ev ice  to  use and m a in t a i n .  

Loading o f  the  source with  metal i s  accomplished by f i r s t  choosing a 

metal vapor source  (Sec I I . 5) and f i t t i n g  i t  to  the  ends o f  the  e l e c ­

t r o d e s .  (Only the  top  r a d i a t i o n  s h i e l d  need be removed f o r  t h i s . )  Each 

e l e c t r o d e  i s  f i t t e d  with  a small s t a i n l e s s  s t e e l  e l e c t r o d e  cap which
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holds  the  boa t  or  f i l a m e n t  in p l a c e .  The e l e c t r o d e  caps need only 

be tapped g e n t ly  to  s e c u re  t h e  boa t  in p la c e .  A f te r  the  top  r a d i a t i o n  

s h i e l d  i s  a t t a c h e d  the  source  i s  ready to  mount in the  dewar. This 

procedure i s  q u i t e  f a s t  and invo lves  break ing  only  2 vacuum s e a l s  

( s o u rc e  to  dewar and source  to  gas l i n e ) .  As the  dewar i s  being pumped 

down, the  w a te r ,  e l e c t r i c a l  power and s e n s o r  head connec t ions  a re  

made. The source  i s  then warmed up to  o p e ra t in g  f l u x e s .  During t h i s  

i n i t i a l  warm-up, dewar p r e s s u r e s  a r e  c l o s e l y  monitored to  in s u re  a 

slow r a t e  o f  o u t g a s s in g .  T y p i c a l l y  t h i s  takes  about  0.5 hour.  A f te r  

th e  performance o f  th e  source  has been checked the  dewar and source  

a r e  le ak  checked with  a mass sp e c t ro m e te r  hel ium leak  d e t e c t o r  

(Model MS-9, Veeco Ins t rum en ts  I n c . ,  P la inv iew ,  L . I . ,  N.Y.) and 

p reco o l in g  o f  the  dewar beg in s .

The ac tu a l  exper iments  fo l lo w  c l o s e l y  th e  procedure o u t l i n e d  in 

Ref. 23.  A f te r  th e  dewar i s  cooled to  4 K, an a s so r tm en t  o f  background 

s p e c t r a  a r e  taken  under c o n d i t i o n s  s i m i l a r  to  those  a n t i c i p a t e d  a f t e r  

d e p o s i t i o n .  These background s p e c t r a  a r e  q u i t e  im por tan t  f o r  comparison 

with  s p e c t r a l  d a t a ,  s i n c e  i n e v i t a b i l i t y  im por tan t  s p e c t r a l  f e a t u r e s  

w i l l  be e i t h e r  masked by o r  confused  with  th e s e  background s i g n a l s .

In an e f f o r t  to  minimize the  impact o f  th e s e  background s i g n a l s  the 

d e p o s i t i o n  s u b s t r a t e  was changed tw ic e .  The o r i g i n a l  s u b s t r a t e  was 

a sap p h i re  p l a t e  0 .020"  t h i c k .  Im p u r i t i e s  p r e s e n t  g ive  r i s e  to  the 

spectrum in Fig .  12. ' T h i s  p l a t e  was s a t i s f a c t o r y  f o r  the  work on the 

a l k a l i s .  I t  was l a t e r  changed to  a d i f f e r e n t  s apph i re  p l a t e .  This  

spectrum i s  shown in F ig .  13. While t h i s  s t rong  f e a t u r e  f u l l y  obscures 

th e  c e n t e r  o f  the spec trum , i t  was a c c e p ta b l e  f o r  work with copper.
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Fig. 11.12 Background Spectrum from Depos it ion  S u b s t r a t e  I 

ESR spectrum o f  im p u r i t i e s  in  a s apph i re  p l a t e  used as a d e p o s i t i o n  s u b s t r a t e .  This  s apph i re  p l a t e
was used f o r  a l l  o f  the experiments with potass ium, sodium and the  e a r l y  experiments  with  go ld ,  copper and 
s i l v e r .  The spectrum i s  500 gauss wide and cen te red  about  g = 2.  A 10 min scan t ime with  a 500 msec time 
c o n s t a n t .  The microwave power i s  1 mwatt.
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Fig.  11.13 Background Spectrum from Depos it ion  S u b s t r a t e  I I

ESR spectrum o f  im p u r i t i e s  in  a sapph ire  p l a t e  used as a d e p o s i t i o n  s u b s t r a t e .  This s apph i re  p l a t e  
was used only  f o r  the l a t e r  exper imenta l  a t tem pts  to  i s o l a t e  Cu^. This spectrum i s  7000 gauss wide and 
cen te red  about  g = 2 .

CO
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The f i n a l  p l a t e ,  used f o r  the  work on s i l v e r  i s  a 0.010" t h i c k  copper 

p l a t e .  I t s  spectrum i s  th e  l e a s t  o f f e n s i v e  (F ig .  14) .  This spectrum 

probab ly  a r i s e s  from an o rg an ic  g lue  used to  hold a small q u a r t z  window 

in p la c e .

Before s t a r t i n g  the  d e p o s i t i o n  i t  i s  im pera t ive  t h a t  the e l e c t r o ­

magnet i s  e i t h e r  sh u t  o f f  o r  tu rned  to  a low (50 gauss)  v a lue .  The 

magnetic  f i e l d  can couple  to  the  AC c u r r e n t  in the  s o u rce ,  throwing 

th e  l i q u i d  metal  o u t  o f  the  boa t  o r  even breaking  th e  b o a t .  Needless 

to  s ay ,  the  w ate r  co o l in g  f o r  the  r a d i a t i o n  s h i e l d  must a l s o  be on.  In 

th e  absence o f  w ate r  f low ,  th e  r a d i a t i o n  s h i e l d  can be des t royed  in 

l e s s  than 5 min at .  moderate power l e v e l s .  A f te r  s t a b i l i z i n g  the  metal 

f l u x  and s e t t i n g  th e  m a t r ix  gas f low r a t e ,  a p rocess  t h a t  takes  about  

20-30 m inu te s ,  th e  d e p o s i t i o n  can s t a r t .  The metal f l u x  needs to  be 

checked and i f  n e c e s s a ry  a d j u s t e d  every  30 to  60 m inu te s .

Metal f l u x  r a t e s  a r e  s e t  accord ing  to  the  type o f  exper iment  

being done.  Four f r e q u e n t l y  used methods f o r  forming c l u s t e r s  a r e :

1 ) forming m a t r i c e s  with  a high c o n c e n t r a t i o n  o f  m e ta l ,  2 ) forming 

m odera te ly  c o n c e n t r a te d  m a t r i c e s  and then annea l ing  the  m a tr ix  to  an 

e x c e p t i o n a l l y  high t e m p e ra tu r e ,  3) forming a l e s s  co n c e n t ra te d  ma tr ix  

while  the  tem p era tu re  o f  th e  s u b s t r a t e  i s  held a t  an unusua l ly  high 

te m p e ra t u r e ,  and 4) pho to lyz ing  the  m a t r ix  a f t e r  fo rm a t ion .

Method 1 i s  the  most u s e f u l .  This t e c h n iq u e ,  a t  t imes enhanced 

by a small h e a t  l e a k  to  the  s u b s t r a t e ,  was used to  s y n th e s i z e  K^, Na^j 

Ag^, and Na^. Method 2 was used f o r  s y n th e s i z in g  C u ^ , j .  Method 3 

was used to  form an u n i d e n t i f i e d  gold co n ta in in g  molecu le .  Method 4 

never  worked but  d id  enhance the  format ion o f  m e ta l - im p u r i t y  complexes.



Fig.  11.14 Background Spectrum from Depos it ion  S u b s t r a t e  I I I

ESR spectrum o f  a ccpper  p l a t e  used as a d e p o s i t io n  s u b s t r a t e  f o r  the  Ag^ exper iment .  The 

s igna l  probably  a r i s e s  from an o p t i c a l  window o r  mounting m a te r ia l  used f o r  o t h e r  exper im en ts .  

This spectrum i s  7000 gauss wide and cen te red  about  g = 2.

50 G 1750 G 3500 G 5250 G
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Table 4 p rov ides  a summary o f  the  experiments  done f o r  t h i s  

p r o j e c t .  The Table i n c lu d e s  th e  d e p o s i t i o n  c o n d i t i o n s ,  i . e .  l e n g th  o f  

d e p o s i t i o n ,  m e ta l - m a t r i x  gas c o n c e n t r a t i o n ,  t e m pera tu re  o f  the  s u b s t r a t e  

and th e  s u p p l i e r  and p u r i t y  o f  th e  re a g e n t s  used .



47

Table I I . 4 Summary o f  Experiments with  Potassium, Sodium Copper,

Gold, and S i l v e r .

Run # Metal Matr ix  Time Ratio Dep. Temp.

(min)

2 K Ar 2401 100-35 4K

3 K Ar 53-35 4K

4

5 K Ar 2401 23 4K

6 K Ar 2401 18

7 K Ar 2401 18

8 K Ar 2401 11

9 K Ar 2401 12

10

11

12 K Ar 2401 31

13

14

15

16 K Ar 2401 86-114

17 K Ar 2401 93-114

27 Au Ar 30 32-40 4

30 23-54 4

28 Au Ar 45 5-8 4

29 160 7-24 20

31 Cu Ar 20 0-46 4
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Table I I . 4 (continued)

Run # Metal Matr ix Time

(min)

Ratio Oep.

34 Cu Ar 30 12-15 4

70 18-11 4

35 Cu Ar 30 6-23

30 6-9

30 10-

30 7-15

36 Cu Ar 30 12 25

30 5-12 20

30 6-18 15

30 10-21 10

60 9-19 10

37 Cu Ar 20 19-46 21

15 14-57 14.5

15 46-77 11-12

200 46-57 13-14

38 Cu Ar 60 230 4

40 46-57 4

20 0-57 4

39 45 230 4

80 38 4

60 22 4
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Table I I . 4 (continued)

Run # Metal Matrix Time

(min)

Ratio Dep. Temp

40 Cu Kr 40 115-230 4

50 33-115 4

135 29-115 4

20 77-115 26

41 Cu Kr 60 82-104 30

40 77-115 20

30 85-92 15

30 57-77 15

60 38 15

42 a g Kr 90 50 4

60 50 4

60 50 16

43 Ag Kr 60 55 4

30 30 4-

44 Ag Ar 15 60-70 4

180 40-50 20

60 46-80 30

45 Ag n2 40 322 4

60 54 4

180 54 4

47 Cu Ar 60 203-288 4

60 265-431 11.6-11 .9

60 276-345 14 .0 -14 .7
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Table I I . 4 (continued)

Run # Metal Matr ix  Time Rat io Dep. Temp.

(min)

48 Cu Ar 60 238-255 16 .4 -16 .7

60 216-226 15 .5 -15 .6

60 212-281 14 .9 -15 .3

49 60 234-294 . 5.4

60 238-288 17 .9 -18 .1

60 314-321 18 .9-19 .1

50 240 223-307 18 .9 -19 .1

51 60 256-265 21.1

60 197-230 23.0

60 244-255 25.0

60 179-265 2 7 .6 -28 .0

58 60 511-531 4

60 226 4

60 115 4

59 60 575 4

30 282-314 4

30 87-110. 4

30 53-60 4

30 30-34 4

60 30 314-345 19.0

30 1000 19.0
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Table I I . 4 (continued)

Run # Metal Mat r ix  Time Rat io  Dep. Temp,

(min)

61 Cu Ar 30 406-460 13 .1-13 .5

30 194-200 13 .3 -1 3 .4

30 106-116 13.2

30 52-56 • 13.2

30 23-47 13 .2 -1 3 .5

62 60 29-46 4

60 17-21 4

60 16 4

60 16-17 4

63 60 16 4

60 17-18 4

60 17-18 9.9

64 60 15-17 15.2

65 Cu Kr 90 19-10 4

60 16-10 4

120 17-19 4

66 ’ N2 60 13-15 4

120 13-15 4

67 Xe 60 18 4

120 16-17 4

68 Kr 240 6-16 4
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Table I I . 4 (continued)

Run # Metal Matr ix Time

(min)

Ratio Dep. Temp.

70 63Cu Ar 60 115-117 4

80 107-117 4

90 119-134 4

75 82-85 ' 4

71 63Cu N2 210 73-86 4

72 63Cu Ar 120 73-86 4

73 120 47-122 4

120 77-92 4

74 63Cu n2 120 69-92 4

75 63Cu n2 60 ? 4

KK-1 Ag N2 240 80 4

Reagents  Used

M ater ia l

Potassium

Sodium
Gold

S i l v e r

S i l v e r  ( 107Ag) 

Copper

Argon

Krypton

Xenon

Source
G a l l e r y ,  99.95%

G a l l e r y ,  99.95%

Alpha,  99.9999%

Cerac ,  99.999%
Alpha,  99.999%

USDOE, Oak Ridge Nat ional  Labora to ry  

(99% 107Ag)

Alpha,  99.99%

Hookup w ire  -  USDOE, Oak Ridge 

National  Labora to ry  (99% ®3Cu)

A irco ,  99.9998%

Alpha,  99.995%

Alpha,  99.995%
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I I I .  THEORETICAL CONSIDERATIONS

111.1.  In t ro d u c t io n

E lec t ro n  spin  resonance  spec t ro scopy  depends on the  a b i l i t y  to 

d e t e c t  th e  a b s o rp t io n  o f  r a d i a t i o n  accompanying the  resonance  c o n d i t io n  

o f  two sp in  s t a t e s  o f  an e l e c t r o n .  The exper imenta l  f a c t o r s  a r e  d i s ­

cussed in Sec t ion  I I . 2. This  c h a p t e r  s e rves  only  as a b r i e f  review o f  

th e  th eo ry  usefu l  f o r  ana lyz ing  an ESR s p e c t r a .  A l a r g e  number o f  t e x t s  

p r e s e n t  the  theo ry  with  vary ing  degrees  o f  depth and r i g o r  (30-35) .

Each o f  the  major  f e a t u r e s  o f  an ESR spect rum, e . g .  l i n e  p o s i t i o n ,  

i n t e n s i t y ,  and l i n e s h a p e  w i l l  be b r i e f l y  d i s c u s s e d  in t h i s  c h a p t e r .

111.2. Line P o s i t i o n s

The resonance c o n d i t i o n  i s  observed by inducing t r a n s i t i o n s  

between the  al lowed sp in  o r i e n t a t i o n s  o f  an unpai red  e l e c t r o n  in a 

magnetic f i e l d .  The al lowed energy l e v e l s  f o r  an i s o l a t e d  e l e c t r o n  

in a magnetic f i e l d  can be de te rmined by e v a l u a t i n g  Eq. 1.

H = g 3HMS (1)

where g i s  th e  e l e c t r o n  f r e e - s p i n  g - f a c t o r  (2 .00232 ) ,  3 i s  the  Bohr
- 2 1  -1magneton (9.27410 x 10 erg-Gauss  ) and H i s  the  magnetic f i e l d  

s t r e n g t h  r e s p o n s ib l e  f o r  the  q u a n t i z a t i o n  o f  the  e l e c t r o n  s p i n ,  S-, 

i n t o  the  al lowed s t a t e s  = ( ± 1 / 2 ) .  The resonance  c o n d i t io n  i s  met 

when the  d i f f e r e n c e  between the  2 energy l e v e l s ,  co r responding  to 

M<- = ±1/2 in Equation 1, c o in c id e  with  the  r a d i a t i o n  f i e l d  o f  f requency ,  

v. This c o n d i t io n  i s  d e s c r ib e d  by Equation 2.
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hv  = gg H (2)

where h i s  Plancks c o n s t a n t  and the  o t h e r  q u a n t i t i e s  a re  de f ined  

e a r l i e r .  In the  exper iments  de s c r ib e d  here  v i s  in the X-band 

microwave reg ion  o f  th e  spectrum (^9 .2  GHz) and H i s  ^3300 Gauss.

An analogous e f f e c t  occurs  f o r  a n u c l e a r  s p i n ,  I ,  in a magnetic 

f i e l d  and i s  d e s c r ib e d  by Equation 3.

h -  g„ e N HMj 0 )

where g.. i s  t h e  n u c l e a r  g f a c t o r ,  6^ i s  the  n u c l e a r  magneton,
- 2 d  -1

(5.05095 x 10 erg-Gauss  ) ,  and Mj a r e  the  al lowed l e v e l s  of  the  

n u c l e a r  s p i n ,  I ,  in t h e  a p p l i e d  magnetic  f i e l d ,  H. This term i s  

g e n e r a l l y  t h r e e  o rd e r s  o f  magnitude s m a l l e r  than the e l e c t r o n i c  e f f e c t  

d e s c r ib e d  in Equation 1 and i s  u s u a l l y  n e g l e c t e d .  For the  case  of  

an atom o r  molecule the  e l e c t r o n i c  and n u c l e a r  sp in s  may be coupled 

by the  Fermi c o n t a c t  i n t e r a c t i o n ,  a ,  as  given by Equation 4.

a I-S (4)

Other i n t e r a c t i o n s  a r e  well known bu t  no t  inc luded  here as they  were 

n o t  used in i n t e r p r e t i n g  the  s p e c t r a  p resen ted  here .  A genera l  survey 

o f  the  d i f f e r e n t  i n t e r a c t i o n s  which may need to be cons ide red  i s  

a v a i l a b l e  in the  l i t e r a t u r e ,  Reference 35 being the  most, comprehensive.  

The above terms a r e  c o l l e c t e d  in Equation 5:
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H = ge  HMS + gNe NHIz + a l - S  (5)

Before e v a l u a t i n g  Equation 5,  th e  genera l  f e a t u r e s  a r e  noted to  be 

a f i r s t  term g iv ing  r i s e  to  a s i n g l e  resonance  a t  about  9.2 GHz, 

co r responding  to  an " e l e c t r o n  sp in  f l i p " .  V a r i a t i o n s  in g a re  small 

f o r  s p e c t r a  p resen ted  h e r e .  Only molecule s  with  M<. = ±1/2 were 

observed .  This term i s  t h e  l a r g e s t  and s e rv es  to  d e f in e  the  "cen te r "  

o f  the  spectrum. The second term is  very  small and was always 

neg le c te d  in the  f i n a l  a n a l y s e s  o f  s p e c t r a  in Sec t ion  IV. The Vast 

term, the  Fermi c o n t a c t  i n t e r a c t i o n  couples  the  n u c le a r  sp in  to the  

e l e c t r o n  s p i n ,  s p l i t t i n g  th e  resonance  i n t o  seve ra l  components.  For 

molecu les  examined,  t h i s  s p l i t t i n g  ranged between 20 and 6000 MHz 

(7 to  2100 Gauss) and was th e  g r e a t e s t  source  o f  chemical in fo rm a t io n .

For the  case  o f  an atom, th e  Hamiltonian  in Equation 5 can be 

ev a lu a te d  in th e  |S,Ms ,I ,Mj>  b a s i s .  This  problem, o r  a - s i m i l a r  one,  

i s  t r e a t e d  in most t e x t s  on ESR. The o r i g i n a l  work i s  due to  B r e i t  

and Rabi (36 ) .  P roper ly  o rd e r in g  th e  b a s i s  s e t  block d i a g o n a l i z e s  

th e  Hamiltonian .  In a d d i t i o n  to  the  two pure s t a t e s ,  r e p re s e n t e d  by 

l x l  m a t r i c e s  o f  th e  form;

<S, ±MS, I ,  ±Mj | Tf" j S, ±MS, I ,  ±Mj>

the  remainder o f  th e  m a t r ix  block d i a g o n a l i z e s  i n t o  2 x 2 m a t r i c e s  of  

th e  form;
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|S ,  Ms - 1 ,  I ,  Mj> iS, Ms , I ,  Mj-1>

<S, Ms - 1 ,  I ,  Mjl (Ms -l)H-MI h+MI Ms a I ( I +1 )-Mj (Mj -1 )}

<S, Ms , I ,  Mj-11 I C K l + D - M ^ M j - l ) } 172 Ks H-(Mr l)h+(Mj- l)Ms a

Where H = gPH and h = 9^ ‘^H. When d ia g o n a l i z e d  and s p e c i a l i z e d  to the 

case  o f  M<. = ±1/2  t h e  energy l e v e l s  a r e  found to  be those  given by 

Equat ions 7 and 8 .

E( + I ,  Mj) = - \  ( 2hMj + \  a + h)

1 /2
+ \  {(H + h)* + 2a(H + h)(Mj + I )  + a 2 (I + j ) 2 } (7)

E(- I ,  Mj) = -  \  (2hMj + \  a - h)

1/2
- ^  {(H + h ) 2 + 2a(H + h)(Mj. - 1 )  + a 2 (I  + \ ) 2 } ( 8 )
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A p i n t  o f  th e se  eq u a t io n s  f o r  I = 3/2 i s  given in Figure 1. Included 

in Figure  1 i s  a l a b e l i n g  o f  th e  s t a t e s  in both the  |S,M<.,I,Mj> 

b a s i s  and the  |F,Mp> b a s i s  where F = I + S and Mp = F, F -1 —  -F.

The |F,Mp> b a s i s  i s  th e  most f r e q u e n t l y  encountered  b a s i s  s e t  used fo r  

problems o f  t h i s  ty p e ,  i n c lu d in g  th e  o r i g i n a l  work by B r e i t  and Rabi.  

The b a s i s  is .  o f t e n  p r e f e r r e d  by ESR s p e c t r o s c o p i s t s ,

e s p e c i a l l y  when the  coup l ing  o f  I and S i s  small compared to  the 

coupl ing  o f  the  sp in s  to  the  e x t e r n a l  magnet ic f i e l d .  In cases  where 

t h e  n u c l e a r  magnetic moment i s  n e g lec te d  (h «  H), h can be s e t  to  

ze ro  in Equat ions 7 and 8 .

Resonances may be observed  when the  energy  d i f f e r e n c e  between 

the  s t a t e s  d e s c r ib e d  by Equat ions 7 and 8 c o i n c id e  with  the  energy 

a v a i l a b l e  from the  i n c i d e n t  r a d i a t i o n  f i e l d ,

For an experiment where hv i s  held c o n s t a n t  and the  magnetic f i e l d  

i s  v a r i e d  Equation 9 can be r e w r i t t e n .  S u b s t i t u t i n g  Equat ions 7 and 

8 in to  Equation 9,  r e c o g n iz in g  the  s e l e c t i o n  r u l e s  Mj = 0 and M,, = ±1, 

changing u n i t s  and r e a r r a n g i n g ,  Equation 9 i s  w r i t t e n  as Equation 10.

hv = E ( + l /2 , I ,M j )  -  E ( - l / 2 , I , M j ) (9)

( 1 0 )

where n(Mj) i s  the  magnetic f i e l d  s t r e n g t h  o f  a p a r t i c u l a r  resonance
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Fig.  I I I . l  Zeeman Energy Level Diagram

2
A Zeeman energy  l e v e l  diagram f o r  a S atom with  I = 3 /2 .  S t a t e s  

a r e  l a b e le d  in both  th e  b a s i s  and the  { F b a s i s .

- f

- 2

F =  2

ESR
F NMR

-2
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between 2 s t a t e s  with  t h e  same Mj v a l u e .  I t  i s  expressed  in u n i t s  o f  

(H + h ) /h v .  The h y p e r f in e  s p l i t t i n g  i s  given by a  in u n i t s  o f  a /h v .  

The s ign  preceding  the  square  r o o t  i s  taken to  be the  same as the  s ign 

o f  Mj. A p l o t  o f  n(Mj) v e r su s  a f o r  I = 3/2 and Mj = ±3/2,  ±1/2 i s  

given  in Figure  2. The resonance  c o n d i t io n  i s  met a t  a l l  p o in t s  on 

the  curves  shown. For purposes  o f  d i s c u s s io n  the  f i g u r e  i s  d iv ided  

i n t o  d i f f e r e n t  reg ions  accord ing  to  the  magnitude o f  the  hype r f ine  

i n t e r a c t i o n .

In the  reg ion  o f  a small h y p e r f in e  i n t e r a c t i o n  2 1 + 1  t r a n s i t i o n s  

a r e  p r e d i c t e d  by Equation 10. The magnet ic f i e l d  va lue  t h a t  each 

t r a n s i t i o n  occurs  a t  v a r i e s  l i n e a r l y  with  changes in the  hype r f ine  

c o n s t a n t .  This  case  i s  th e  well known "high f i e l d  approx im at ion" ,  

d e s c r ib e d  by Equation 11.

n(Mj) = -M a (11)

This equa t ion  i s  e q u i v a l e n t  to  the  n e g l e c t  o f  a l l  o f f - d i a g o n a l  m a tr ix  

elemen ts  in Equation 6 .

Also in F igure  2 i s  a reg ion  la b e le d  " l a r g e  h y p e r f in e " .  In t h i s  

reg ion  t h e r e  a r e  s t i l l  2 1 + 1  t r a n s i t i o n s  p r e d i c t e d  but  they  a r e  not  

e q u a l ly  spaced and cannot  be d e s c r ib e d  by Equation 11. An exac t  

s o l u t i o n  o f  Equation 10 i s  r e q u i r e d .

For the  case  o f  "very  l a r g e  hyperf ine"  the  spectrum has a 

d r a s t i c a l l y  d i f f e r e n t  appearance .  In t h i s  reg ion  o f  F igure 2 some 

t r a n s i t i o n s  r e q u i r e  more energy than i s  a v a i l a b l e  from the  r a d i a t i o n  

f i e l d  and they  a r e  n o t  observed .  There w i l l  always be a t  l e a s t  two
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Fig .  I I I . 2 T r a n s i t i o n  F ie ld  Diagram

2T r a n s i t i o n  f i e l d s  f o r  a S atom with  I = 3/2 a r e  p l o t t e d .  The 

bold l i n e s  i n d i c a t e  combinat ions  o f  the  h y p e r f in e  value and e x t e r n a l  

magnetic f i e l d  s t r e n g t h  which f u l f i l l  the  resonance  c o n d i t i o n .

Very large hf

L arge hf •

Medium hf

Small hf {

H
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r ea l  s o l u t i o n  to  Equation 10. The f i r s t  i s  an ESR t r a n s i t i o n  between 

s t a t e s  with  Mj = - I .  The second t r a n s i t i o n  w i l l  be p r e d i c t e d  to  occur  

a t  a n e g a t iv e  magnet ic f i e l d .  I t  i s  observed  a t  the  a b s o lu t e  va lue  

o f  th e  p r e d i c t e d  f i e l d  p o s i t i o n .  This t r a n s i t i o n  i s  no t  a t r u e  ESR 

t r a n s i t i o n  but  r a t h e r  an NMR type t r a n s i t i o n  (F ig .  1 ) .  The d i f f e r e n t  

n a t u r e  o f  th e se  t r a n s i t i o n s  i s  a p p a re n t  from the  phase r e l a t i o n  

between the  ESR and NMR l i n e s  in d i s p e r s i o n  spec t ro scopy  (F ig .  3 ) .

The remaining t r a n s i t i o n s ,  i f  a b s e n t ,  correspond to  the  case  when

M2 2Mj a
2

1 - SL 
1 4

c2 (i 4 ) 2
l -

and rea l  s o l u t i o n s  o f  Equation 10 do n o t  e x i s t . . I f  the  i n e q u a l i t y  i s  

reve rsed  ( f o r  s t a t e s  where Mj f  ±1) two resonances  f o r  a s i n g l e  

Mg = ±1 , Mg = 0 t r a n s i t i o n  w i l l  be obse rved ,  o f t e n  a t  widely  d i f f e r ­

ing magnetic f i e l d  v a l u e s .  This i n t e r e s t i n g  p o s s i b i l i t y  has been 

observed with  copper atoms in neon (37) .

Two l i m i t s  o f  Equat ion  10 a r e  e s p e c i a l l y  usefu l  f o r  ana lyz ing  

s p e c t r a  ( 3 7 ) .  Equation 11 g ives  the  f i e l d  p o s i t i o n  f o r  Mj = ±1 

t r a n s i  t i o n s

n ( ± I )  = [ ( 2 I ± l ) a - 2 ] / ( 2 ± a ) ( 11)



Fig.  111 .3 Absorption  and Dispers ion  Spect ra  o f  Atomic Copper

ESR s p e c t r a  o f  copper atoms i s o l a t e d  in an argon m a tr ix  a t  A K with  the  spec t rom ete r  in  t h e :  a) a b s o rp t io n  
mode, b) d i s p e r s io n  mode. Except f o r  the  tun ing  of  the  microwave br idge  in s t rum en ta l  c o n d i t io n s  f o r  the  two 
s p e c t r a  a re  the same.
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Equation 12 g ives  the  va lue  o f  o t fo r  which "very  l a r g e  hyperf ine"  

behav ior  i s  f i r s t  obse rved .

For cases  i n t e r m e d i a t e  between small and l a r g e  h y p e r f in e  s p l i t t i n g ,  

"medium h y p e r f in e " ,  th e  spectrum r e t a i n s  the  q u a l i t a t i v e  appearance  of  

the  high f i e l d  approxim ation  b u t  no lo n g e r  can be d e s c r ib e d  q u a n t i t a ­

t i v e l y  by Equation 11 t o  s u f f i c i e n t  a ccuracy .  Rather  than us ing an 

e x a c t  s o l u t i o n  o f  th e  B re i t -R ab i  fo rm ula ,  a binomial  s e r i e s  expansion  

o f  the  square  ro o t s  in Equation 7 and 8 may be combined in  Equation 9. 

This r e s u l t s  in  a power s e r i e s  ex p re s s io n  f o r  the  resonance c o n d i t i o n

a  = 2 / ( 2 1  + 1) (12)

(Eq. 14).

+ ------------
(H + h)

2 [ M(M2 + 1  - 1(1 + 1 ) ) ]

(14)

4(H+h)

This ex p re s s io n  i s  most f r e q u e n t l y  given in u n i t s  o f  g a u s s ,  with  the  

n u c l e a r  moment n e g l e c t e d ,  as  in Equation 15.
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H = —  He + —  AM + ' —  A [ I ( I  + 1) - M2]
9 0 9 0 g 0 hTmT

9 “ 3 A3 ru#„2 . 1

H(M)
j  [M(M + j  - 1(1 + 1)] (15)

+ ^  [ ( I  + I ) 4 + (2MI)2 + 4M2 I - ~  M2 -  M4]
g o H(M)'

where H i s  th e  r e s o n a n t  va lue  o f  th e  f r e e  e l e c t r o n  f o r  the  c a v i t y  e
and sample used (3312.2 Gauss) ,  gQ i s  the  g va lue  f o r  the  e l e c t r o n  

in the  atom and gg i s  t h e  g va lue  f o r  a f r e e  e l e c t r o n ,  a i s  the  

h y p e r f in e  s p l i t t i n g  c o n s t a n t  in u n i t s  o f  gauss and H i s  the  observed
4

l i n e  p o s i t i o n  in gauss .  The term in a i s  r a r e l y  used ,  i t  being 

e a s i e r  to  r e l y  on ex a c t  s o l u t i o n  o f  the  B re i t -R ab i  formula (Eq. 10).

As given in t h e  l i t e r a t u r e  (32,35) the  term in a c o n t a in s  an a d d i t i o n a l  

f a c t o r  o f  1 /2 .  The e x p re s s io n  here  appears  to  be c o r r e c t .  The degree 

o f  approximat ion used when c a l c u l a t i n g  l i n e  p o s i t i o n s  i s  noted by 

r e f e r r i n g  to  the  o r d e r  o f  the  hy p e r f in e  c o n s t a n t  in the  f i n a l  term used.
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I I I .  3. Molecular  B re i t -R ab i  Formula

ESR o f  m olecu la r  systems with  l a r g e  o r  very  l a rg e  h y p e r f in e  

s p l i t t i n g s  i s  no t  common. The a p p l i c a t i o n  o f  B re i t -R ab i  type formula 

to  molecu la r  systems has been c ons ide re d  by o t h e r  workers p r e v io u s ly  

( 3 8 ,3 9 , 4 0 ) .  The fo rmulas  used were a p p l i e d  only  to  molecu les with  a 

s i n g l e  l a r g e  o r  very  l a r g e  h y p e r f in e  i n t e r a c t i o n  on one n u c l e i ,  the  

remaining n u c le i  r e s p o n s i b l e  f o r  l i t t l e  o r  no hy p e r f in e  i n t e r a c t i o n .  

No l i t e r a t u r e  examples o f  molecule s  c o n t a in in g  two or  more n u c l e i ,  

each with a l a r g e  o r  very  l a r g e  h y p e r f in e  i n t e r a c t i o n ,  a r e  a p p a re n t .

Attempts to  ana lyze  s p e c t r a  o f  molecule s  with  m u l t i p l e  l a rg e  

h y p e r f in e  i n t e r a c t i o n s  used a modif ied  B re i t -R ab i  fo rm ula .  In the  

coupled b a s i s ,  where th e  t o t a l  n u c l e a r  sp in  v e c t o r  i s  de f in e d  as 

J = I I  + Ig + • • • •  , a formula analogous  to  Eq. 10 i s  ob ta ined

where J  may vary as J ,  J - l  —  Mj and th e  o t h e r  q u a n t i t i e s  have the 

same meaning as in Eq. 10. Except f o r  the  presence  of  a d d i t i o n a l  s t a t e s  

a s s o c i a t e d  with  J ,  Eq. 16 i s  analogous  to  Eq. 10 in both appearance 

and a p p l i c a t i o n .  The behav ior  o f  Eq. 16 f o r  J = 9/2 i s  i l l u s t r a t e d  

in Fig .  4. At v a n i s h i n g ly  small va lues  o f  e i t h e r  the  hy p e r f in e  

c o n s t a n t  o r  the  magnetic  f i e l d  a l l  J va lues  w i th in  a given Mj manifo ld  

a r e  d e g e n e ra te .  As th e  degeneracy i s  l i f t e d  each M. group i s  s p l i t

(Eq. 16)

(Mj .J) (16)



Fig.  111 .4 T r a n s i t i o n  F ie lds  fo r  a Molecule with  J = 9/2

Lines i n d i c a t e  the combinations of  hyper f ine  va lues  and ex t e rn a l  magnetic f i e l d  s t r e n g t h  which f u l f i l l s  

the resonance c o n d i t i o n .  Large va lues  o f  the hyper f ine  i n t e r a c t i o n  or  magneti-c f i e l d  a re  om i t ted .
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according  to  i t s  p o s s i b l e  J v a l u e s .  For small s p l i t t i n g s  the  t r a n s i ­

t i o n s  a r e  b e s t  d e s c r ib e d  by th e  quantum number Mj, J  being t r e a t e d  as 

a p e r t u r b a t i o n .  As the  s p l i t t i n g  becomes l a rg e  J b e s t  d e s c r ib e s  the 

q u a l i t a t i v e  behav io r  o f  the  t r a n s i t i o n s .  F igure  4 shows how the  o n s e t  

o f  very  l a r g e  hy p e r f in e  behav ior  depends on the  quantum number J 

r a t h e r  than Mj.

With the  excep t ion  o f  Cu^(?)  the  h y p e r f in e  i n t e r a c t i o n s  o f  the  

observed metal c l u s t e r s  were o f  e i t h e r  small o r  medium magnitude.

This  pe rm i t t ed  a n a l y s i s  o f  s p e c t r a  with  a power s e r i e s  expansion 

formula e x a c t l y  analogous  to  Eq. 15 with  J s u b s t i t u t e d  f o r  I .  Many 

o f  the  c l u s t e r s  observed  had s p e c t r a  which showed well r eso lved  

s u p e rh y p e r f in e  s t r u c t u r e .  Molecules with  groups o f  m a g n e t i c a l l y  

n o n - e q u iv a l e n t  n u c le i  a r e  d e s c r ib e d  by adding s u c c e s s iv e  hype r f ine  

i n t e r a c t i o n s  t o g e t h e r .  Equation 15 i s  r e w r i t t e n  f o r  the  case  o f  n 

e x a c t l y  e q u i v a l e n t  groups o f  n u c l e i .

H = He + A.| M.| + •■
+ A2 M2 3o

(17)

In t h i s  case  an ' e x a c t l y  e q u i v a l e n t '  group o f  n u c le i  means a group 

o f  n u c le i  c h a r a c t e r i z e d  by a s i n g l e  time independent  hy p e r f in e  

s p l i t t i n g  c o n s t a n t .  This  e q u a t io n ,  t r u n c a t e d  to  the  a p p r o p r i a t e  degree
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o f  acc u racy ,  w i l l  be used in l a t e r  s e c t i o n s  f o r  d e s c r ib i n g  the  s p e c t r a  

o f  s t a t i c  metal c l u s t e r s .

The l i n e  p o s i t i o n s  o f  some molecules  a r e  dependent  on hype r f ine  

c o n s t a n t s  which a r e  n o t  t ime inde penden t ,  and the  use o f  Eq. 17 i s  

i n c o r r e c t .  Time dependent  hy p e r f in e  c o n s t a n t s  occur  when the  molecu le ,  

o r  i t s  envi ronment,  undergoes a change which a f f e c t s  the  unpai red  spin  

d e n s i t y  a t  a p a r t i c u l a r  n u c l eu s .  These molecu les a r e  de s c r ib e d  us ing 

a t ime dependent  Hamiltonian which d e s c r i b e s  the  v a r io u s  c o n f i g u r a t i o n s  

which the  molecule assumes.  In ca se s  s tu d i e d  h e r e ,  the  molecu les  were 

d e s c r ib e d  by a "Jump" model which c o n s id e r s  only  the  i n d iv id u a l  meta­

s t a b l e  conformations  o f  the  m olecu le ,  each o f  which can be d esc r ibed
- 'V -

by a H a m i l t o n i a n , / / : .  This  r e s u l t s  in the  Hamiltonian

when each s t a t e  d e s c r ib e d  by jJ -. has an equal p r o b a b i l i t y  o f  e x i s t i n g
1

a t  a given i n s t a n t .  ^  i s  s imply Eq. 17 t r u n c a te d  to  the  nece ssa ry  

degree  o f  accuracy .  Equation 18 p r e d i c t s  the  resonance o f  molecules 

w ith  small hype r f ine s  to  occur a t  the  f i e l d  p o s i t i o n s  given by the 

r e s u l t s  c a l c u l a t e d  by Eq. 17 us ing  M, J and a va lues  c o n s i s t e n t  

w ith  n e q u i v a l e n t  n u c l e i .  The d e v i a t i o n  t h a t  the  observed l i n e s  

m a n i f e s t  as  h ighe r  o r d e r  e f f e c t s  become s i g n i f i c a n t  a r e  known as 

dynamic f requency s h i f t s .  These s h i f t s ,  most n o t i c e a b l e  in pseudo- 

r o t a t i n g  Na^ ( 1 2 ) have been d esc r ibe d  in d e t a i l  in s eve ra l  r e f e r e n c e s  

(41 -4 5 ) .
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I I I .  4. Lineshapes  and I n t e n s i t i e s

In p r i n c i p a l  th e  i n t e n s i t i e s  and l i n e s h a p e s  in ESR s p e c t r a  con ta in  

a w ealth  o f  in fo rm a t io n .  However, f o r  s p e c t r a  c on ta ined  h e r e ,  s ev e re  

o v e r l a p p in g ,  un reso lved  m a t r ix  and a n i s o t r o p i c  e f f e c t s  p reven ted  f u l l  

a n a l y s i s  o f  t h e  l i n e s h a p e s .  The most v a lu a b le  in fo rm at ion  o b ta in ed  

from the  l i n e s h a p e s  was q u a l i t a t i v e .  Symmetric,  f i r s t  d e r i v a t i v e - l i k e  

l i n e s h a p e s  a r e  i n d i c a t i v e  o f  i s o t r o p i c  a and g v a l u e s ,  a and g va lues  

a r e  in genera l  t e n s o r s .  With the  e x ce p t io n  o f  Ag^, a l l  s p e c t r a  

i n t e r p r e t e d  were well c h a r a c t e r i z e d  by i s o t r o p i c  a and g va lues  where
W  M  W

3  = a l  and g = g l .

The r e l a t i v e  i n t e n s i t y  o f  d i f f e r e n t  l i n e s  in an ESR s p e c t r a

a r i s e s  from th e  v a r i a b l e  degeneracy  o f  the  s t a t e s  g iv in g  r i s e  to  the

t r a n s i t i o n .  For a spectrum with  a small hy p e r f in e  s p l i t t i n g ,  where the 

d i f f e r e n t  J  va lues  a s s o c i a t e d  with  a s i n g l e  Mj le v e l  a r e  d e g e n e ra te ,  

the  i n t e n s i t y  d i s t r i b u t i o n  among d i f f e r e n t  Mj components i s  given by

the  c o e f f i c i e n t s  o f  th e  binomial  expans ion .

Dynamic p ro ces se s

Exchange o r  o t h e r  dynamic p rocess  may r e s u l t  in the  broadening 

o f  some s p e c t r a l  f e a t u r e s  whi le  l e a v in g  o t h e r s  unchanged.  These 

" a l t e r n a t i n g  l i n e w id th  e f f e c t s "  a r e  symptomatic o f  v a r io u s  changes 

in the  m o l e c u le ' s  geometry o r  sp in  s t a t e .  The genera l  p r i n c i p l e s  

have been well d e s c r ib e d  e lsewhere  (41 -4 5 ) .  The s p e c i f i c  cases  

encountered  in t h i s  work a r e  d i s c u s s e d  l a t e r .
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IV. SPECTRA AN!? ANALYSIS 

I V .1. k3

The i n i t i a l  exper iments  f o r  the  t h e s i s  were e f f o r t s  to  s y n th e s i z e  

t h e  potass ium t r i m e r .  The p rev ious  s y n t h e s i s  and i d e n t i f i c a t i o n  of  

i s o v a l e n t  Na3 (9) with  the  a v a i l a b l e  ap p a ra tu s  augered well fo r  

s u c c e s s .  K3 was i s o l a t e d  (46) and found to  be markedly s i m i l a r  to  the 

p r e v io u s ly  observed sodium t r i m e r .  The a n a l y s i s  o f  the  s p e c t r a  was 

s t r a i g h t f o r w a r d  and c l o s e l y  p a r a l l e l e d  the  a n a l y s t s  o f  Na3 » Also 

observed was an i som er ic  form o f  K3 , denoted p -  This molecule 

was th e  s u b j e c t  o f  a l i t e r a t u r e  r e p o r t  (46) which i s  r e p r i n t e d  in 

Appendix 1.

M atr ices  y i e l d i n g  predominantly K3 were formed by c o d ep o s i t in g  

argon and atomic po ta ss ium.  The argon-metal  r a t i o  was approx im ate ly  

100 : 1 , as  determined by comparing the  source  t e m pera tu re  with  the 

l i t e r a t u r e  va lues  f o r  th e  vapor p r e s s u r e  o f  the  metal  (28 ) .  During 

d e p o s i t i o n  the  spec t rom ete r* s  modulat ion c o i l s  were on (2-3 Gauss 

peak to  peak,  100 kHz) to  enhance c l u s t e r i n g ,  presumably by r a i s i n g  

th e  tem pera tu re  o f  the  d e p o s i t i o n  s u b s t r a t e  by j o u l e  h ea t ing  from 

eddy c u r r e n t s  ( 9 ) .

The m a t r i c e s  formed by t h i s  te chn ique  gave r i s e  to two i n t e n s e ,  

well r e so lv ed  ESR s p e c t r a ,  a s s igned  to  two forms o f  K3 , d e s ig n a ted  

s -  K3 and p -  K3 , in a d d i t i o n  to  l e s s e r  amounts o f  atomic potassium. 

The i n t e n s i t y  o f  th e s e  two s p e c t r a  show a pronounced tem pera tu re  

dependence.  The tem pera tu re  dependence f o r  each isomer i s  p l o t t e d  in 

Figure  1. At 19 K, where s -  K3 i s  most i n t e n s e ,  the  spectrum shown 

in Figure 2 i s  o b ta in e d .  A well r e so lv ed  s e p t e t  o f  q u a r t e t s  cen te red
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F ig . IV .1 Temperature Dependence o f  the s-K^ and p-K^ ESR Spectra
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Fig. IV .2 ESR Spectrum o f  s-K^

The ESR spectrum o f  s-K^ in an argon m a t r ix  a t  19 K is  denoted by the quantum numbers M = +3,

+2, .........  - 3 .  Also e v id e n t  are t r a n s i t i o n s  a r i s i n g  from atomic potassium in  two s i t e s ,  m = ±3 /2 ,

±1/2.  and from p-K^ with M* = +9/2 ,  +7/2 ,  ___  - 9 /2 .
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about  gg = 2 i s  a p p a re n t .  The absence  o f  t r a n s i t i o n s  co r respond ing  

to  a zero  f i e l d  s p l i t t i n g  o r  changes in the  e l e c t r o n  sp in  p r o j e c t i o n

(M^) o t h e r  than ±1 im p l ie s  t h a t  the  c a r r i e r  o f  t h i s  s p e c t r a  has a

d o u b le t  ground s t a t e  ( 5 ) .  The f i r s t  d e r i v a t i v e - l i k e  l i n e  shapes 

i n d i c a t e  t h a t  the  g and a t e n s o r s  a r e  predominantly i s o t r o p i c  (30 -3 5 ) .  

The s e p t e t  p a t t e r n ,  s p l i t  by about  39 g a u s s ,  a r i s e s  from th e  h y p e r f in e  

i n t e r a c t i o n  o f  the  unpa i red  e l e c t r o n  with  two e q u i v a l e n t  potassium

n u c le i  o f  sp in  3/2 (M = 1  ̂ + = 3/2 + 3 / 2 ,  = 3 , 2 , .......... - 3 ) .  The

i n t e n s i t y  d i s t r i b u t i o n  o f  the  s e p t e t  approximates  t h a t  expec ted  fo r  

two e q u i v a l e n t  I = 3/2 n u c l e i ,  ( 1 : 2 : 3 : 4 : 3 : 2 : 1 ) .  The q u a r t e t  p a t t e r n ,  

s p l i t  by about  5 gauss ,  a r i s e s  from an a d d i t i o n a l  potassium n u c le i  

(m = ±3/2,  ±1/2) with  a much s m a l l e r  h y p e r f in e  i n t e r a c t i o n .

Table 1 l i s t s  the  observed l i n e  p o s i t i o n s  and t h e i r  ass ignment.

The l i n e  p o s i t i o n s  c a l c u l a t e d  from th e  B re i t -R ab i  fo rmula ,  t r u n c a t e d  

to  f i r s t  o rd e r  (Sec I I ,  Eq. 17) f o r  both th e  hy p e r f in e  s p l i t t i n g  (M) 

and th e  su p e rh y p e r f in e  s p l i t t i n g  (m),  a r e  a l s o  in Table 1. The 

d i f f e r e n c e  between the  observed and c a l c u l a t e d  va lues  a r e  sm al l .

P o s s ib le  sources  o f  e r r o r  inc lude  unreso lved  a n i s o t r o p i c  c h a r a c t e r ,  

m a t r ix  e f f e c t s  and c a l i b r a t i o n  u n c e r t a i n t i e s .  Unresolved a n i s o t r o p i e s ,  

2nd o rd e r  e f f e c t s  p a r t i a l l y  l i f t i n g  th e  degeneracy o f  J ,  and m a t r ix  

e f f e c t s  may be r e s p o n s ib l e  f o r  the  observed 2-3 gauss l i n e w i d t h .  The 

magnitude o f  the  paramete rs  used ,  and t h e i r  expected  u n c e r t a i n t i e s  a r e  

in Table 2.

The s p e c t r a  of  th e  same m a t r ix  a t  25 K i s  shown in Fig .  3. At 

t h i s  t e m p e ra tu re ,  the  s p e c t r a  o f  s-K3 i s  a b s e n t  and the  i n t e n s i t y  o f  the 

p-K^ s p e c t r a  i s  a t  a maximum. As f o r  the  case  of  s-K^,  the  c a r r i e r  of



Fig .  IV .3 ESR Spectrum o f  p-K^

The ESR spectrum o f  p-K3 in  an argon m a tr ix  a t  25 K i s  denoted by the quantum numbers M' = +9/2

+ 7 /2 ................. - 9 / 2 .  Also e v i d e n t  a re  t r a n s i t i o n s  a r i s i n g  from atomic potassium in two s i t e s  (m = ±3/2

±1 /2 ) .  The c a l c u l a t e d  s t i c k  spectrum o f  s-K^ i s  a l s o  p l o t t e d  and denoted by the  quantum numbers 

M = +3, +2.................- 3 .

r He = 3312.2 GAUSS

M'= +9/2I +7/21 + 5 / 2 1 + 3 / 2 1 + I /2I -1/21 - 3 / 2 1 - 5 / 2 1 - 7 / 2 1 - 9 / 2 l  P~K

m =1+3/2
m =1+ 3 /2 1 +  1/2 1- 1/2

K
- 3 / 2 1 SITE n

- 3 /2 1 s i t e  nr

3 2 0 0  G 3250 3 3 0 0 3350 3 4 0 0 3 4 5 0  G
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Table IV .1 Comparison Between Measured and Ca lcu la ted F ie ld

P o s it io n  f o r  s-K^.

M m3 Experimental Ca lcu la ted D if fe ren ce s
Experimental

a3

+3 +3/2 3194.9 3195.0 - 0 .1 4 .7 (4 )

+1/2 3199.6 3199.7 - 0 . 1

- 1/2 3203.9 3204.4 - 0 .5

-3 /2 3209.0 3209.1 - 0 .1

+2 +3/2 3233.8 3233.9 - 0.1 4 .6 (2 )

+1/2 3238.4 3238.2 +0 . 2

- 1/2 3242.9 3242.9 0 .0

-3 /2 3247.3 3247.6 - 0 .3

+1 +3/2 3272.4

+1/2 3277.1

- 1/2 3281.8

-3 /2 3286.7 3286.5 +0 . 2

0 +3/2 3311.8

+1/2  • 3316.5

- 1/2 3321.2

-3 /2 3325.2 3325.9 - 0 .7

-1 +3/2 3350.0 3350.4 - 0 .4 4.9

+1/2 3355.1

- i /2 3359.8

-3 /2 3364.9 3364.5 +0.4

>2 +3/2 3389.7 3389.6 +0 .1 4 .5 (8 )

+1/2 3394.5 3394.3 +0 . 2

- 1/2 3398.9 3399.0 - 0 .1

-3 /2 3404.2 3403.7 +0.5

-3 +3/2 3429.0 3429.0 0 .0 4 .6 (2 )

+1/2 3434.0 3433.7 +0.3

- 1/2 3438.3 3438.4 - 0 .1

-3 /2 3443.0 3443.1 - 0 .1
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Table  IV.2 Magnetic Parameters  f o r  A lka l i  T r imers .

Matrix 3o a l  a2 
Gauss

1 2

Na3 ( I ) a Ar 2 . 0012 ( 12 ) 149.5(15) 22 .6 (10) 0.473 0.072

Na3 (11 ) a Ar 2 . 0012 ( 12 ) 153.0(15)  20 .3 (9) 0.484 0.064

s - K 3 Ar 1.9985(5) 39 .0 (3 )  ' 4 .7 (2 ) 0.474 0.057

s - K 3 Kr 2.001 38 4 .7 0.46 0.06

P - K 3 Ar 1.9990(5) 24 .5 (7 )

a
From Reference 9.

Comparison o f  Parameters  f o r  s-M3 and p-M3 •in Argon.

M 9 a (Gauss) ( a 2 ) ^ 2 (Gauss)

s-Na3 ( I ) 2 . 0012 ( 12 ) 92 .1 (8 )  ( c a l c ) 122 . 8 ( 12) ( c a l c )

( I I ) 2 . 0012 ( 12 ) 9 5 .2 (8 )  ( c a l c ) 125.5(12) ( c a l c )

( H I ) 2.0012 93.6 ( c a l c ) 123.9 ( c a l c )

s - K 3 1.9985(5) . 2 4 .4 (7 )  ( c a l c ) 32 (c a l c )

p-Na3 2.0012(3) 93 .2 (2 )  (obs) 122.0(30) (obs)

2 .0016(3) 95 .6 (2 )  (obs) 117.7(30) (obs)

2.0018(3) 94 .7(2 )  (obs) 121.1(30) (obs)

p - k 3 1.9990 24 .5 (7 )  (obs) ____a

a Not r e s o lv e d , the  ( a ^ ) ^  va lue  o f  32 c a l c u l a t e d  from the  s-K,j spectrum

p r e d i c t s 1 ine s h i f t s  o f  l e s s than a gauss .
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the  p-Kg s p e c t r a  i s  a d o u b l e t .  The spectrum i s  well de s c r ib e d  by i s o ­

t r o p i c  g and a v a l u e s .  The i n t e n s e  10 l i n e  spectrum a r i s e s  from t h r e e  

potass ium n u c l e i  which appea r  e q u i v a l e n t .  The observed t r a n s i t i o n s  a re  

a s s igned  to  M = ± 9 / 2 ,  ±7/2 ,  ±5/2 ,  ±3/2 ,  ±1/2 and l i s t e d  in Table 3.

The p o s i t i o n s  c a l c u l a t e d  with  the  1 s t  o rd e r  B re i t -R ab i  formula a r e  a l so  

l i s t e d .  The param ete rs  used a r e  in Table 2. The i n t e n s i t y  r a t i o  i s  

in  good agreement with  th e  p r e d i c t e d  1 :3 : 6 : 1 0 : 1 2 : 1 2 : 1 0 : 6 : 3 : 1  r a t i o  fo r  

t h r e e  e q u i v a l e n t  3/2 n u c l e i .  The absence of  su p e rh y p e r f in e  s t r u c t u r e  on 

any component s t r o n g l y ,  bu t  no t  a b s o l u t e l y ,  p rec lu d es  the  p o s s i b i l i t y  

o f  a d d i t i o n a l  n u c l e i .

The t em pera tu re  dependence o f  th e s e  s p e c t r a  d i f f e r s  f o r  d i f f e r e n t  

M components.  F igure  4 shows th e  s t r i k i n g  d i f f e r e n c e  between the 

s p e c t r a  taken a t  4 K and 32 K. Only the  ±7/2 ,  ±5/2 ,  ±1/2 components show 

any s i g n i f i c a n t  t e m p era tu re  dependence.  These components a r e  broadened 

s e v e r e l y  a t  4 K while  th e  ±3/2 and ±9/2 components remain unbroadened.  

This " a l t e r n a t i n g  l i n e w id th  e f f e c t "  has been well documented f o r  the  

case  o f  o rg an ic  r a d i c a l s  undergoing exchange (3 2 ,4 2 ) .  The d e t a i l s  o f  

t h i s  a l t e r n a t i n g  l i n e w id th  e f f e c t  have been r e p o r t e d  elsewhere (4 7 ,4 8 ) .  

These r e p o r t s  a r e  r e p r i n t e d  in Appendices 2 and 3.

IV. 2. P“Ma3

The p resence  of  a p se u d o ro ta t in g  potassium t r i m e r  c o - e x i s t i n g  with 

the  s t a t i c  t r i m e r  prompted f u r t h e r  work on the  sodium/argon system.

Four f e a t u r e s ,  p r e v io u s l y  u n i d e n t i f i e d ,  were found to  be well 

d e s c r ib e d  by an "Extreme A l t e rn a t in g  Linewidth E f fe c t "  ( 9 ) .  This 

e f f e c t  i s  analogous to  the  a l t e r n a t i n g  l i n e w id th  e f f e c t  observed in 

potassium excep t  t h a t  t h e  1inebroaden ing  o f  the  ±7/2 ,  ±5/2 and ±1/2
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Table IV .3 Comparison Between Measured and Ca lcu la ted F ie ld  P os it ion

f o r  p-Kg

M H(meas)
Gauss

H(calc)
Gauss

D if f

9/2 3208.7 3208.9 - 0 .2

7/2 3234.3 3233.2 +1.1

5/2 3258.1 3257.6 +0.5

3/2 3281.8 3282.1 - 0 .3

1/2 3306.9 3306.6 +0.3

- 1/2 3331.0 3331.1 - 0 .1

-3 /2 3354.9 3355.6 -0 .7

-5 /2 3379.4 3380.1 -0 .7

-7 /2 3404.1 3404.7 - 0 . 6

- 9 /2 3429.2 3429.4 - 0 .2



Fig.  IV.4 Temperature Dependence o f  the  p-K^ ESR Spectrum

The ESR spectrum o f  p-K^ in  argon a t  34.2 K and 4 .2  K. The s t i c k  spectrum a t  the  bottom o f  the  f i g u r e  

p ropo r t iona l  to the expected  i n t e n s i t y  d i s t r i b u t i o n  f o r  t h r e e  e q u i v a l e n t  I = 3/2 n u c l e i .  Also apparen t  a re  

t r a n s i t i o n s  from atomic po tass ium. He = 3312.2 Gauss i s  the  t r a n s i t i o n  f i e l d  fo r  the  f r e e  e l e c t r o n .

- 3 / 2+  1/2m= 11 1 + 3 /2

3 4 .2  K

He = 33 I2 .2G
4 .2  K

m '=  + 9 /2  + 7 /2  + 5 /2  + 3 /2  + 1 /2  - 1 /2  - 3 / 2  - 5 / 2  - 7 / 2  - 9 / 2

3200G | ' 32501 3 3 0 0 1 3 3 5 0 1 3 4 0 0 1 3 4 5 0  G|
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components i s  ex t remely  seve re  and broadens th e s e  l i n e s  beyond r e c o g n i ­

t i o n  over the  e n t i r e  working tem pera tu re  range o f  the  argon m a t r ix .

The observed and c a l c u l a t e d  l i n e  p o s i t i o n s  a r e  in Table 3. The 

magnetic paramete rs  used a r e  inc luded  in Table 2. A d e t a i l e d  a n a l y s i s  

has been r e p o r te d  (9) and i s  r e p r i n t e d  in Appendix 4.

IV. 3. Na?

Experiments analogous  to  the  and Ma  ̂ exper iments  were conducted 

us ing  a l k a l i  c o n c e n t r a t i o n s  3 to  5 t imes g r e a t e r  (49 ) .  For the  case  o f  

sodium de p o s i t e d  in a rgon ,  th e  spectrum recorded  a t  30 K i s  shown in 

F ig .  5. As in the  ca s e  o f  K^, th e  s p e c t r a  a r i s e  from a do u b le t  ground
Mi

s t a t e  with  s u b s t a n t i a l l y  i s o t r o p i c  g and a t e n s o r s .  The seven major 

g roups ,  as  f o r  s-K^,  i n d i c a t e s  two e q u i v a l e n t  sodium n u c l e i .  The 

observed o r i g i n s  a r e  t a b u l a t e d  in Table 4,  as  a r e  the  va lues  c a l c u l a t e d  

from the  B re i t -R ab i  e x p r e s s i o n ,  c o r r e c t  to  the  3rd o r d e r .  The agreement 

i s  e x c e l l e n t .  The paramete rs  used a r e  l i s t e d  in Table 5. Not shown in 

F ig .  5 i s  th e  ass ignment o f  a 2nd m a t r ix  s i t e .  The i n t e n s i t y  d i s t r i b u ­

t i o n  among the  major  groups approximates  t h a t  expec ted  f o r  two e q u i v a l e n t  

sp in  3/2 n u c l e i  ( 1 : 2 : 3 : 4 : 3 : 2 : 1 ) .

Each group shows a f u r t h e r  s p l i t t i n g  o f  a t  l e a s t  16 l i n e s  from a t  

l e a s t  f i v e  a d d i t i o n a l  n u c l e i .  F igure 6 shows t h i s  s u pe rhyper f ine  

s t r u c t u r e  f o r  each component.  The above-mentioned s i t e  s t r u c t u r e  i s  

c l e a r l y  marked. Parameters  used to  a s s ig n  th e se  t r a n s i t i o n s  with  the  

f i r s t  o rd e r  B re i t -R ab i  formula a r e  l i s t e d  in Table 5. F ig u re  7 shows 

high s i g n a l - t o - n o i s e  scans  o f  the  extrema o f  the  M = ±3 components.
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Table IV .4 Comparison Between Measured and Ca lcu la ted  F ie ld

P o s it io n s  f o r  Sodium C lu s te rs ,  S i te  I .

M J H(meas)
Gauss

H(calc)
Gauss

D i f f . a

+3 3 2956.6 2956.3 +0.3 6 . 8 ( 1 )

+2 2 3077.0 3076.6 +0.4 6 .7 (1 )

3 3063.6 3064.0 - 0 .4 6 . 6 ( 1 )

+1 1 3196.9 3196.8 +0 .1 6 .7 (1 )

2 3188.4 3188.5 - 0 .1 6 . 6 ( 2 )

3 3175.3 3175.8

LO•o1 6 .5 (1 )

0 0 3317.5 3317.1 +0.4 6 .7 (1 )

1 3312.5 3312.9 - 0 .4 6 .5 (1 )

2 3304.2 3304.5 - 0 .3 6 . 6 ( 1 )

3 3290.8 3291.7 1 O lo 6 . 6 ( 1)

-1 1 3433.6 3433.3 +0.3 7 .0 (1 )

2 3424.9 3424.8 +0.1 6 . 6 ( 1 )

3 341.7 3412.2 -0 .5 6 . 6 ( 1 )

-2 2 3549.6 3549.3 +0.3 6 . 6 ( 1 )

3 3536. 3536.7 -0 .3 6 . 6 ( 1 )



Table IV.5 Magnetic Parameters  f o r  A lka l i  C lu s te r s
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Matrix  gQ a^ ±82 ±P^

Gauss

Na? Ar(I)  1.9994(2)  118 .2(2)  6 .7 (1 )  0 .37 0.021

A r ( I I )  ' 2 .0023(4) 116.5(5)

Na? N2 2 .0023(6)  110.7(5) 6 .8 (1 )  0.35 0.022



Fig.  IV.5 ESR Spectrum o f  Na^

The ESR spectrum o f  Na^ in an argon ma tr ix  a t  32 K. Each o f  the  seven major groups denoted by the

quantum number M = +3, +2...............-3 a r i s e s  from two e q u i v a l e n t  n u c l e i .  The s u perhyper f ine  s t r u c t u r e  from

a group o f  a t  l e a s t  f i v e  a d d i t i o n a l  n u c l e i .  Also ap p a re n t  a re  t r a n s i t i o n s  from atomic sodium, pseudo- 

r o t a t i n g  Na^ and background s i g n a l s  from the sap p h i re  d e p o s i t i o n  s u r f a c e .

Na

P - N a

13100 I37QO G13500 1360013400
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Fig .  IV.6 D e t a i l s  o f  the  Major F ea tu re s  o f  Na7

High r e s o l u t i o n  ESR s p e c t r a  o f  each major component o f  Na7 

(F ig .  IV.5) showing the  d e t a i l e d  s t r u c t u r e  from h ighe r  o rd e r  e f f e c t s  

and m u l t i p l e  s i t e s .
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Fig .  IV.7 High Signal  to  Noise Spec t ra  o f  Na7

High s igna l  to  n o i s e  s p e c t r a  o f :  a) the  low f i e l d  extrema o f  the

M̂ = +3 group,  b) the  high f i e l d  extrema o f  the  M̂ = -3 group.
(a)  m , =+ 3

+  13 + 9. +  7

( b )  M, = -  3

M2

Na

10 G auss
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These scans i l l u s t r a t e  th e  u n c e r t a i n l y  in de te rm in ing  the  number o f  

nu c le i  c o n t r i b u t i n g  to  t h e  s u p e rh y p e r f in e  s t r u c t u r e .  I f  more than 

f i v e  n u c le i  a r e  in v o lv ed ,  a ±17/2 component must be p r e s e n t ,  w ith  an 

i n t e n s i t y  approx im ate ly  1/3 t h a t  o f  the  M = ±15/2 component.  I n s u f f i ­

c i e n t  s i g n a l - t o - n o i s e  p reven ted  the  o b s e rv a t i o n  o f  a ±17/2 l i n e .

In Fig .  7b,  a p r e v io u s l y  unobserved l i n e  a s s o c i a t e d  with  Na^ obscures  

the  reg ion  o f  i n t e r e s t .  E f f o r t s  to  s igna l  average  f o r  l o n g e r  pe r iods  

o f  t ime were n o t  s u c c e s s f u l  due to  " j i t t e r "  in th e  f i e l d  scan c i r c u i t r y .

An a n a l y s i s  o f  the  i n t e n s i t y  d i s t r i b u t i o n  was c a r r i e d  o u t  in an 

a t tem p t  to  de te rm ine  t h e  number o f  n u c l e i  r e s p o n s i b l e  f o r  th e  s u p e r ­

h y p e r f in e  s t r u c t u r e .  S t i c k  p l o t s  o f  i n t e n s i t i e s  p r e d i c t e d  f o r  3,  5, 7, 

and 9 n u c l e i  were made and compared with  the  e x p e r i m e n t a l l y  de termined  

p l o t s .  The envelopes  o f  t h e s e  p l o t s  a r e  shown in Fig .  8 and 9 f o r  the  

M = +0 and M = +3 components r e s p e c t i v e l y .  While th e s e  p l o t s  do suppor t  

the  ass ignment  o f  the  s m a l l e s t  number o f  n u c l e i  c o n s i s t e n t  with  the  

observed Shf ,  they  a r e  s u f f i c i e n t l y  u n c e r t a i n  to  p re c lu d e  d e f i n i t i v e  

ass ignment .

The exper iment was r e p ea ted  in a n i t r o g e n  m a t r ix  with  s i m i l a r  

r e s u l t s ,  though com pl ica ted  by the  p resence  o f  an a d d i t i o n a l  spect rum. 

The paramete rs  o b ta in ed  a r e  l i s t e d  in  Table  5. The l i t e r a t u r e  r e p o r t  

o f  t h i s  c l u s t e r  i s  r e p r i n t e d  in Appendix 5.

IV. 4. Group IB Metal Atoms

The second s t a g e  o f  th e s e  exper iments  was an e f f o r t  to  s y n th e s i z e  

Group IB metal c l u s t e r s .  The des ign  o f  the  n ece ss a ry  metal source  

i s  d e s c r ib e d  in d e t a i l  in Sec.  I I I .  5. ESR s p e c t r a  o f  m a t r ix  i s o l a t e d
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Fig .  IV.8 Observed versus  C a lc u la t e d  I n t e n s i t y  D i s t r i b u t i o n  o f  the 

M = 0 Component o f  Na^

The exper imenta l  r e s u l t s  a re  given by the s o l i d  cu rve .  See t e x t  fo r  

an e x p l a n a t i o n  o f  the  c a l c u l a t e d  v a l u e s .



89

Fig .  IV.9 Observed versus  C a lc u la t e d  I n t e n s i t y  D i s t r i b u t i o n  o f  the

M = +3 Component o f  Na^

The exper imenta l  r e s u l t s  a r e  given by the  s o l i d  cu rve .  See t e x t  f o r  

an e x p l a n a t i o n  o f  the  c a l c u l a t e d  v a lu e s .

M = + 3

I
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Group IB metal atoms have been r e p o r t e d  by Kasai and McLeod (37 ) .  This  

work was reproduced in t h i s  l a b o r a t o r y  to  p rov ide  a check o f  va r ious  

exper imenta l  p o i n t s .

A d e p o s i t i o n  o f  gold in argon (gas-meta l  r a t i o  'vlOO) produced the
2

spectrum in Fig .  10. The fo u r  t r a n s i t i o n s  expec ted  from a S atom with  

n u c l e a r  spin  3/2 a r e  c l e a r l y  e v i d e n t .  The i n c r e a s i n g  s p l i t t i n g  towards 

the  high f i e l d  s id e  a r i s e s  from th e  l a r g e  h ighe r  o rd e r  e f f e c t s .  The 

s i g n a l - t o - n o i s e  r a t i o  i s  e x c e l l e n t ,  approx im ate ly  1000:1,  a f a c t o r  of  

10 g r e a t e r  than t h a t  commonly encounte red  f o r  the  o t h e r  metal atoms 

observed .

A spectrum o f  s i l v e r  atoms in argon i s  in Fig .  11. The high and 

low f i e l d  l i n e s  a r e  s e p a ra t e d  by ^-650 Gauss. The two l i n e s  from each 

s i l v e r  i s o to p e  (I  = 1/2)  a r e  c l e a r l y  r e s o lv e d .  Also p r e s e n t  i s  a 

f u r t h e r  small s p l i t t i n g  o f  about  3 Gauss.  This p r e v io u s ly  unrepor ted  

s t r u c t u r e  i s  o f  unknown o r i g i n .

F igure  12 shows the  ESR s p e c t r a  o f  copper in argon a f t e r  a 200 min 

d e p o s i t i o n  a t  an a rgonrcopper  r a t i o  o f  500. In a d d i t i o n  to  the  two 

l i n e s  from each i s o t o p e ,  numerous s a p p h i r e  l i n e s  a r e  a p p a re n t .  (The 

s t rong  d o u b le t  immediate ly  downfie ld  from Cu (NMR) i s  the same as the 

d o u b le t  downfie ld  from M = 3/2 in Fig .  1, th e  d i f f e r e n c e  in s i g n a l - t o -  

n o i s e  i s  q u i t e  a p p a r e n t ) .  Since both  i s o to p e s  o f  Cu a r e  S with I = 3 /2 ,  

th e  o b s e rv a t io n  o f  two r a t h e r  than fo u r  t r a n s i t i o n s  f o r  each i s o to p e  

i n d i c a t e  t h a t  two t r a n s i t i o n s  a r e  i n a c c e s s i b l e  a t  X band.  To confirm 

t h a t  the  f i e l d  l i n e s  o r i g i n a t e  from an NMR type  t r a n s i t i o n  r a t h e r  than 

an ESR ty p e ,  a d i s p e r s i o n  spectrum was recorded  (F ig .  13).  The d i s ­

pe r s io n  spectrum, which i s  s e n s i t i v e  to  the  s ign  o f  the  magnetic moment,
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Fig .  IV.10 ESR Spectrum o f  Gold Atoms

The ESR spectrum o f  gold atoms i s o l a t e d  in  an argon m a t r ix  a t  4 K. 

The o v e r a l l  scan i s  5000 Gauss and c e n t e rd  about  g = 2.

Au

Au
Au

IIOOO G 12000G 13 0 0 0 G |4000G
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Fig.  IV .11 ESR Spec t ra  of  S i l v e r  Atoms

ESR s p e c t r a  o f  s i l v e r  atoms i s o l a t e d  in  argon a t  4 K. The high 

and low f i e l d  d o u b le t s  a r e  s p l i t  by about  650 gauss .  Each d o u b le t  

i s  due to  the  p resence  o f  two i s o to p e s  o f  s i l v e r .  The s t r u c t u r e  

a p p a re n t  on each l i n e  i s  o f  unknown o r i g i n .

109 107.
Ag Ag

LOW FIELD ATOM LINES

LINES

107.

HIGH FIELD ATOM LINES



Fig. I V . 12 ESR Spectra o f  Copper Atoms

ESR spectrum o f  copper atoms i s o l a t e d  in  an argon m a tr ix  a t  4 K. Each doub le t  i s  due to  the  presence  

o f  two i s o to p e s  o f  copper.  The spectrum i s  7000 Gauss wide and cen te red  about  g = 2.

63.
65
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50 6 1750 G 3500 G 5250



F ig . IV .13 ESR Spectrum o f  Copper Atoms - D ispersion Mode

ESR spectrum o f  copper atoms i s o l a t e d  in an argon m a tr ix  a t  4 K with  the microwave br idge  tuned 

to  d e t e c t  the  d i s p e r s io n  component o f  the resonance .  The spectrum i s  7000 Gauss wide and cen te red  

about  g = 2 .

63,

BACKGROUND

BACKGROUND 65,

6563

| 50  G_____________ 11750 G___________ [35 00  G 15250 G
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conf irms  the  as s ignm en t .  Both the  a b s o r p t i o n  and d i s p e r s i o n  s p e c t r a  

a r e  the  same as th ose  r e p o r t e d  by Kasai (37 ) .

IV.5. Ag3

When s i l v e r  was d e p o s i t e d  in n i t r o g e n  m a t r i c e s  f o r  4 hours with  a 

gas /m etal  r a t i o  o f  200 a weak, poor ly  r e s o lv e d  s p e c t r a  i s  a p p a re n t .  

Annealing o f  the  m a t r i c e s  causes  a d ram a t ic  improvement in r e s o l u t i o n .

The s p e c t r a  in F ig .  14 shows th e  w e l l - r e s o l v e d  p e rp e n d i c u la r  f e a t u r e s  

o f  Ag3 . Also p r e s e n t  a r e  the  p a r a l l e l  l i n e s  c h a r a c t e r i s t i c  o f  an a n i s o ­

t r o p i c  g a n d /o r  a v a l u e .  A comple te a n a l y s i s  w i l l  be p resen ted  e lsewhere 

(1 4 ) ,  only  the  p a r a l l e l  f e a t u r e s  w i l l  be d e s c r ib e d  h e re .  The s p e c t r a  is  

c o n s i s t e n t  with  a t r i m e r  c o n t a in in g  a s i n g l e  sp in  1/2  nu lceus  c a r r y i n g  

most o f  the  unpai red  s p i n .  The remaining two e q u i v a l e n t  n u c l e i  each 

c a r r y  a s m a l l e r  amount o f  the  s p in .  Because s i l v e r  has a small n u c l e a r  

s p i n ,  th e  s p e c t r a  c o n s i s t s  o f  only  s i x  l i n e s .  This  pe rm i ts  the  r e s o l u ­

t i o n  and ass ignment o f  the  d i f f e r e n t  i s o t o p i c  com bina t ions ,  i . e . ,

^ A g - j ,  ^ 9Ag3 , ^ A g g ^ A g ,  . The i n t e n s i t y  d i s t r i b u t i o n  i s  as

e xpec ted .  These exper iments  were r e p ea ted  with  i s o t o p i c a l l y  pure ^ A g  

to  conf irm th e  ass ignment and permi t  r e s o l u t i o n  o f  the  p a r a l l e l  

f e a t u r e s .  The observed  s p e c t r a  i s  g r o s s l y  d i f f e r e n t  than t h a t  ass igned  

to  Ag^ in  an deu te robenzene  m a tr ix  (50 ) .

Observed l i n e  p o s i t i o n s  a r e  compared with  th ose  c a l c u l a t e d  from a 

2nd o rd e r  B re i t -R ab i  formula in Table  6 . Parameters  used a r e  l i s t e d  

in Table 7. The r a t i o  o f  the  d i f f e r e n t  h y p e r f in e  c o n s t a n t s  ass igned  

to  d i f f e r e n t  i s o t o p i c  combinat ions  i s  c o n s i s t e n t  with  the  d i f f e r e n c e  in 

the  n u c l e a r  magnet ic moments, as  expec ted .  (These s p e c t r a  d i f f e r  r a d i ­

c a l l y  from those  p r e v io u s l y  re p o r te d  by Howard (5 0 ) .  These s p e c t r a ,



F ig . IV .14 ESR spectrum o f  Ag^

ESR spectrum o f  Ag^ i s o l a t e d  in a n i t r o g e n  m a t r ix  a t  4 K. The 

d i f f e r e n t  i s o t o p i c  combinations  a r e  re so lved  and a re  denoted by the  

n o t a t i o n  107-107-107,  107-107-109,  ............

1109

1107

I 107

107-107-107

107-107-109 109-107-109

109-107-109

109-109-109

109-109-107107-109-109 

I 107-109-107

3000 G! 32001__________34001________3600 G[
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Table IV .6 Observed vs. Calcu lated f o r  A g ^

Hyperf ine S t r u c t u r e

M H(obs) H(calc)

107AgAg2 +1/2 3230.4 3230.5

- 1/2 3564.5 3564.7

109AgAg2 +1/2 3202.6 3202.7

- 1/2 3587.1 3587.1

Superhyper f ine  S t r u c t u r e  (Lowfield Group)

M2 H(obs) H(calc) D i f f .

109-109-109 +1 3116.3 3116.2 0 .1

-1 3291.4 3290.5 - 0.1

109-107-109 +1 3144.3 3144.1 +0 . 2

-1 3318.5 3318.3 +0 .2

109-109-107 +1 3122.2 3122.2 +0 .1

-1 3284.6 3284.8 - 0 .2

109-107=107 +1 3150.0 3150.0 0

-1 3312.6 23312.6 0

107-109-107 +1 3129.1 3128.2 0.9

-1 3278.0 3278.1

r-4•
o
1

107-107-107 +1 3157.5 3156.0 - 1.5

-1 3306.0 3306.0 0

C alcu la ted  us ing  the  paramete rs  in Table IV .6 .
2

M = 0 components were no t  as well r e so lved  as M = ±1 components.
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Table IV.7 Magnetic Parameters  f o r  Ag^

107Ag 109 Ag

g 2.0526 2.0526

a0 317.2 Gauss 364.7 Gauss

a3 73.3 G 85.0  G

For th e s e  exper im en t s ,  t h e  f r e e  e l e c t r o n  resonance  i s  a t  3322.3 gauss .
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ob ta in ed  in an deu te robenzene  m a t r ix  imply a d i f f e r e n t  ground s t a t e  f o r  

Ag3 . )

IV. 6 . Cu3 (? )

A l a r g e  number o f  exper iments  w i th  copper  in v a r io u s  m a t r i c e s  were 

conducted .  Several  c o p p e r - c o n t a in i n g  molecu le s  were s y n th e s iz e d  a l though  

few were d e f i n i t i v e l y  a s s ig n e d .  One s p e c i e s ,  formed when copper-  

co n t a in in g  n i t r o g e n  m a t r i c e s  a r e  annea led  to  <35 K, c l e a r l y  c o n s i s t s  of

more than two copper n u c l e i ,  as  ev idenced  by the  l a r g e  number o f  l i n e s .

6 3Figure 15 shows the  spectrum a t t a i n e d  with  i s o t o p i c a l l y  pure Cu, the  

spectrum o b ta in ed  us ing  the  n a t u r a l l y  o c c u r r in g  i s o to p e  i s  s i m i l a r  bu t  

more complex.  The spect rum c o n s i s t s  o f  a l a r g e  number o f  groups ,  most 

o f  which show a s i m i l a r  s u p e rh y p e r f in e  s p l i t t i n g  (F ig .  16) .  E f f o r t s  to 

a s s ig n  t h i s  s p e c t r a  were u n s u c c e s s f u l .

IV. 7. Copper Adducts o r  S i t e  E f f e c t s

Despite a c a r e f u l  s ea rch  f o r  Cu^ in an argon m a t r i x ,  no s t rong  

ev idence  o f  copper c l u s t e r s  was found.  A wide range o f  d e p o s i t i o n  

c o n d i t i o n s  was employed (F ig .  17) .  One c a r r i e r  r e a d i l y  sy n th e s iz e d  i s  

CuX (F ig .  18).  The i n t e n s i t y  o f  t h i s  spectrum was g r e a t e s t  in e a r l i e r  

exper iments  us ing  th e  f i r s t  g e n e r a t io n  high te m pera tu re  s o u rce .  In 

l a t e r  exper iments  us ing  th e  second g e n e r a t i o n  source  the  s p e c t r a  

a s s igned  to  CuX were much l e s s  i n t e n s e .  S ince  the  major d i f f e r e n c e  

between the  two sou rces  was the  s t a n d a rd  o f  vacuum i n t e g r i t y ,  CuX is  

t e n t a t i v e l y  a s s ig n ed  to  an im pur i ty  complex with  copper .  The n a t u re  of  

X i s  unknown.

Another spectrum f r e q u e n t l y  observed  in argon m a t r i c e s  i s  shown in 

Fig.  19. One p o s s i b l e  exp lana ton  o f  t h i s  spectrum i s  t h a t  i t  i s  from



IV .15 ESR Spectrum o f  a Copper C lu s t e r

ESR spectrum a t t r i b u t e d  to  a copper c l u s t e r  in  a n i t r o g e n  m a t r ix  a t  20 K. I s o t o p i c a l l y  pure copper 

to  s i m p l i f y  the  spec trum.  The o v e r a l l  spectrum i s  8000 Gauss wide.

6  3 6 3
Cu (NMR) Cu(ESR)

6 3
C u / N , (  T  = 2 0 K )

0  I IOOO I 20001  3 0 0 0 |  4 0 0 0 1  5 0 0 0 |  6 0 0 0 |  7 0 0 0 1  8 0 0 0 1

GAUSS



F ig . IV .16 D e ta i ls  o f  the ESR Spectrum o f  a Copper C lu s te r

P o r t io n s  o f  F ig .  IV .15 e n l a r g e d  t o  show th e  s u p e rh y p e r f in e  

s t r u c t u r e .  Each s e c t i o n  i s  1000 Gauss wide.

/ V V Y 1'
Background

100 Gauss
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Fig .  IV .17 Summary o f  D ep o s i t io n  C ond i t ions  f o r  Copper-Argon 

Exper iment

D ep o s i t io n  c o n d i t i o n s  used in  t h e  a t t e m p te d  s y n t h e s i s  o f  Cu^ 

in  a rg o n .  The d e p o s i t i o n  t e m p e ra tu r e  i s  t h e  t e m p e ra tu r e  o f  th e  lower 

p a r t  o f  th e  hel ium dewar and microwave c a v i t y  d u r in g  d e p o s i t i o n .
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F ig . I V . 18 Spectrum o f  CuX

This  ESR spectrum o f  CuX in  argon  was most  a p p a r e n t  in exper iments  

u s ing  th e  f i r s t  g e n e r a t i o n  so u rc e .

s
CuX

CuX
CuX

0  G 200 4 0 0 600 G

63 65

CuXCuX

5200 G 5 4 0 0 5600 5800 G



63,Cu(NMR)

Cu(ESR)
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Fig .  IV .19 Unassigned Copper Spectrum

The f e a t u r e  marked "A" and "B" were observed  when copper  was d e p o s i t e d  in  a rg o n .  The i n s e t  

shows the  atom l i n e s  with  the  ga in  reduced by a f a c t o r  o f  1 0 0 .
O
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copper atoms t rapped  in unusual s i t e s ,  such as the  amorphous reg ions  o f  

the  a rgon .  S pec t ra  o f  copper  atoms in  neon m a t r i c e s  g ive  r i s e  to 

complex p a t t e r n s  which have been a t t r i b u t e d  by Kasai (37) to  atoms 

t rapped  in an amorphous r e g io n .  This  spectrum d i s a p p e a r s  a f t e r  the  

s l i g h t e s t  a n n e a l in g .  A s i m i l a r ,  though weaker,  spectrum o f  copper  in 

krypton was observed a f t e r  annea l ing  to  25 K.

IV. 8 . Na5 (?)

During the  work on Na^ in  n i t r o g e n  m a t r i c e s  an a d d i t i o n a l  spectrum 

was observed .  This spectrum became a p p a re n t  dur ing  annea l ing  a t  25-26 K. 

The 16 groups o f  t r a n s i t i o n s  have an i r r e g u l a r  45-50 Gauss s p l i t t i n g .  

While 16 groups a r e  c o n s i s t e n t  with  f i v e  sp in  3/2  n u c l e i ,  the  a n o m a l i s t i c  

p a t t e r n  p reven t s  a ss ignm en t .
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F ig . IV .20 Spectrum o f  Nag (?)

The ESR spectrum shown i s  ob ta ined  when sodium i s  d e p o s i t e d  in a 

n i t r o g e n  m a t r ix .  The number o f  major  f e a t u r e s  (16) i s  c o n s i s t e n t  and 

may a r i s e  from a molecu le  with  f i v e  e q u i v a l e n t  I = 3/2  n u c l e i .  The 

i r r e g u l a r  p a t t e r n  i s  n o t  unders tood .

r Na,

3 0 0 0  G 3 2 0 0 3 4 0 0 3 6 0 0  G
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V. INTERPRETATION

V. 1. I n t ro d u c t io n

Each spectrum in  th e  p rev ious  s e c t i o n  i s  c h a r a c t e r i z e d  by a unique 

s e t  o f  l i n e s .  The l i n e  p o s i t i o n s  a r e  determined by the  h y p e r f in e  

c o n s t a n t s  and the  g v a l u e .  Each l i n e  i s  f u r t h e r  c h a r a c t e r i z e d  by i t s  

i n t e n s i t y  and l i n e s h a p e .  The in fo rm at ion  can be used in con junc t ion  

with  b as ic  chemical and phys ica l  p r i n c i p l e s ,  such as s imple m olecu la r  

o r b i t a l  th e o ry  and the  J a h n - T e l l e r  e f f e c t  to  p rovide  an overview o f  

th e  ground s t a t e  p r o p e r t i e s  o f  metal c l u s t e r s .  When p o s s i b l e ,  con­

c l u s i o n s  a r e  compared with  th e  r e s u l t s  o f  the  most s o p h i s t i c a t e d  

c a l c u l a t i o n s  a v a i l a b l e .  With the  excep t ion  o f  Ag^, a l l  metal c l u s t e r  

s p e c t r a  i n t e r p r e t e d  have i s o t r o p i c  c h a r a c t e r .  The a n a l y s i s  o f  the  

a n i s o t r o p i c  f e a t u r e s  o f  Ag^ i s  in p r e p a r a t i o n .

The h y p e r f in e  v a lu es  ob ta ined  from the  s p e c t r a  p rovide  the 

r e l a t i v e  d i s t r i b u t i o n  o f  th e  unpai red  e l e c t r o n  over  the  d i f f e r e n t  

n u c le i  in th e  molecu le .  The comparison o f  h y p e r f in e  va lues  o f  d i f f e r e n t  

molecule s  i s  done by s c a l i n g  the  observed  h y p e r f in e  va lue  with  t h a t  o f  

th e  atomic  gas phase v a l u e .  The use o f  the  atomic gas phase va lue  to  

normal ize  the  h y p e r f in e  s p l i t t i n g  does i n t ro d u c e  the  p o t e n t i a l  f o r  

e r r o r .  O rb i ta l  c o n t r a c t i o n ,  e l e c t r o n  c o r r e l a t i o n  and m a tr ix  e f f e c t s  

a l l  change when the  molecu le  i s  formed from the  p r e c u r s o r  atoms.  The 

assumption t h a t  th e s e  e f f e c t s  a r e  s i m i l a r  f o r  d i f f e r e n t  molecu les  may 

n o t  be s t r i c t l y  v a l i d .  The use o f  gas phase da ta  as a s c a l i n g  f a c t o r  

does p rov ide  a r ea sonab ly  c o n s i s t e n t  method f o r  comparing the  p r o p e r t i e s  

o f  d i f f e r e n t  c l u s t e r s .  Unless o th e rw is e  no te d ,  a l l  sp in  pop u la t io n s  

here  a r e  r e f e r e n c e d  to  gas phase h y p e r f in e  s p l i t t i n g .  Throughout t h i s
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c h a p t e r  the  n o t a t i o n  used i s  t h a t  f o r  r e f e r s  to  the  sp in  popu la t ion  

on two e q u i v a l e n t  n u c l e i .  Pg r e f e r s  to  each o f  th e  remaining n u c l e i ,  

p i s  the  average  sp in  popu la t ion  on each n u c l e i .  This  n o t a t i o n  i s  

s l i g h t l y  d i f f e r e n t  from t h a t  used in r e f e r e n c e s  41,  46,  47 and 48 

( r e p r i n t e d  he re  as Appendices 1 , 2 , 4 ,  and 5) where p and p_ a r e  usedU O
in s t e a d  o f  p^ and p^.

The g -va lue s  o f  th e s e  m o lecu le s ,  with  the  excep t ion  o f  Ag^ which 

shows s i g n i f i c a n t  a n i s o t r o p i e s ,  a r e  very  c l o s e  to  the  f r e e  e l e c t r o n  

v a l u e .  These small n e g a t iv e  g - s h i f t s  in c r e a s e  along the  s e r i e s  L i ,  Na,

K f o r  both t r i m e r s  and septamers  and may be i n d i c a t i v e  o f  the  i n c r e a s e  

in the  s p i n - o r b i t  coup l ing  c o n s t a n t .  Low ly ing  e x c i t e d  s t a t e s  o r  m a t r ix  

e f f e c t s  may a l s o  be r e s p o n s i b l e .  Since m a t r ix  e f f e c t s  o f  t h i s  magnitude 

a r e  r o u t i n e l y  e ncoun te red ,  no a t t e m p t  to  i n t e r p e t  th e s e  s h i f t s  i s  made.

This s e c t i o n  i s  a r ranged  in t o  two p a r t s .  1) Metal t r i m e r s ,

2) Na^. The s p e c t r a  o f  Na^( ? ) ,  Cu^(?)  and the  Group IB atoms and 

adduc ts  a r e  n o t  i n t e r p r e t e d  h e r e .

V. 2. Trimers

Several  metal c l u s t e r  t r i m e r s  have been observed and i n t e r p r e t e d  

dur ing  th e  course  o f  t h i s  p r o j e c t .  Two isomers o f  K g ,  s-Kg and p - K g  

were observed .  A p r e v io u s l y  un repor ted  isomer o f  Nag, p-Nag was s t u d i e d .  

Agg was observed  and th e  major f e a t u r e s  have been i n t e r p r e t e d .  Although 

a d d i t i o n a l  work remains to be done,  the  s p e c t r a l  pa ramete rs  ob ta ined  

a r e  s u f f i c i e n t  f o r  de te rm in ing  th e  ground s t a t e .

Summarized in Table I a r e  th e  i s o t r o p i c  spin  p o p u la t io n s  f o r  

s eve ra l  metal  t r i m e r s  in d i f f e r e n t  m a t r i c e s .  The molecule s  have been 

organ ized  i n t o  t h r e e  groups ;  th ose  molecu les well c h a r a c t e r i z e d  by the 

s i n g l e  pa ram e te r ,  p, molecu les  with  > pg, and s i l v e r ,  with P ^ >
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Figure 1 shows the o r b i t a l  c o r re la t io n  diagram fo r  a t r ia to m ic

composed o f  S o r b i t a l s .  On th e  l e f t  s id e  a r e  the  m o lecu la r  o r b i t a l s

f o r  a l i n e a r  or  l a r g e  angled  geometry.  As t h i s  ang le  i s  c losed  the

energy o f  the  two upper o r b i t a l s ,  la^  and lb^ converges  and the  o r b i t a l s

become d egene ra te  f o r  the  case  o f  an e q u i l a t e r a l  t r i a n g l e .  F u r th e r

c l o s u r e  o f  the  ang le  causes  an in v e r s io n  o f  the  o r b i t a l s .  Each molecula r

o r b i t a l  p r e d i c t s  a unique ESR spec trum, p rov id ing  a r e l i a b l e  means to

determine the  crude geometry o f  a t r i m e r  from the  ESR s p e c t r a .  The l a rg e
2

angled case  with  a ground s t a t e  has a l l  o f  the  sp in  on each of  the 

two e q u i v a l e n t  te rm inal  n u c l e i .  I f  the  J a h n - T e l l e r  fo rb idden  case  were 

to  e x i s t ,  each nucleus  would have the same unpai red  sp in  p o p u la t io n .  For 

the  small angled  s t a t e  2/3 o f  the  unpai red  spin  i s  on th e  c e n t r a l  

atom and 1/6  i s  on each o f  the  remaining atoms.

A t y p i c a l  p o t e n t i a l  s u r f a c e  f o r  a homonuclear  t r i a t o m i c  i s  in 

Fig.  2. The J a h n - T e l l e r  fo rb idden  s t r u c t u r e  cor responds  to  the 

energy maximum in the  c e n t e r  o f  the  s u r f a c e .  E n c i r c l i n g  t h i s  energy 

maximum i s  a low energy  pathway.  The s u r f a c e  i s  bounded by an energy  

b a r r i e r  co r responding  to  d i s s o c i a t i o n .  These s u r f a c e s  a r e  f r e q u e n t l y  

d e s c r ib e d  by the  degree  o f  d e v i a t i o n  from D.^ symmetry. This  Jahn- 

T e l l e r  d i s t o r t i o n  p a ram ete r ,  p ,  g ive s  the d i f f e r e n c e  in energy between 

the  maximum and the  geometry o f  the  molecule a t  the  p o t e n t i a l  

minimum. The r a d i a l  behav io r  o f  th e  molecu le on the  p o t e n t i a l  energy 

s u r f a c e  i s  given by the  p s e u d o ro ta t io n  param ete r ,  S. As a r e s u l t  o f  

anharmonic i ty  in th e  p o t e n t i a l  fu n c t i o n  the  energy path e n c i r c l i n g  the  

con ica l  i n t e r s e c t i o n  e x h i b i t s  t h r e e  p o t e n t i a l  minima s e p a ra t e d  by 

saddle  p o i n t s .



Fig .  V.l Molecular  O r b i t a l s  from Three E qu iva len t  Atomic S O rb i t a l s

Molecular o r b i t a l  scheme f o r  homonuclear t r i a t o m i c s  with  only  S atomic o r b i t a l s  a v a i l a b l e .
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Fig . V.2 P o te n t ia l  Energy Surface f o r  a T r ia to m ic  Metal C lu s te r

a) The top  f i g u r e  shows a "Mexican ha t "  type  p o t e n t i a l  s u r f a c e  

f o r  a molecu le  s u b j e c t  to  a J a h n - T e l l r  d i s t o r t i o n .  The peak r e p r e s e n t s  

the  fo rb id d e n  high symmetry s t a t e .

b) P o t e n t i a l  s u r f a c e  f o r  Li^ c a l c u l a t e d  by Gerber and Schumacher.
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The d e t a i l s  o f  th e s e  p o t e n t i a l  s u r f a c e s  have been i n v e s t i g a t e d  

f o r  Li^ and Na^ by computa t ional  t e c h n iq u e s .  For Li^ the  p o t e n t i a l  

s u r f a c e  was c a l c u l a t e d  in d e t a i l  by Gerber and Schumacher (11) using a 

coupled e l e c t r o n  p a i r  approxim at ion  (CEPA). This  c a l c u l a t i o n  p r e d i c t s  

L i2 t o  be bound by ^3000 cm- * r e l a t i v e  to  the  Li^ Li^ + Li d i s s o c i a ­

t i o n  channe l .  The sa d d le  p o in t s  a r e  c a l c u l a t e d  to be ^250 cm- * above 

the  p o t e n t i a l  minima. The D^h energy maximum i s  ^350 cm- * above the 

sadd le  p o i n t s .  A more d e t a i l e d  a n a l y s i s  by Gerber (52) i n d i c a t e s  t h a t  

th e s e  sadd le  p o in t s  a r e  a b s e n t .  Both r e p o r t s  p r e d i c t  t h a t  Li^ should 

be ab l e  to  f r e e l y  p s e u d o ro t a t e  between the  t h r e e  e q u i v a l e n t  p o t e n t i a l  

w e l l s .  This  would p rec lude  i s o l a t i o n  of  d i s t i n c t  i s o t o p i c  isomers such 

as 6L i - 7L i - 6Li o r  7L i - 6L i - 6Li.

The p o t e n t i a l  s u r f a c e  o f  Na^ was s tu d ie d  by an a b - i n i t i o  c o n f ig u r a -  

t i o n - i n t e r a c t i o n  method with  s i m i l a r  r e s u l t s  (10 ) .  These two c a l c u l a ­

t i o n s  a r e  summarized g r a p h i c a l l y  in Fig.  3. The p r o p e r t i e s  o f  Ag^ were 

c a l c u l a t e d  by R ic h tsm e ie r ,  Eades,  Dixon and Gole using the  d ia tomics  

in molecu les techn ique  (51 ) .  The J a h n - T e l l e r  d i s t o r t i o n  i s  p re d ic te d

to r e s u l t  in a c l o s i n g  o f  the  bond a n g l e .  This s t r u c t u r e  i s  c a l c u l a t e d

-1  2 to  be ^200  cm more s t a b l e  than the  optimum B2 s t a t e .

This  survey o f  t h e  g ross  f e a t u r e s  o f  the  p o t e n t i a l  s u r f a c e  f o r  a 

J a h n - T e l l e r  a c t i v e  molecu le s u g g es t s  the  p o s s i b i l i t y  o f  fo u r  d i f f e r e n t

ESR s p e c t r a .  Two types  o f  s p e c t r a  co r respond  to  a s t a t i c  J a h n - T e l l e r

2 2 —  d i s t o r t i o n  i n t o  e i t h e r  the  B2 o r  Â  s t a t e s .  The dynamic J a h n - T e l l e r

e f f e c t  p rov ides  the  o p p o r tu n i ty  to  observe  s p e c t r a  co r respond ing  to

symmetry. The t r a n s i t i o n  between the  s t a t i c  and dynamic case

r e s u l t s  in an a l t e r n a t i n g  l i n e w id th  e f f e c t .  Each o f  th e se  cases  and

t h e i r  s p e c t r a  a r e  d i s c u s s e d  below.



Fig. V.3 Cross Section o f  a P o ten tia l Energy Surface

A cross  s e c t i o n a l  c u t  through a p o t e n t i a l  su r f a c e  s i m i l a r  to the  one in Fig .  V.2. The numbers 

used a re  approximate va lues  expec ted f o r  metal c l u s t e r s .
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Case 1

2 2I f  the  B2 s t a t e  i s  more s t a b l e  than the  s t a t e  the  molecule

i s  p r e d ic t e d  to  have a l l  o f  the  unpa i re d  sp in  l o c a l i z e d  on two e q u i v a l e n t

te rm ina l  n u c l e i .  The nodal n u c l e u s ,  while  having zero  sp in  d e n s i t y  a t  

the  s imple  Huckel l e v e l  o f  approx im at ion ,  would be expec ted  to  have a 

small sp in  d e n s i t y  induced by p o l a r i z a t i o n  e f f e c t s .  For a t r i a t o m i c  

composed o f  sp in  3/2 n u c l e i  th e  spectrum i s  expec ted  to  be s p l i t  i n t o  

seven groups by a h y p e r f in e  i n t e r a c t i o n  about  1/2  t h a t  o f  the  f r e e  atom

(p^ - 0 . 5 ) .  Each group i s  expec ted  to  be f u r t h e r  s p l i t  i n t o  a q u a r t e t

by a small h y p e r f in e  i n t e r a c t i o n .  In a d d i t i o n  to  the  r e s u l t s  o f  s imple 

m o lecu la r  o r b i t a l  th e o ry  t h e r e  a r e  a v a i l a b l e  a few s o p h i s t i c a t e d  

computa t ional  r e s u l t s .  The CEPA c a l c u l a t i o n  o f  Li^ p r e d i c t s  p^ = 0.48 

and = 0.03 a f t e r  t h e  a u t h o r ' s  n o rm a l i z a t io n  o f  the  sp in  d e n s i t i e s  

to  u n i t y .  (While no rm al iz ing  th e  t o t a l  i s o t r o p i c  sp in  po p u la t io n  to 

u n i t y  i s  i n c o r r e c t ,  a c o r r e c t  t r e a tm e n t  w i l l  no t  d r a s t i c a l l y  change t h i s  

v a l u e . )  Mart in and D av ison 's  c a l c u l a t i o n  on Na3 p r e d i c t  Pq = 0.43 

and pg = 0 .047.  E. R. D i e t z ' s  xa  s c a t t e r e d -w a v e  s tudy  o f  the  magnetic  

p r o p e r t i e s  o f  the  pota ss ium t r i m e r ,  while  not  ab l e  to  p r e d i c t  r e l i a b l y  

th e  optimum geometry,  c a l c u l a t e s  p^ and f o r  a l a r g e  number o f  

assumed geom etr ie s  ( 1 3 ) .  For bond ang les  from 75° to  180° = 0.41

to  0.35 and p  ̂ = -0 .10  to  -0 .1 3 .

Both q u a l i t a t i v e  bonding concep ts  and d e t a i l e d  c a l c u l a t i o n s  are  

in agreement with  th e  major f e a t u r e s  o f  the  spectrum o f  s-K^ in 

Sec.  IV. The e a r l i e r  r e p o r t e d  spectrum o f  s-Na^ by Lindsay e t  a l . 

i s  ve ry s i m i l a r .  Garland has observed a t r a n s i e n t  ESR spectrum o f  

s -^L i^  which may be s i m i l a r  in n a tu re  (51 ) .
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Case 2
2

I f  the  s t a t e  o f  the  molecule i s  more s t a b l e  th e  major  hyper­

f i n e  s p l i t t i n g  i s  expec ted  to  be about  2/3  t h a t  o f  the  f r e e  atom and 

c e n t e r e d  on a s i n g l e  n u c leu s .  Each o f  th e s e  groups w i l l  be f u r t h e r  

s p l i t  by a s m a l l e r  h y p e r f in e  o f  1/6  t h a t  o f  the  f r e e  atom c e n te r e d  on 

each o f  two e q u i v a l e n t  n u c l e i .  For a t r i a t o m i c  composed o f  n u c l e a r  

s p in s  with  I = 3/2  t h i s  case  p r e d i c t s  a q u a r t e t  with  a l a r g e  hyp e r f in e  

w i th  each group showing a s e p t e t  s u p e rh y p e r f in e  s t r u c t u r e .  Jto a l k a l i

c l u s t e r  s p e c t r a  have been observed with  t h i s  p a t t e r n .  For Ag, with

2I = 1/2 th e  Â  s t a t e  o f  the  t r i m e r  should c o n s i s t  o f  a d o u b le t  s p l i t  

by a l a r g e  h y p e r f in e  i n t e r a c t i o n .  Each l i n e  should be f u r t h e r  s p l i t  

i n t o  a t r i p l e t  by a s m a l le r  h y p e r f in e  i n t e r a c t i o n .  This i s  the 

dominate f e a t u r e  o f  the  s p e c t r a  a s s ig n ed  to  Ag^. The magnitude o f  the  

param ete rs  o b ta in ed  f o r  Ag^, = 0 .12 and = 0 .53 a r e  in good 

agreement with  those  p r e d i c t e d  by s imple  molecu la r  o r b i t a l  t h e o ry .

Case 3

A b - i n i t i o  c a l c u l a t i o n s  su g g es t  t h a t  r ap id  i n t e r c o n v e r s i o n  between 

e q u i v a l e n t  geom etr ie s  ( ' p s e u d o r o t a t i o n ' ) i s  p r e d ic t e d  to  be e n e r g e t ­

i c a l l y  f e a s i b l e .  This  r e s u l t s  in a dynamic J a h n - T e l l e r  e f f e c t  where 

th e  d i s t o r t i o n  averages  ou t  to  ze ro  over  the  t ime s c a l e  o f  the  e x p e r i ­

ment.  Given the  slow t ime s c a l e  o f  the  ESR exper iment (^1 x 1 0 " ^  sec)
-13 -15r e l a t i v e  to  o p t i c a l  exper iments  (10  -  10 ) the  p o s s i b i l i t y  o f

obse rv ing  th e s e  e f f e c t s  must be c o n s id e re d .  A spectrum o f  a molecule
2

appear ing  to  be in the  E  ̂ s t a t e  o f  a t r i a t o m i c  would c o n s i s t  o f  l i n e s  

from t h r e e  e q u i v a l e n t  n u c le i  with  each c a r ry i n g  the  h y p e r f in e  i n t e r a c t i o n  

o f  1/3 the  f r e e  atom (p1 = p2 = 1 /3 ) .  For n u c l e a r  s p in s  o f  I = 3/2
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t h i s  g ives  a ten  l i n e  spec trum. At high te m pera tu re s  ( 0 2  K). t h i s  i s  

the  s p e c t r a  observed  f o r  p-K^. Garland has observed  s i m i l a r  s p e c t r a  

f o r  both P-^l i- j  and p^Li^ (53 ) .

Case 4

I n te rm e d ia te  between Cases 1 o r  2 and 3 i s  the  p o s s i b i l i t y  o f  

p s e u d o ro ta t io n  a t  a r a t e  comparable to  the  t ime s c a l e  o f  the  exper iment .  

While l i n e  p o s i t i o n s  a r e  i d e n t i c a l  to  Case 3, l i n e  broadening  occurs  

f o r  a l l  s t a t e s  excep t  th o s e  where = M^. These " a l t e r n a t i n g

l i n e w id th  e f f e c t s "  a r e  e xp la ined  with  the  a id  o f  F ig .  4,  a p a r t i a l  

c o r r e l a t i o n  diagram showing the  e f f e c t  o f  p s e u d o ro ta t io n  on the  n u c l e a r  

sp in  c o n f i g u r a t i o n .  Of the  ten  d i f f e r e n t  n u c l e a r  spin  s t a t e s  only  fou r  

have a component which does n o t  change dur ing  p s e u d o r o ta t i o n .  All 

o t h e r  s t a t e s  w i l l  undergo some broadening dur ing  the  t r a n s i t i o n  from

Cases 1 o r  2 to  Case 3. The e x t e n t  o f  the  broadening can be p r e d i c t e d
2

and has been shown to  depend on (a^ -  a^) (41 -45) .

Another spectrum which e x h i b i t s  an a l t e r n a t i n g  l i n e w id th  e f f e c t
2

i s  due to  p-Na-j. Because o f  the  l a r g e  va lue  o f  (a^ -  a^) a l l  l i n e s  

s u s c e p t i b l e  to  broadening a r e  broadened beyond r e c o g n i t i o n  over  the  

e n t i r e  working t em pera tu re  o f  the  argon m a t r ix  (41 ) .

In a d d i t i o n  to  p rov id ing  i n t e r e s t i n g  a p p l i c a t i o n s  f o r  l in ew id th  

t h e o r i e s ,  Case 3 molecu les  p rovide  s t ro n g  ev idence  the  p-M^ and s-M^ 

a r e  d i f f e r e n t  isomers o f  the  same molecu le .  The d i f f e r e n c e  between a 

s t a t i c  and dynamic J a h n - T e l l e r  i s  o f t e n  only  one o f  exper imenta l  time 

s c a l e  and no t  a d i f f e r e n c e  in m o lecu la r  p a ram e te r s .  The paramete rs  

used to  d e s c r i b e  s-M^, a^ and can be r e l a t e d  to  those  which d e s c r ib e  

p-M3 , as shown in e q u a t io n s  1 and 2 (4 1 ) .
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Fig .  V.4 P a r t i a l  C o r r e l a t i o n  Diagram of  Nuclea r  Spin S t a t e s  f o r

Three I = 3/2 Nuclei

Only those  molecu la r  s t a t e s  comprised o f  n u c l e i  in i d e n t i c a l  sp in  

s t a t e s  a r e  u n a f f e c t e d  by p s e u d o r o t a t i o n .
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a = 1 / 3 ( +  a3 ) ( 1)

a2 = l / 3 ( 2 a 12 + a32 ) (2)

Table IV .2 l i s t s  th e  e x p e r i m e n t a l l y  de te rmined va lues  o f  a^ ,  a3 , a and

2 ^(a ) 2 a long with  those  c a l c u l a t e d  by Eqs. 1 and 2. Also l i s t e d  a r e  the  

g va lues  o f  th e  m o lecu le s .  The c l o s e  co rrespondence  between the  

paramete rs  d e s c r ib i n g  th e  d i f f e r e n t  s p e c t r a  s t r o n g l y  im pl ie s  t h a t  the 

c a r r i e r s  o f  th e  d i f f e r e n t  s p e c t r a  a r e  e i t h e r  th e  same molecu les or  

c l o s e l y  r e l a t e d  isomers .

V. 3. Nay

The s p e c t r a  a s s ig n ed  to  the sodium septamer p rovide  in fo rm ation  

on the  symmetry o f  th e  va lence  e l e c t r o n .  As f o r  the  case  o f  the  a l k a l i

t r i m e r s ,  the  t o t a l  i s o t r o p i c  sp in  p o p u la t io n  i s  c l o s e  to  u n i t y .  The

a36% p c h a r a c t e r  o f  th e  bonding does no t  appear  to  have a s i g n i f i c a n t  

in f l u e n c e  on the s p e c t r a .  The s p e c t r a  a r e  i n t e r p r e t e d  with  m olecu la r  

o r b i t a l  th e o ry  a t  th e  s imple  Huckel le ve l  o f  approx im at ion .  The 

simple Huckel method,  whi le  n o t  very  s o p h i s t i c a t e d ,  has the  advantage 

o f  p rov id ing  a p r a c t i c a l  method o f  per forming a l a r g e  number o f  

c a l c u l a t i o n s  f o r  c l u s t e r s  o f  d i f f e r e n t  s i z e s  and symmetry. Over 

60 geom etr ie s  were c a l c u l a t e d  f o r  an a s s o r tm e n t  o f  c l u s t e r s  co n ta in in g  

l e s s  than 20 atoms.  S ince  a d o u b le t  ground s t a t e  i s  i n d i c a t e d  by the  

s p e c t r a ,  only  odd-numbered c l u s t e r s  were i n v e s t i g a t e d .  The m olecu la r  

o r b i t a l  schemes g en e ra ted  by t h i s  method permi t  comparison with the 

ex p e r im e n ta l ly  de termined  unpa i red  sp in  d i s t r i b u t i o n .
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Given th e  r a d i c a l  assumptions  made in d e r i v i n g  the  s imple  Huckel 

method,  no e f f o r t  was made to  pa ra m e te r i z e  th e  c a l c u l a t i o n s  to  the  

energy  l e v e l s  o f  sodium. The u t i l i t y  o f  the  c a l c u l a t i o n s  f o r  p r e d i c t i n g  

t r e n d s  in energy was e s t i m a t e d  by comparing the  s t a b i l i t y  o f  s eve ra l  

pentamer geom etr ie s  w ith  those  c a l c u l a t e d  by Gole e t  a l . us ing  the 

d ia tom ics  in molecule s  method.  The pentamers were chosen f o r  comparison 

because th e s e  a r e  the  l a r g e s t  c l u s t e r s  f o r  which a number o f  geometr ie s  

have been i n v e s t i g a t e d  by the  same computat iona l  t e c h n iq u e .  The 

comparison i s  given in Fig .  5. The s t a b i l i t y  o f  the  t r i g o n a l  bipyramid 

(D3h) ,  cha in  ( D ^ ) ,  branched chain  (C2v) and t e t r a h e d r a l  geom etr ie s  (T^) 

a r e  compared. The s imple Huckel method does no t  d i s t i n g u i s h  between 

d i f f e r e n t  bond ang les  o r  bond l e n g t h s ,  on ly  the  assumed bonding between 

n u c l e i .  In s p i t e  o f  th e  i n a b i l i t y  to  d i s t i n g u i s h  between l i n e a r  

and " z ig -za g "  c h a i n s ,  o r  p l a n a r  and puckered r i n g s ,  th e  o r d e r  o f  

e n e r g i e s  f o r  the  d i f f e r e n t  geom etr ie s  a r e  e x a c t l y  the  same by both 

methods,  (D3h - C4v) < Dgh < ( D ^  - C2v) < Tp.

Because o f  the  u n c e r t a i n t y  o f  the  s u p e rh y p e r f in e  as s ignm en t ,  the  

l a r g e r  c l u s t e r s ,  Nag, N a ^  and Na^3 were i n v e s t i g a t e d .  A few geometr ie s  

o f  p a r t i c u l a r  i n t e r e s t  were c a l c u l a t e d  f o r  Na^5 , N a ^  and Na^g. Some 

genera l  p r o p e r t i e s  o f  metal  c l u s t e r s ,  a t  the  simple Huckel l e v e l  o f  

approximat ion  a r e  a p p a r e n t .  For the  c l u s t e r s  c o n s id e re d ,  compact ,  t h r e e -  

dimens ional  geom etr ie s  appea r  to  be most l i k e l y  r e s p o n s i b l e  f o r  the  

observed  s p e c t r a .  Most o t h e r  geom etr ie s  c o n s id e r e d ,  in c lu d in g  cha ins  

and r i n g s ,  p r e d i c t  unpa i red  sp in  d i s t r i b u t i o n s  in g ross  d isag reem en t  

w ith  the  s p e c t r a .  For Na^, Nag and N a ^  bipyramidal  geom etr ie s  have 

m olecu la r  o r b i t a l s  c o n s i s t e n t  with  the  observed s p e c t r a .  (This  assumes
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Fig.  V.5 . Comparison o f  Simple Huckel (SH) and Diatomics in 

Molecules (DIM) Methods

R e l a t i v e  s t a b i l i t i e s  p r e d i c t e d  f o r  Na,. by the  Simple Huckel 

Method and the  Diatomics in  Molecules method f o r  s ev e ra l  geom etr ie s .  

The . v e r t i c a l  a x i s  r e p r e s e n t s  i n c r e a s i n g  s t a b i l i t y  in a r b i t r a r y  u n i t s .
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t h a t  p o l a r i z a t i o n  e f f e c t s  no t  cons ide red  a t  the  Simple Hu.ckel le ve l  

a r e  capab le  o f  induc ing small sp in  d e n s i t i e s  a t  n u c l e i  which o the rw ise  

have a zero unpai red  sp in  p o p u l a t i o n . )  Figure  6 i l l u s t r a t e s  the  

m olecu la r  o r b i t a l s  p r e d i c t e d  by th e  simple Huckel method f o r  a 

pentagonal  bipyramid.  The va lence  M.O., has a sp in  d i s t r i b u t i o n  

c o n s i s t e n t  with  the  observed  spect rum . In Fig .  7 the  m olecu la r  

o r b i t a l s  o f  a square  bipyramid shows the  t h r e e - f o l d  degeneracy o f  the  

va lence  s t a t e .  When th e  degeneracy  i s  l i f t e d  by a J a h n - T e l l e r  d i s ­

t o r t i o n ,  each o f  the  r e s u l t i n g  o r b i t a l s  a r e  c o n s i s t e n t  with  the 

observed spect rum. Both o f  t h e s e  geom etr ie s  a r e  p r e d i c t e d  to  be 

r e l a t i v e l y  s t a b l e  f o r  Na^ by the  s imple  Huckel c a l c u l a t i o n s .  S im i la r  

s t r u c t u r e s  f o r  Na^ a r e  p r e d i c t e d  to  be the  most s t a b l e  by both the  

s imple Huckel method and the  c a l c u l a t i o n s  o f  Gole e t  a l .

A few o t h e r  geom etr ie s  found to  have m o lecu la r  o r b i t a l s  c o n s i s t e n t  

with  the  observed s p e c t r a  a r e  given in Fig.  8 . The "T" shaped 

geometry has a va lence  M.O. c o n s i s t e n t  with  the  s p e c t r a  to  a f i r s t  

approx im at ion .  In a " r e a l "  molecu le the  f i v e  nodal atoms would not  

ex per i ence  i d e n t i c a l  p o l a r i z a t i o n  e f f e c t s .  Such a geometry would 

most l i k e l y  n o t  have th e  f i v e  nodal atoms e x a c t l y  e q u i v a l e n t .  The 

ESR s p e c t r a  a r e  s e n s i t i v e  to  t h e s e  v a r i a t i o n s .  At the  simple  Huckel 

l e v e l ,  and d ia tomic  in molecule l e v e l , chain  type  s t r u c t u r e s  a r e  found 

to  be s i g n i f i c a n t l y  (^30%) l e s s  s t a b l e  than the  c l o s e - p a c k e d ,  t h r e e -  

dimensional  a r rangem ents .  The t r i g o n a l  a r rangements  (F ig .  8b) a re  

a l s o  p r e d i c t e d  to  have M.O. 's  c o n s i s t e n t  with  the  s p e c t r a .  These a r e  

p r e d i c t e d  to be s l i g h t l y  l e s s  s t a b l e  than the  most favored geom et r ie s .  

Figure  3c shows the  va lence  M.O. f o r  the  only  Nag geometry a s i d e  from
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F iv .  V.6  M olecu la r  O r b i t a l  Scheme f o r  Bipyramidal  Na7

APPROXIMATE SCALE OF 

ORBITAL COEFFICIENTS:
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F ig .  V.7 Molecu lar  O rb i t a l  Scheme f o r  a Square Bipyramidal  Na~

APPROXIMATE SCALE OF 
ORBITAL COEFFICIENTS:
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Fig.  V.8 Valence M olecu la r  O r b i t a l s  f o r  Three P o s s i b l e  Na7

Geometri es
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bipyramids  which may be c o n s i s t e n t  w ith  th e  s p e c t r a .  The d i f f e r e n c e  

between th e  c a l c u l a t e d  sp in  p o p u la t io n s  i s  r ea sonab ly  s m a l l .  This 

geometry i s  i n t r i g u i n g  because o f  the  BCC s t r u c t u r e  o f  bulk sodium.
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ESR spectra of matrix isolated potassium atom clusters
G . A. T h o m p s o n  a n d  D. M. L in d sa y

D e p a r t m e n t  o f  C h e m i s t r y ,  C i t y  U n i v e r s i t y  o f  N e w  Y o r k ,  C i t y  C o l l e g e ,  N e w  Y o r k ,  N e w  Y o r k  1 0 0 3 1  

( R e c e i v e d  2 !  A u g u s t  1 9 8 0 ;  a c c e p t e d  I  O c t o b e r  1 9 8 0 )

E S R  s p e c t r a  a s s i g n e d  t o  t h e  p r e v i o u s l y  u n o b s e r v e d  ! , K ,  m o l e c u l e  h a v e  b e e n  o b t a i n e d  b y  c o - d e p o s i t i n g  a t o m i c  
p o t a s s i u m  w i t h  a r g o n  u n d e r  c o n d i t i o n s  f a v o r a b l e  t o  c l u s t e r  f o r m a t i o n .  T h e  E S R  s p e c t r a  s h o w  t h a t  t h e  t r i m e r  
i s  c h e m i c a l l y  b o u n d ,  w i t h  p r e d o m i n a n t l y  s  r a t h e r  t h a n  p  c h a r a c t e r .  A p p r o x i m a t e l y  9 5 %  o f  t h e  4 r  s p i n  
p o p u l a t i o n  r e s i d e s  e q u a l l y  o n  t w o  “ K  n u c l e i  w i t h  l e s s  t h a n  6 %  o n  t h e  t h i r d  a t o m .  T h e  t r i m e r  i s  a s s i g n e d  a  
s y m m e t r i c  l i n e a r  o r  “ o b t u s e  a n g l e d "  i s o s c e l e s  g e o m e t r y  w i t h  g r o u n d  s t a t e  s y m m e t r y  o r  '  B ,  A  s e c o n d  
E S R  s p e c t r u m ,  a  p a t t e r n  o f  1 0  e q u a l l y  s p a c e d  h y p e r f i n e  c o m p o n e n t s  c e n t e r e d  c l o s e  t o  t h e  f r e e  e l e c t r o n  g  

v a l u e ,  i s  i n d i c a t i v e  o f  a  r a d i c a l  s p e c i e s  c o n t a i n i n g  t h r e e  e q u i v a l e n t  ; ? K  n u c l e i  e a c h  h a v i n g  a n  i s o t r o p i c  s p i n  
p o p u l a t i o n  o f  s l i g h t l y  l e s s  t h a n  1 / 3 .  P l a u s i b l e  c a n d i d a t e s  f o r  t h e  c a r r i e r  o f  t h i s  s p e c t r u m  a r e  K ,  w i t h  a  l i n e a r  
o r  “ z i g - z a g "  g e o m e t r y ,  o r  a  “ p s e u d o r o t a t i n g "  i s o m e r  o f  K , .  E S R  i n t e n s i t i e s  s h o w  a  p r o n o u n c e d  t e m p e r a t u r e  
d e p e n d e n c e .  K ,  s p e c t r a  a r e  s i g n i f i c a n t l y  e n h a n c e d  b y  w a r m i n g  t o  T — 1 9  K ,  b u t  a l m o s t  c o m p l e t e l y  d i s a p p e a r  
a t  7 * ~ 2 5  K ,  w h e r e  t h e  1 0  l i n e  s p e c t r u m  i s  m o s t  i n t e n s e .

I. INTRODUCTION

Small metal clusters represent a relatively new class  
of compounds whose properties have been receiving in­
creasing attention. 1,2 Recent interest has largely been 
stimulated by the unifying role that m etal c lusters may 
play in a wide range of catalytic events . 3-7 Further 
areas of application include m etal-m etal bonding in 
polynuclear organometallic compounds, 3 nucleation 
phenomena, 9 atom -dim er reactions, 10 and the transi­
tion from the atomic and molecular regim e to the solid  
state . 11 Despite a considerable theoretical and experi­
mental effort, however, m etal clu sters remain an im ­
perfectly understood area of research  whose potential 
applications remain somewhat speculative at present. 
Historically, the first studies of note are the photo­
ionization measurements of Foster, Leckenby, and 
Robbins12 on alkali c lusters containing up to eight atoms. 
More recently, Schumacher and co-w orkers have d e­
veloped an elegant two-photon ionization method of ob­
serving d iscrete transitions from individual cluster  
sp ec ie s . 13 Other gas-phase techniques include laser 
fluorescence in supersonic nozzle expansions, 14 S tern- 
Gerlach deflection in molecular beam s, 13 and m ass 
spectrom etric m easurements of dissociation ener­
g ies . 16,17 The majority of reported experiments have 
employed the matrix isolation technique, most com ­
monly in conjunction with UV-visible absorption sp ec­
troscopy. 18 With severa l noticeable exceptions, 19 
relatively little structural information has been d e­
duced from this work. A growing number of molecular 
structure calculations have ranged from detailed ab 
in itio  studies on alkali trim ers20-22 to a much more 
ambitious modelling of large clusters containing tran­
sition metal elem ents . 23 While potentially of great 
practical importance, the properties of this latter ex ­
tremum remain uncertain in the absence of confirming 
experimental evidence.

This paper reports the first spectroscopic analysis 
of potassium trim er m olecules. Atomic potassium and 
diluent argon were codeposited on a sapphire surface 
loosely coupled to a liquid helium reservoir . The sap­
phire surface was warmed during deposition in order to 
promote aggregation before the free atoms are frozen

into the argon m atrix. Electron spin resonance (ESR) 
spectra show that three sp ecies, atomic potassium in 
several matrix sites , K3 and a polymer designated K„, 
are formed during deposition, with relative intensities 
(T = 4  K), K<K3>K„. M atrices containing potassium  
clusters show a pronounced, and to som e extent r e ­
versible, temperature dependence. K3 spectra are 
significantly enhanced by warming to T ~  19 K, but a l­
most com pletely disappear at T -2 5  K, where K„ sp ec­
tra are m ost intense.

The ESR spectra show K3 m olecules to be chem ically  
bound with a distribution of unpaired spin distinctly 
different from precursor atom and dimer m oieties.
The magnetic parameters for K3, markedly sim ilar to 
those of the isovalent sodium trim er, 24,25 suggest a 
sym m etric linear or "obtuse angled" geometry with 
ground state 2SJ or 2B3, respectively. As a first ap­
proximation, the sim ple Huckel picture provides a 
good description of the bonding in K3, which is of pre­
dominantly s -  rather than p -  character. The unpaired 
electron resides in a nonbonding orbital having equal 
spin density on two 39K nuclei and a node at the third 
atom. Polarization effects induce a sm all, approxi­
mately 6% spin density at the central or apical position.

The second radical species, designated K „, has an 
ESR spectrum distinctly different in character from 
that of the trim er. This spectrum, a pattern of ten 
equally spaced hyperfine components centered near the 
free electron g  value, suggests a polymer containing 
three magnetically equivalent 39K nuclei, each having 
an isotropic spin population of slightly less than one 
third. Plausible carriers of the ten line spectrum are 
the next highest paramagnetic polymer K5, or an iso ­
m eric form of the trim er. The sim ple Huckel method 
was used to predict spin density distributions for a 
large range of possible pentamer geom etries. Onlv for 
a linear (2Z ‘C) or "zigzag” (2A t ) structure was approxi­
mate agreement between theory and experiment ob­
tained. Recent ab in itio  calculations on Li, ' 1 and Xa- - 
suggest an alternative assignment for the ten line sp ec ­
trum. The trim er is treated as a dynamic Jahn-T elier  
molecule whose potential surface, resembling a “niexi- 
can hat, ” has a central peak surrounded by a trough
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containing three potential v e ils  each corresponding to 
an obtuse angled geom etry. A relatively low barrier  
to "pseudorotation" about the central peak is  calculated. 
Thus, if pseudorotation is  fast compared to the ESR 
tim e sca le , an averaged trim er spectrum  is  expected. 
The predicted resu lt is  shown to be in excellent quali­
tative and quantitative agreem ent with the m easured  
sp ectra l data for K„. P ossib le m echanism s for the 
temperature dependent intensities are outlined and 
future experimental studies are suggested.

II. EXPERIMENTAL

The matrix isolation apparatus is  s im ilar in design  
to that described previously . 24 Cluster sp ec ies were 
formed by codeposition of atomic potassium  (Gallery, 
99.95%) and argon (Airco, 99.9998%) on a  sapphire 
surface mounted inside a TEuj X-band ESR cavity. The 
ratio of argon to potassium was approximately 1 00 :1  
for the spectra presented here. The cavity was a t­
tached to the lower reservo ir  of a double chamber, vari­
able temperature liquid helium cryostat. All spectra  
w ere recorded on a Japanese Electron Optics Labora­
tory, ME-3X ESR spectrom eter using 100 kHz m ag­
netic field modulation and phase sensitive  detection.
The resonant frequency of the cavity plus sapphire plate 
and argon matrix was 9.2824(2) GHz over the tem pera­
ture range 4 -2 5  K. Individual spectra were calibrated  
with a proton magnetometer (Micronow, Model 515).
The accuracy of this method was checked by comparing 
m easured and known transitions from atomic potas­
sium 26-28 and KO, . 26,23 Relative and absolute magnetic 
field  positions are judged accurate to * 0 .2  and t l  G, 
respectively .

As in the analogous sodium experim ents, 21 clustering  
took place d u r in g  deposition and not by subsequent warm­
ing of the m atrix. C luster formation is , presumably, 
a surface diffusion phenomenon which occurs at the 
quasiliquid interface characteristic of a m atrix su r ­
face during deposition . 18,22 C lustering may be par­
tially  controlled by warming the sapphire substrate 
above the nominal deposition temperature of 4 K. 
B ecause of a substantial thermal resistan ce  between 
the sapphire surface and the liquid helium r e s e r ­
voir, Joule heating by the 100 kHz eddy currents c ir ­
culating in the cavity w alls2* conveniently provided an 
appropriate temperature gradient for cluster form a­
tion. For the experim ents reported here, c lu sters  
were formed with little or no magnetic field modula­
tion, indicating a thermal gradient of unknown origin. 
This is  in contrast to earlier experim ents2* utilizing  
sodium and potassium in argon m atrices and presum ­
ably relates to subtle d ifferences in the two experi­
mental stations. Prelim inary resu lts for cluster for­
mation in krypton m atrices show only atomic potassium  
transitions with no modulation during deposition, but 
som e features attributable to K3 in m atrices formed 
with large magnetic field modulation. As tem pera­
tures were m easured c lo se  to the liquid helium r e s e r ­
voir and not at the matrix itself, exact deposition con­
ditions were not determined. In experim ents where 
local heating was clearly  absent, only the known26-28 
spectrum of atomic potassium was observed. All tem ­

perature m easurem ents were made with a carbon r e s is ­
tor calibrated at three fixed points, 4 .2  K, 77 K, and 
room temperature. 24,26 The accuracy of this ca libra­
tion is approximately 5% between 4 .2  and 77 K. Ex­
cept during deposition, measured tem peratures are  
estim ated to be quite c lo se  to those of the m atrix sa m ­
ple itse lf .

III. SPECTRA AND ANALYSIS

Three distinct paramagnetic sp ec ies are evident in 
the ESR spectrum  of m atrices formed by codeposition  
of potassium  atoms with argon under conditions favor­
able to clu ster formation. The absence of features 
corresponding to a zero-field  splitting or to changes 
of greater than unity in the electron spin projection  
(AW ,>± 1) im plies that all spectra arise  from sp ec ies  
having doublet ground sta tes. The spectrum  of atomic 
potassium in severa l distinct matrix s ite s  is readily 
identified by its  sharp features and known spectral pa­
ram eters . 26-28 A second spectrum is assigned to a 
bent (2Bj) or linear (2S*) potassium trim er, 19K3. A 
third, d istinctly different, spectrum is m ost apparent 
at elevated tem peratures. While the identity of the 
carrier , designated 33K n, has not been uniquely d eter­
mined, plausible candidates are the potassium  penta- 
m er with a chain (2At or 'Z ',) geom etry, or a pseudoro- 
tating isom er of K3.

At 4 K in freshly deposited m atrices, all three sp e ­
c ie s  are observed with relative spectral in tensities  
K<K3> K„. However the spectra of K3 and K„ show a 
pronounced temperature dependence. Experim ents 
now in p rogress show that, after an initial annealing, 
spectral in tensities are reproducible, reversib le , and 
dependent only upon the matrix tem perature. K3 sp e c ­
tra are m ost intense in the temperature range T '  1 3 -  
19 K, relatively  weak at low temperatures and absent 
above T - 2 4  K. K„ spectra d ecrease monotonically in 
intensity as T - 4 .2  K, where som e component tran si­
tions becom e noticeably broadened. Transitions from  
atomic potassium  show little intensity change with tem ­
perature. A m ore detailed discussion  of these effects 
w ill be reported elsew here . 20 Sim ilar, but as yet less  
w ell studied, phenomena have been observed in m atrices 
containing sodium polym ers. 24 Measured transition  
fields for K, K3, and K„ correspond to temperatures 
4, 19, and 25 K, respectively . In the severa l instances 
where a com parison was possible, spectral param eters 
m easured at one temperature were, within experim ental 
error, identical to those at any other temperature.

A. « 3 spectra

Figure 1 shows the ESR spectrum observed when pre­
viously deposited m atrices were warmed to 19 K. The 
spectrum  attributed to K3 con sists of seven equallv 
spaced quartets of first derivative transitions wiiose 
center fa lls  c lo se  to the resonance field H, =  3312. 2 G. 
of the free  electron. The separation between adjacent 
quartets is  approximately half that of the atomic hvper- 
fine splitting (hfs) constant, a (9SK) =  32 .4  G. 1 The 
(substantially sm aller) quartet splitting is , within ex ­
perim ental error, constant over the entire spectral 
region.

J. Chem. Phys.. Vol. 74. No. 2. 15 January 1981
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FIG. 1. ESR sp e c tru m  of p o ta ss iu m  t r i m e r s  ''K :! in an a rg o n  m a tr ix  a t  19 K. I /# = 3312 .2  G is  the re so n a n c e  field  ol‘ a f re e  e le c ­
tro n  fo r a  cav ity  frequency  of 9 .2824  G H z. T ra n s i t io n s  from  a to m ic  p o ta ss iu m  in two m a tr ix  s ite s  and a  sp e c ie s  labeled  "K.,
{see F ig . 2) a r e  a ls o  in d ica ted . F o r  the  t r im e r  s p e c tru m . M  d e s ig n a te s  the  z  com ponent of the to ta l n u c lea r  sp in  an g u la r m om en­
tum  of two m a g n e tica lly  equ ivalen t 39K nu c le i.

The spectral assignm ent of K3 c lo se ly  follow s that of 
the isovalent sodium tr im er . 24 The septet pattern in 
Fig. 1 may be attributed to spin density on two mag­
netically equivalent potassium  nuclei, the quartet stru c­
ture arising from a third, nonequivalent, nucleus. To 
a good approximation the magnetic field  positions of the 
trim er spectrum are described by

R,(A1, mz) =  (g . /g a) \n ,  -  ^  a ,m ,l 
L  l « t  J

= ( g j 'g o ) [ H , - a lsM - a , m , ] .  (1)

This expression32’23 pertains to the powder spectrum  
for the ca se  of an isotropic g  tensor (g=gal) and an 
isotropic hyperfine interaction (A =  a l ) .  Here m, and 
m 3 are magnetic quantum numbers for two identical 39K 
nuclei (dj =  03 =  03). The corresponding param eters for 
the third nucleus are designated m3 and a3. The hyper­
fine pattern depends on m  1 and m3 only through their 
sum, m i+?n3 =  iVf. For / t —12 = I3 =  3 /2 , a total of seven  
equally spaced quartets is  expected, corresponding to 
,VI =  + 3, + 2 , + 1 , 0, - 1 ,  - 2 ,  - 3  and m3 =  +  3 /2 , + 1 /2 ,  
- 1 / 2 ,  - 3 / 2 .  In fast scans recorded at 4 .2  K, relative  
intensities for the unresolved septet features co r­
respond approximately to the expected distribution, 
1 : 2 : 3 : 4 : 3 : 2 : 1 .

The second-order hyperfine interaction for two m ag­
netically equivalent 33K nuclei adds to Eq. (1) a term  
given by34" 32

H,(J’,.Vf) =  - i ( &/g„)2[J'(J' + l) - ,V f2]/H (J, .Vf). (2)

Here J  denotes the total nuclear spin angular momen­
tum of the two equivalent 33K nuclei and .W =  m , + m2 is 
the total 2 component. H( J ,  .VI) is  the magnetic field at 
the particular line. Since J 2  liV/l and the "triangle 
condition” requires I, + / , ^ j a  II, — 1, each transition
with a given ,VI is split into components with J  ranging 
from I.VII to I, -*-/; =  3 in integer steps. The second- 
order interaction both rem oves the .VI degeneracy a s ­
sociated with the first-order resu lts  and sh ifts all lines 
to lower magnetic field. In contrast to the situation

observed for Na3, 24 Eq. (2) has only a minor influence 
on the potassium  trim er spectrum . The lifting of the 
M degeneracy is  not resolved and line sh ifts amount to 
- 1  G.

Superimposed on the trim er spectrum . Fig. 1, are 
transitions arising from atomic potassium in severa l 
m atrix s i t e s 26-23 and a ten line spectrum labelled 3 3 K „ .  

Although the quartet splitting of the .VI =  ±3 and ±2 com ­
ponents is  well resolved, spectral overlap noticeably 
obscures the M  = ± l  transitions. Poor resolution in 
the M  =  0 region, expected to be relatively unaffected 
by either 3 3 K  or 3 3 K „ ,  may arise from the presence of 
much larger potassium c lu sters. ESR spectra of in­
creasingly larger clu sters should approach those r e ­
ported for colloidal potassium . 33 an approximately 30 G 
wide resonance centered near 11 =  3320 G. For the 
trim er spectrum  of Fig. 1, full lines represent m ea­
sured field positions whereas broken lines pertain to 
those calculated as described below.

Table I com pares the observed line positions for :3K 3 
(full lines. F ig. 1) with those calculated using Eqs. (1) 
and (2) and the best fit param eters g0, a0, and ri3 given 
in Table n . Estim ated uncertainties in measured pa­
ram eters are given in parentheses. Also shown in  
Table I are average quartet splittings, <,«3>, for in­
dividual M  components. The a3 constant reported in 
Table n  is the mean of the (a3) values, with an uncer­
tainty of one standard deviation in this average. The 
error in a„ a r ise s  from a 3 im ilar analysis, but that in  • 
go is largely dependent upon uncertainties in the ab­
solute field calibration. A sm all correction to g. is 
not included In Table I. Since individual ( J , .VI) com ­
ponents are not resolved , second-order contributions 
to the hyperfine interaction were estim ated using a 
weighted average for each .VI value. This correction  
reduced g0 by approximately 6 x 10~* but, within experi­
mental uncertainty, had no effect on the hfs constant 
a,. For com parison. Table II a lso  contains measured  
param eters for atomic potassium in several matrix 
s i t e s . 13
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TA BLE I .  C om p ariso n  betw een  ex p e rim en ta l and  c a lcu la ted  line  p o s itio n s  fo r  T ra n s i tio n  fie ld s  
H , and H i a r e  defined  In E q s . (1) and (2). T he e x p e rim e n ta l ( a 3> r e p re s e n t s  the a v e ra g e  spacing  of 
the q u a r te ts  shown in  Fig* 1. E x p e rim en ta l u n c e rta in t ie s  (see  tex t! a r e  g iven  in p a re n th e s e s . All 
un its  a r e  g au ss .

E x p e rim en ta l C alcu la ted E x p e rim en ta l
M m 2 D iffe ren ces

+ 3 + 3 /2 3194 .9 3195.0 - 0 . 1 4.7(41
+ 1 /2 3199.6 3199 .7 - 0 . 1
- 1 / 2 3203 .9 3204 .4 — 0 .5
- 3 / 2 3209.0 3209.1 - 0 . 1

+ 2 + 3 /2 3233 .8 3233.9 - 0 . 1 4.6(2)
+ 1/2 3238 .4 3238.2 + 0 .2
- 1 / 2 3242 .9 3242.9 0 .0
- 3 / 2 3247.3 3247. 6 - 0 . 3

+ 1 + 3 /2  
+ 1 /2  
- 1 / 2

3272 .4  
3277.1 
3281.8

- 3 / 2 3286 .7 3286 .5 + 0 .2
0‘ + 3 /2  

+ 1/2 
- 1 / 2

3311 .8
3 316 .5
3321.2

- 3 / 2 3325 .2 3325. 9 - 0 . 7
- 1 + 3 /2  

+ 1 /2  
- 1 / 2

3350 .0 3350 .4  
3355.1 
3359.8

- 0 . 4 4 .9

- 3 / 2 3364 .9 3364 .5 + 0 .4
- 2 + 3 /2 3389 .7 3389.6 + 0 .1 4.5(8)

+ 1/2 3394 .5 3394.3 + 0 .2
- 1 / 2 3398 .9 3399 .0 - 0 . 1
- 3 / 2 3404 .2 3403.7 + 0 .5

- 3 + 3 /2 3429.0 3429.0 0 .0 4.6(2)
+ 1/2 3434.0 3433 .7 + 0 .3
- 1 / 2 3438.3 3438 .4 - 0 .  1
- 3 / 2 3443.0 3443.1 - 0 . 1

The d iscrepancies between the observed and calcu­
lated line position, column 5 of Table I, are m ostly 
within ± 0 .3  G. This is  considered satisfactory in view  
of the overlapping noted above and the rather large  
widths, A /f- 2 5  G, of individual transitions. Trim er 
(and 39K „) linewidths are not instrumentally limited  
in the spectra  presented here (those of atomic potas­
sium are). P ossib le sources of line broadening in the 
trim er spectrum  include unresolved m atrix, second- 
order and anisotropic effects. For 22Na3 in argon at 
least two distinct trapping site s  are observed with m ag­
netic parameter a, and a3 differing by approximately 2% 
and 10% resp ectiv e ly .2* Assuming an analogous situa­
tion for the potassium trim er, transitions arising from  
individual m atrix s ite s  would differ by at m ost 3 -4  G. 
This effect should be m ost apparent in the Af =  ±3 r e ­
gions. As noted earlier, individual (J , XI) components 
are not resolved for 39K3. Second-order effects are  
largest in the ,Vf =  ± 1 and 0 transitions, where ff,(J , XI) 
is  approximately 2 -3  G. Consistent with the first de­
rivative appearance of the line shape, the analysis of 
the trim er ESR spectrum assum es a powder spectrum  
with substantially isotropic g and A tensors. Arising  
alm ost exclusively from p  character in the wave func­
tion of the unpaired electron, sm all anisotropic con­
tributions are expected, however.*0 The ? - p  hybrid­
ization in the neutral dimer K, amounts to about 5%- 
10%.** For the 4p  valence orbital of potassium , the 
mean inverse cube radius. ( r ' 3> - 3  A"3.*2 Thus an ap­

proxim ately 10% admixture of ip  character will contri­
bute a hyperfine anisotropy of the order of 1 G. Depen­
dent in part upon the trim er excited states, expected 
anisotropies in the g tensor are more difficult to p re­
d ict. The m easured g  shift, Ag0 =  -0 .0 0 3 8 , is con­
sisten t with a sm all hybridization in the ground state 
and sp in -orb it coupling to empty orbitals of predomi­
nantly p  rather than s  character. The absence of tran si­
tions having an absorptionlike profile may not implv a 
near coincidence of the three principal g tensor e le ­
m ents. Rather, these generally weaker features " :3 
may be present but with insufficient intensity to be ob­
served . However Ag for the trim er is also sim ilar in

TA B LE 11. M agnetic p a ra m e te r s  fo r ESR s p e c tra  ot ;* jtussi„m  
sp e c ie s  in  a rg o n  m a tr ic e s .  E x p e rim en ta l u n ce rta in tie s  is c . 
text! a r e  given in p a re n th e se s .

*0 <*fl a, 

(Gt

1.9985(5) 39,0(3) =4.7(2) 0.474(3)
1. 9990(5) 24.5(7) 0.398(8)

5»K(/>* 2.000 9(5) 31.7(2) 0.992(2)
J*K(//)* 1,9993(5) 38.8(2) 1.054(2)
’■kwd* 1.998 4(5) 91.8(3) 1.1)2(3)
'*K(GP)* 2.00231 82.35

“R om an  n u m e ra ls  in p a re n th e se s  deno te d iffe ren t m a trix  m : 
G P  p e r ta in s  to  gas  phase  d a ta  iro m  R ei. 31.

'’U npaired  sp in  popula tions p0 and p. a r e  r a t io s  oi it, anti n 1 
the  a to m ic  iso tro p ic  lu's c o n s ta n t a( 3K) = S3. 4 G . from  Ref.
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PIG. 2. Ten lin e  ESR sp e c tru m  of a  r a d ic a l 3!,K71 in  an a rg o n  m a tr ix  a t 25 K. -VI'  d eno tes  the n u c lea r sp in  quantum  num ber to r 
th re e  m agnetica lly  equ ivalen t JSK nucle i. T he “ s tic k  s p e c tru m ” la b e lled  J3K, p e r ta in s  to t r im e r  t ra n s i tio n s  a s s ig n ed  in F ig . 1. 
A lso ind ica ted  a re  p o ta ss iu m  atom  re so n a n c e s  fo r two m a tr ix  s i te s .  Hff- 3 3 1 2 .2 G is  the  re so n an ce  fie ld  of a f re e  e lec tro n  to r  a 
cav ity  frequency  of 9 .2824  GHz.

sign and magnitude to that for atomic potassium in 
argon, Table II and R efs. 27 and 28. Consequently, 
anisotropies in the g tensor, not related to matrix e f­
fects, may be sm all, again contributing only to the tr i­
mer linewidth.

Table II a lso  includes spin populations p„ and p3 d e­
rived by comparing the values of a0 and a3 with the iso ­
tropic hfs constant for atomic potassium , a(33K)
= 82 .4  G. 31 Since the ESR spectrum  gives only the ab­
solute magnitude of the hyperfine param eters, the signs  
of the spin densities are not determ ined. Because of 
its large magnitude, p0 may reasonably be assumed to 
be positive. However p3 is sm all and may be either 
positive or negative.

B. K„ spectra

Figure 2 shows the resu lt of raising the matrix tem ­
perature from 19 to 25 K. F igures 1 and 2 pertain to 
the sam e matrix sam ple with ESR spectra  recorded  
under identical instrumental conditions. At T  -  25 K, 
the trim er spectrum is alm ost unrecognizable, a “stick  
spectrum ” having been assigned by reference to F ig. 1 
and Table I. C learly evident in F ig . 2 is  a pattern of 
10 equally spaced first derivative transitions whcpe 
component intensities increase from the wings toward 
the center. The sam e spectrum  is a lso  evident in F ig . 1 
but is  overlapped in severa l regions by features a t­
tributed to K3. The carrier  of the 10-line spectrum , 
labelled K„, has not been uniquely identified. As d is ­
cussed in the following section, plausible candidates 
are K5 or an isom er of K3. As in the trim er case, K„ 
spectral intensities show a pronounced temperature 
dependence between 19 and 25 K. On average, inten­
s it ie s  in Fig. 2 are approximately double those in Fig.
1. However, individual components increase by d iffer­
ing amounts. Transitions arising from  atomic potas­
sium change little if any between 19 and 25 K. These 
observations are rem iniscent of the ESR behavior of 
organic radicals undergoing exchange and sim ilar e f­
fects in solution .3!,33,J3-4S

Component transition fields for the ten line spectrum  
of Fig. 2 are well described by the f irst-ord er expres­
sion,

H IM 1) =  ( g . / g 0) [ ff, -  av \ ! ‘ 1. (3)

The previously defined constants g ,  and f f ,  pertain to 
the free electron; g 0 and n0 param etrize the powder sp ec ­
trum for a sp ec ies having an isotropic g tensor and hy­
perfine interaction. Here, however, M 1 = m, -  m. + »i3 
denotes the spin projection quantum number for th ree  
m agnetically equivalent 33K nuclei (nt =  n: = u, = .
For 1 =  3 /2 , Eq. (3) predicts 10 equally spaced com po­
nents with .Vf' ranging from +9/2 to - 9 2  in integral 
step s. Relative in tensities in Fig. 2 correspond in 
part to the predicted3, distribution. 1: 3 : 6 :10 : 12 :12 :
10 :6  :3 ; 1, for three equivalent ’9K nuclei. Significant 
exceptions m ost likely arise  from dvnamic effects 
which, as noted earlier, appear to be important in these  
m atrix sam ples. Table II gives the best fit param eters 
,g0 and a0 obtained from Eq. (3) using m easured tran si­
tion fields from Fig. 1. The average discrepancy b e ­
tween observed and calculated line positions is = 0 .4  G. 
The spectral fit was not noticeably improved by inclu­
sion  of an estim ated second-order hyperfine co rrec­
tion. Unresolved matrix site , second-order hvperfine 
and anisotropic effects probably contribute to a degree 
comparable to that d iscussed  above for K,. The experi­
mental uncertainty in a0 represents one standard devia­
tion in the average separation of adjacent .1/' compo­
nents. As in the trim er m easurem ents, calibration 
errors contribute the major uncertainty in g.,. Table II 
a lso  g ives the spin population p, representing the iso ­
tropic spin density on each of the three magnetically 
equivalent 39K nuclei.

IV. DISCUSSION

The m easured spin populations in K3, p„ =  0. 47 and 
p3 =  ± 0 . 06, are distinctly different from the co rre ­
sponding param eters for possible parent species: three 
non interacting atom s, each with unit spin population.

J. Chem. Phys.. Vol. 74, No. 2, 15 January 1981



964 G. A. Thompson and D. M. Lindsay: ESR spectra of potassium atom clusters

equilateral acute
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FIG. 3. M o lecu lar o rb ita l sch em e fo r a lk a li t r im e r 'm o le c u le s .

or a sing le  atom plus diamagnetic dimer having p0 =  0 
and p] —1. The presence of two magnetically equiva­
lent 13K nuclei indicates that the trim er has a sy m ­
m etric linear (£>..„) or bent iso sc e le s  (C3J  geom etry.
The spin populations for K3 are remarkably sim ilar to 
those measured for the isovalent Na3 com plex, p0 =  0 .47  
and p3 = ± 0 .0 7 .21 Thus the ESR resu lts show that a l­
kali trim ers in their ground sta tes are chem ically bound 
m olecules. This situation may be contrasted with that 
found for H3, which is unstable towards d issociation  in 
its ground sta te . 46,47

Figure 3 shows a molecular orbital (MO) schem e for 
the potassium 'trim er at the sim ple Huckel level. The 
figure is analogous to the bonding schem e in the w ell- 
known a lly l radical, 32,48 with carbon 2p basis functions 
replaced by valence 4s-orbita ls of atomic potassium .
For an “obtuse angled" iso sc e le s  geom etry (apical 
angle > 60°49), the expected orbital configuration for 
the trim er is • ■ ■ la flh 3, giving a  ground state sym m etry  
2B3. For a sym m etric, linear trim er of sym m etry, 
the relative order of the MO’s  should rem ain the sam e  
giving a • • • oJa, configuration of sym m etry 2r^. Thus, 
the predicted spin populations for either 2B3 or 2S* sym ­
m etry, p0 =  O.5O and p3 =  0, are very sim ilar to the 
values m easured for K3, p0 =  0 .4 7  with Pt =  ± 0 .0 6 . As 
in the allyl example, 32,48 spin polarization effects, not 
included in the sim ple Huckel model, would be expected 
to induce a sm all (usually negative) spin density at the 
central 38K nucleus. Figure 3 a lso  includes a Walsh- 
type correlatioh diagram50 for the bending coordinate 
in K3. As the apical angle is  decreased from 180°, the 
lb3 orbital is  destabilized by an antibonding overlap be­
tween the term inal atoms, 1 and 2. The corresponding 
bonding interaction lowers the energy of the 2a; orbital. 
For an “acute angled” geom etry (apical angle < 60°49) 
the expected configuration is • • • lnv2a, leading to a 2A, 
ground state. For this situation, the predicted spin  
populations p3 =  1/4, p3 =  1/2 are in marked contradis­
tinction to those observed. Likewise, the ESR data 
r u l e  out an equilateral triangle for which p„ = p 3 = 1/3  
on each atom. For an apical angle of 60°. the potas­
s iu m  trim er will have an orbitally degenerate ground

state of 2E ' sym m etry and should, therefore, suffer 
a static Jahn-T eller distortion to either an obtuse 
angled or an acute angled geom etry. The ESR spectra  
for both K3 and Na3 show that the 2B2 component lies  
lower in energy.

An alternative model for both K3 and Na3 envisions 
trim er formation by an “electron jump” m echanism , S1 
Mj + M— MJM* or M*. The approximate atom -dim er ' 
separation at which charge transfer should occur can 
be estim ated from the curve crossing rela tion sh ip ,sl 
rc = 1 4 .4 /( / -  £) A, where /  and £  are, respectively, 
the ionization potential of the donor and the electron  
affinity of the acceptor (energies in eV). For K -  K:, ,2 
r e~ 3. 8 -4 .1  A, a value comparable in magnitude to the 
average trim er bond distance -  4 .3  A. rl Consequently 
the trim er ground sta te might be expected to possess  
significant ionic character, with isoceles geometry 
being favored electrostatically . In the strictly  ionic 
lim it, predicted spin populations for both M3M * and 
MJM* are p0 =  1 /2 , p3 =  0 in qualitative agreem ent with 
those m easured.

The sim ple bonding ideas of Fig. 3 are a lso  in a c ­
cord with severa l recent ab in itio  calculations on both 
Li321,s4,ss and Na3. 20 The comparison between observed  
and calculated spin populations has recently been r e ­
viewed. 25 B riefly, there is qualitative and som etim es 
quantitative agreem ent for trim er sp ec ies of either 3B3 
or 2SJ sym m etry. In m ost cases an obtuse iso sce les  
geometry is predicted to be most stable although a flat 
potential surface with multiple minima is a lso  indi­
cated. While none of these calculations g ives any 
indication of an extensive ionic contribution to the trim er 
electronic structure, a theoretical study of isovalent 
LijH indicates an iso sc e le s  :A t ground state with 50% 
ionic character . 55,57 Most noteworthy are the calcu la­
tions by Gerber and Schumacher21 on Li3 and by Martin 
and Davidson20 on Na3. Both studies treat the trim er  
as a d y n a m ic  Jah n -T eller m olecule. As discussed  in 
m ore detail below, the previously invoked static d is ­
tortion may, in som e situations, be too naive a model 
for these m olecules.

As noted earlier, the presence of a moderate p char­
acter in the wave function for the unpaired electron will 
not produce directly m easurable effects in the ESR 
spectrum  of K3. Consistent with the 5%-10% and 2 0 / -  
30% hybridization in K34‘ and Na3, 20 respectively, an  
order of magnitude 10% p  character might be expected. 
Indeed, a more extended basis set may account for the 
stability found for alkali trim er m olecules but not for 
H3. Consequently, the isotropic spin populations, p,
= p3 =  0.474(3) and p3 =  0.057(2), should not sum to 
unity. The ESR m easurem ents leave an ambiguity, not 
resolved by m olecular structure ca lcu la tion s.2° as to 
the sign of p3, however. If p3> 0. ^P= 1. 005(5) c o r r e ­
sponding to little or no p  character, whereas for p 
< 0, Fp =  o. 891(5). If the 10-line spectrum  of K ,(Fig. 
a rises from a pseudorotating isom er of K,(2S 3l then, 
as shown below, p3< 0 . For this situation the spit; popu­
lation data indicate an 11% p  orbital participation. A 
number of com plications may alter this estim ate. 
ever. These include orbital contraction or expans ten
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upon m olecule formation20'2* and m atrix interactions.
The latter give r ise  to a significant spread in the m ea­
sured hfs constant for atomic potassium (Table n) and 
produce at least two distinct trapping s ite s  for Na, in 
argon. 24 Likewise, both the sign and magnitude of the 
m easured g  shift A g=  -  0.0038, are consistent with 
either matrix s ite  effects comparable to those of atomic 
potassium or with p -orbital participation in the un­
paired electron wavefunction. For a 10% hybridization 
and sp in -orb it coupling to empty orbitals of dominant 
p  character, a rough g  shift may be estim ated from , 18 
Ag~* — 2 (0 .10)\^/A  where Xy =  38 cm ' 1 is  the sp in -orb it 
coupling constant for the 4p  orbital of atomic potassium 58 
and A is the energy gap between the ground and excited  
state. Substitution of the observed g  sh ift g ives A -  2000 
cm '1, which seem s unreasonably sm a ll. 80 Most likely  
hybridization and m atrix effects contribute comparably 
to the g  shift in these m olecu les. 50

An interpretation of the spectrum  shown in Fig. 2 is 
not as clear cut as in the trim er analysis. Although 
this spectrum  is  m ost apparent at elevated tem pera­
tures, it does appear to be present in fresh ly deposited  
m atrices at 4 K. Here, however, m ost M 1 components 
are overlapped by the much stronger K3 spectrum  and 
with transitions from atomic potassium in severa l 
m atrix s i t e s . A somewhat analogous, but not as well 
documented, phenomenon has been observed in experi­
ments utilizing sodium instead of potassium . 24 In the 
temperature range T ~  2 5 -3 0  K, the ESR spectrum  of 
Na3 is  entirely suppressed and a weak underlying sp ec ­
trum becom es evident. This con sists of at least six  
se ts  of first derivative transitions, whose intensities 
fall off towards the wings. The (most intense) central 
se t is  c lo sest to the resonance field of the free e le c ­
tron. The spacing between the major features is ~ 110G 
and the superhyperflne splitting is ~ 6 G. For the potas­
sium experim ents, the ten line hyperfine pattern shows 
that the carrier contains three magnetically equivalent 
13K nuclei, each having an isotropic spin population of 
slightly le ss  than one third. This situation could arise  
in one of two ways. Either the spectrum  originates 
from a polymeric sp ec ies  other than the trim er or, 
alternatively, it might belong to an isom er of K3 in 
which all nuclei have become equivalent.

In view of the significantly greater signal intensity of 
the trim er in com parison with atomic potassium , the 
presence in these m atrices of s t i l l  larger aggregates 
is  quite plausible. Since, for sm aller cluster s iz e s  at 
least, only odd numbered sp ec ies are expected to be 
paramagnetic, the m ost likely candidate is  the potas­
sium pentamer K ,. As in the trim er example above, 
the sim ple Huckel method was used to predict spin den­
sity  distributions for varying K5 geom etries. Assumed 
structures included the chain, ring, square pyramid, 
trigonal bipyramid and tetrahedral arrangem ents, plus 
severa l others of s t il l  lower sym m etry. In four cases  
(ring, tetrahedron, square pyramid, and trigonal b i- 

■ pyramid) an orbitally degenerate ground state was pre­
dicted, but this was assum ed to be unstable towards a 
static Jahn-T eller distortion. Of the > 10 geom etries 
investigated, only the chain (linear or "zigzag”) stru c­
ture gave approximate agreem ent with the experim en-

3o,

2b,

■f  2 o,

- H -  ■»,

4-4— io,

FIG . 4 . M o lecu la r o rb ita l  sch em e  fo r an a lk a li p en tam er with 
lin e a r  o r  "z ig z a g ” geo m etry .

tal spectra. Figure 4 shows the predicted MO schem e  
for a linear or bent pentamer m olecule. The unpaired 
electron is seen  to occupy an orbital of a, sym m etry  
(a, if linear) for which p„ =  1/3 on three 33K nuclei in 
approximate agreement with the m easured value p0 
=  0 .3 0 .81 As in the potassium trim er, the total is o ­
tropic spin density, 3p0 =  0 .89 , does not sum to unity, 
possibly indicating som e p  character in the wave func­
tion for the unpaired electron. In this context, it is 
interesting that the total isotropic spin d ensities, pq 
=  1.00, 2p0 =  0 .95 , 3p0 =  0 .89 , for clu sters K, K3, Ks, 
respectively , decrease monotonically towards the 
value i ; ,~ 0 .7  for the corresponding parameter in bulk 
potassium . 62

At the sim ple Huckel level, the a, wave function for 
the chain pentamer structure, Fig. 4, has a node at 
two potassium  nuclei. However, as in the case of K3, 
higher order effects would be expected to induce a 
sm all polarization spin density at these positions. For 
the trim er this g ives r ise  to the quartet superhvperfine 
structure characterized by a„~5 G. The correspond­
ing interaction in the pentamer should produce a septet 
superhyperflne pattern about each of the ten .V/' compo­
nents of F ig. 2. The clear absence of this effect might 
indicate a superhyperflne splitting considerably sm aller  
than the trim er value. In this situation, an upper 
bound to the pentamer superhyperflne splitting con­
stant may be estim ated from m easured linewidths. '■ 
and is found to be approximately 1 G. As mentioned 
earlier, ESR spectra of m atrices doped with sodium show 
evidence for a cluster (other than Na3) whose super- 
hyperfine splitting -  6 G. A sim ilar potassium species  
would have a predicted84 splitting of - 1  G, in good agree 
ment with the value estim ated from the observed lin e­
width data. Sem iem pirical calculations’5 predict a 
variety of stable geom etries for alkali pentamer m ole­
cu les, including a chain structure. Since these studies 
are not as detailed as in the trim er case, it is difficult 
to make a fair comparison between theory and experi­
ment at this time.
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FIG. 3. N orm al co o rd in a te  and re a l  sp a c e  d e s c r ip tio n  of 
paeudoro ta ting  K3 w ith c i r c le s  re p re s e n tin g  ene rgy  co n to u rs  for 
che t r im e r  po ten tia l su r fa c e .

An alternative interpretation of the ten line hyper­
fine pattern is suggested by the resu lts of recent theo­
retical studies on Li3 21 and NaJt 20 which treat the trim er  
as a dynamic Jahn-T eller m olecule. In D3„ sym m etry  
there are three normal modes of vibration one of which 
is  totally sym m etric while the other two com prise a 
doubly degenerate pair. The trim er potential energy  
surface is usually described in term s of the two doubly 
degenerate coordinates Qx and q),. "S,6T The Jahn- 
T eller interaction gives r ise  to a continuous, double 
potential surface, formed by two overlapping parab- 
olids of revolution, with upper and lower sheets joined 
at a conical intersection.

Figure 5 is a schem atic illustration of the lower po­
tential sheet, whose essen tia l features are a central 
peak surrounded by a trough containing three potential 
w ells. The central peak, corresponding to a true 
equilateral geom etry, is  energetically rem ote from the 
trough region. The three minima correspond to obtuse 
iso sce le s  geometry (2B3 sym m etry), and are indistin­
guishable except for different occupancies of the apical 
position, as indicated by the numbering in F ig . S.
Each well is  separated from its neighbors by a saddle 
point of acute iso sce le s  geom etry. The broken line in 
Fig. 5 represents a relatively low -energy path between 
adjacent minima, intraconverting one obtuse triangular 
form into another. This “pseudorotation” is accom ­
plished by deforming the trim er in both the Qx and Q, 
directions. The totally sym m etric coordinate is  not 
involved in this motion.

Figure 5 also gives magnetic field positions Hx, H«, 
and if, for the ESR transitions from each obtuse angled 
structure. These expressions are the sam e as Eq. (1) 
and are discussed in Sec. in. If trim er m olecules are 
"locked" into their respective minima. ESR does not 
distinguish among the three geom etries and the resu l­
tant spectrum  is a superim position of individual obtuse 
angled sp ec ies, i . e . .  a septet of quartets as observed  
in Fig. 1. However, for pseudorotation faster than the

ESR tim e sca le , only an average spectrum  w ill be 
observed,

=  3(2a0 + a3). (4)

This expression, in which M 1 =  m3 + m3 + m3, is  s im i­
lar to Eq. (3) but with an effective hfs constant, a,„
=  y(2o0 + a3). Together with the data of Table II, a„
=  39.0(3) G and as =  ±4.7(2) G, Eq. (4) predicts a 10- 
line ESR spectrum for which aHt = 2 7 .6 (3 )  G if a3> 0 
or a„ , =  24.4(3) G if a3< 0 . The predicted value with 
a3<0, at„ = 2 4 .4 (3 )  G, is  remarkably c lo se  to the 
m easured hfs constant for K „ n0 =  24. 5(7) G from 
Table n . In addition. Eq. (4) predicts the sam e g 
value for both K3 and K Within experim ental error, 
the data of Table II show this to be the c a se . 53

A pseudorotation mechanism is also appealing as it 
suggests a possible origin of the temperature depen­
dent intensities observed in these matrix sam ples. For 
the sodium trim er, Martin and Davidson23 estim ate a 
vibrational frequency of approximately 85 cm ' 1 for the 
doubly degenerate normal mode, with a barrier to 
pseudorotation c lo se  to 200 cm '1. Consequently they 
conclude that “the 2B3 well should support 2 or 3 vibra­
tional levels . ” More p recisely , the ground state for 
the trim er is a vibronic doublet of E' sym m etry with a 
"A3 state lying slightly higher in e n e r g y . I n  the 
absence of barrier penetration, all three sta tes have 
the sam e energy. This three fold degeneracy, arising  
from the three indistinguishable obtuse angled configu­
rations of the trim er (Fig. 5), is lifted by quantum 
m echanical tunneling which ra ises :A3 above '£ '. This 
example is analogous to the more fam iliar case of in­
version doubling in the ammonia m olecule. " •‘1 For 
Na3, a rather crude estim ate gives an order of m agni­
tude 1-1 0  cm ’1 inversion splitting corresponding to a 
tunneling frequency in the 10-100 GHz r a n g e . I f  a 
sim ilar  situation pertains to K, then it is plausible that 
at low temperatures the trim er is trapped in its zero  
point energy level within the :B; w ells. The tunneling 
rate might w ell be le ss  than che 10-100 GHz estim ate 
for Na3, so that little or no pseudorotating isom er is 
detected on an ESR tim escale. As the temperature is 
raised above 4 K, severa l effects mav com e into plav. 
The matrix, which should be particularly important in * 
system s with a markedly flat potential surface, might 
“lock” the trim er into an obtuse angled geomerrv near 
4 K but could becom e sufficiently fluid at higher ’em - 
peratures to allow pseudorotation. Alternative iv. ru­
in addition, higher energy levels of the trim er m:g:.t 
becom e thermally accessib le . This could !L' increase 
the rate of pseudorotation either by thermal population  
of excited energy levels in the :B3 wells or ov i.-.mrec- 
coupling of the three w ells through a much higr.er sta-e 
as in the Orbach mechanism for spin lattice relaxar.i- .. 
(ii) give r ise  to the spectrum of a “vibronic str.g.e- ' 
state . 72 for which unresolved anisotropies would re 
absent, leading to narrower lines and a more irrerse  
spectrum as observed at T ~  19 K and (iii) decrease  
spin lattice relaxation time sufficiently for the 
angled trim er spectrum to be broadened bevonc :.e-- > - 
t io n .:l as observed at T '2 5  K.

While these explanations for the temperature m-mr
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intensity changes are qualitative and, consequently, 
somewhat speculative, additional experim ents may pro­
vide further guidance and, in addition, allow a defini­
tive assignm ent of the carrier of the 10- lin e  spectrum . 
Included are intensity m easurem ents over a finer tem ­
perature grid, the use of m atrices other than argon 
and temperature dependent studies using lithium and 
sodium rather than potassium . The resu lts  of these 
experim ents will be reported in later com munications.
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exam ple: M. D. S tu rg e , Sol. S ta te  P h y s. 20 , 91 (1967); F . S. 
Ham in E lec tro n  P aram agne tic  R e so n a n c e , ed ited  by S. G esch - 
wind (P lenum , New Y ork, 1972); R. E nglm an, The J a h n -  
T e lle r  E ffe c t in M o lecu les  and C r y s ta ls  (W iley, New Y ork,
1972).

b8T h e  sam e  m odel does  not ap p e a r to apply to  Na, and the second 
sodium  sp e c ie s  m entioned e a r l i e r .  W hile the ag ree m en t fo r 
the hyperfine  d a ta  of the two sp ec ie s  is  s a tis fa c to ry , the  two 
ra d ic a ls  have m arked ly  d iffe re n t g  va lues.

S9R . S. B e rry , R ev. Mod. P hys. 32, 447 (I960).
70E. B. W ilson , J r . ,  J . C . D eciu s, and P. C . C ro s s , M o le cu ­

la r  V ib ra tions  (M cG raw -H ill, New Y ork, 1955).
7lC . H. Tow nes and A. I. Schaw low , M icrow ave S pec tro scopy  

(M cG raw -H ill, New Y ork , 1955).
72U sing the d a ta  of Ref. 20 and m ethods d e sc r ib e d  in R ef. 71, 

but assu m in g  a tr ia n g u la r  poten tia l along the p seudo ro ta tion  
co o rd in a te . S ligh tly  low er values  a re  obta ined  using a  co sine  
po ten tia l a s  d e sc r ib e d  by M. D. S tu rg e , op. c i t . , Ref. 47.

73T h e  tra n s itio n  betw een the  sp ec tru m  oi j  “ v ib ron ic  d oub le t-’ 
and tha t of a “ v ib ron ic  s in g le t” need not im ply d ire c t popula­
tion of 2A ; ,  s e e  Ref. 67.

74An O rbach  type m echan ism  has been invoked in o ru e r  to  ex ­
pla in  s im i la r  te m p e ra tu re  dependent e ffec ts  in dynam ic J a h n -  
T e l le r  o c tah ed ra l co m p lexes . S ee, K. A. M u lle r in M agnetic  
R esonance and R e la xa tio n , Colloq. A m pere  XIV (N orth-H olland . 
A m ste rd a m , 1967).
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Dynamic frequency shifts in pseudorotating Na3
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ESR spectra assigned to pseudorotating Na, molecules have been obtained by clustering atomic sodium in an 
argon matrix. Both a pseudorotating spectrum and the previously reported “stationary" spectrum are 
observed. As in the analogous potassium case, the pseudorotating spectrum is attributed to a rapid exchange 
between the three equivalent potential wells of a Jahn-Teller distorted trimer. The ESR spectra show an 
extreme alternating linewidth effect. Even at T Z 3 0  K, only those four hyperfine |hf) components which do 
not broaden are observed. The relaxation matrix formalism is applied to pseudorotating Na, and derived 
expressions give a good fit to the measured line positions. These show 5-10G “dynamic frequency shifts," 
much larger in magnitude than normally encountered in exchanging radicals. The measured g value and hf 
constants for pseudorotating Na, are in close correspondence with those predicted from the stationary trimer 
parameters. Together the two spectra determine the sign of the hf coupling in Na,.

I. INTRODUCTION

In previous work, 1 electron spin resonance (ESR) 
spectra were reported for sodium trim ers trapped in 
solid argon at 4. 2 K. The spectra show an isotropic 
hyperfine (hf) structure arising from the Ferm i contact 
interaction of a single unpaired electron and three a Na 
nuclei. Two nuclei are magnetically equivalent and have 
hf constants (cr0) approximately half that of the free atom. 
The hf coupling to the third nucleus (± a3) is much 
sm aller. Subsequent studies8 have identified an analo­
gous spectrum for K3.

Both trimer spectra have been interpreted as arising  
from the 8B2 ground state of an “obtuse iso sce le s” iso ­
mer. The unpaired electron is localized alm ost entirely 
in valence s orbitals on the two base atoms. Polariza­
tion effects induce a sm all (positive or negative) spin 
density at the unique apical position. The trim er ground 
state may be viewed as the stable partner of a Jahn- 
T eller distorted equilateral triangle. 1-4 The orbital de­
generacy of the Dy, trim er is lifted by an increase in the 
apical angle and since no particular atom is preferred  
this leads to three equivalent potential w ells each of 2B 2 
sym m etry. Trim er m olecules are equally distributed 
among the three w ells which, if sufficiently deep, give 
rise  to the "stationary spectrum” observed. 8

For potassium in argon, a further ESR spectrum con­
s is ts  of ten equally spaced hf components as would be 
expected of a radical containing th r e e  equivalent 88K 
nuclei. 8,5’8 This spectrum was attributed to a pseudo­
rotating trim er in which all three atoms are made 
equivalent by rapid exchange between adjacent 2B 2 
minima. As evidence for this interpretation, the hf 
splitting constant of pseudorotating K3 is found to be in 
excellent agreement with the appropriate average, (a)
= l/3 (2 a 0 - a3), of the stationary trim er constants, if a3 
is assumed negative. 8 In addition, both spectra have 
the sam e g  value. Confirming evidence is provided by 
the striking alternating linewidth effect shown by the 
pseudorotating spectrum . 5’8 At high temperatures, 
component ESR intensities approach the predicted ratio 
for three equivalent 38K nuclei. With decreasing tem­
perature, however, all but fo u r  hf components become 
noticeably broadened. This behavior was shown to be 
both qualitatively5 and quantitatively8 in accord with the

pseudorotation hypothesis.

In this paper we report ESR spectra for the pseudo­
rotating sod ium  trim er. As is well known from the 
study of certain organic radicals, 7’11 dynamic behavior 
may be manifested by both line broadening and frequen­
cy sh ifts. These two effects depend upon the mean- 
square deviation in the hf splitting (So2), where, 8 for 
alkali trim er m olecules, (6a8) = 2/9(a0 - a 3) . 8 Because 
(6a 8) for Na3 is very large (over an order of magnitude 
greater than in K3), there are pronounced consequences 
for the ESR spectrum . Only those four hf components 
whose linewidths are immune to exchange can be ob­
served (an extrem e alternating linewidth effect) and 
these show large (5-10G ) dynamic frequency shifts.
As in the potassium ca se , 8 the magnetic parameters 
for pseudorotating Na3 are in good agreement with those 
predicted from the stationary spectra1 when n3 is a s ­
sumed negative.

II. EXPERIMENTAL

The experimental details have been reported e ls e ­
where. 1,8 M atrices are formed by codeposition of ex­
c ess  argon (Airco, 99.9998%) with atomic sodium (Gal­
lery, 99.95%) on a sapphire plate bonded to the inside of 
an ESR cavity mounted on a variable temperature liquid 
helium Dewar. Cluster formation occurs during de­
position and is  accomplished by warming the sapphire 
surface above a nominal temperature of 4. 2 K. Spectral 
resolution was considerably enhanced by a subsequent 
annealing of the matrix sam ple. Temperature m easure­
ments are made with a calibrated carbon resistor and 
are judged accurate to within ± 5%. The resonance fre­
quency of the cavity plus sapphire plate and argon ma­
trix was 9. 2824(2) GHz over the temperature range a 
these experim ents. ESR spectra were recorded on a 
JEOL ME-3X spectrom eter and were individually ca li­
brated with a proton magnetometer (Micronow, model 
515).

III. THEORY

Trim er spectra may be described by the isotropic 
spin Hamiltonian

KXf)=W0 --C ,(f)  ,

1 1 1 4  J. Chem . Phys. 7713). 1 A ug. 1 982  0 0 2 1 *9 6 0 6 /B 2 /1 5 1 1 1 4 -0 4 S 0 2 .1 0  ”  1 9 8 2  A m erican  In s titu te  of Physics
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where

Ko =gaP. S .  H + 53, £  I , .  + 4 « E  (S- A- + S. / ,  J (D
9 9

is a tim e independent part, and

K ,( t)  = r  h , « ) S ' I „  + A,(f) (S.7.. + 5 . / ,J  (2)
a “ «

is a random, fluctuating term which d escrib es the dy­
nam ics. In these expressions, g-0 is  the trim er g  value. 
(3, is  the Bohr magneton, and 3 s  (a ,(t)) -  l /3 (2 n 0 + a,) is  
the average hf coupling constant for nuclei q = 1, 2, or 3. 
The electron spin operators S „  S, and nuclear spin op­
erators 7,„ 7„ have their usual meaning but are sp ec ia l­
ized to S = 1 /2  and 7 = 3 /2 . The h ,(t)  represent instan­
taneous deviations from the mean hi,

ft„(f) =a,(f) - a  , (3)

which can take one of two values depending upon whether 
a,(t) =a0 or a ,.

A. Static problem

To second order in a /H ,  the eigenvalues of the static  
Hamiltonian (IC0) give, with the se lection  ru les Am,
=± 1, Am, =0, transition fields (the units are Gauss)

ff„= s ^ - a f - | j [ 3 f ( / + i ) - 2 > f ] . w

where g „  77, are the g  value and resonance field  for a 
free electron, m , =± 3 /2 , ± 1 /2  is an eigenvalue of 7„ 
andiW =2, m ,. A ssum ed in the derivation of Eq. (4) are  
first order basis functions

| a) = | m,> J I  | m,) , (5)
1

where I m,) and I m ,)  are eigenfunctions of S, and 7„, 
respectively. The product representation of Eq. (5) 
recognizes a choice of uncoupled nuclear eigenfunctions 
for a pseudorotating trim er . 14 No nuclei are “com plete­
ly equivalent" in the sen se  that a , ( t ) * a i. (I) at all tim es 
f, and the criterion7’’ la 0 - a , l  »  aJ/277, a \/2 H  is easily  
met by both Na, and K,. For pseudorotating K„ the last 
term  in Eq. (4), the "static frequency sh ift,” is sm all 
and the spectrum is  adequately described using first  
order theory alone. * For the sodium trim er, however, 
all three term s are insufficient and an additional "dy­
namic frequency shift, ” arising from 5C,(f), must be 
included.

B. Dynamic problem

The first term in Eq. (2), which cannot connect dif­
ferent spin sta tes m, =* 1/ 2, g ives r ise  to a secu lar  
broadening of the trim er hf spectrum . In R ef. 6 the 
secular contribution to the trim er linewidth is shown 
to be

IXW, k) = 2/9(o0 -  a ,)2 [Af2 -  3(m ,m , + m ,m ,+ m 2m ,)]r , ,
( 6 )

where r , is a (temperature dependent) correlation tim e. 
The symbol k  recognizes that the function in parentheses 
can, for certain M , take on several values depending 
upon the particular combination of mt, m,, and m3. Of

importance here are (m ,,m „  m,) = (± 3 /2 ,± 3 /2 ,± 3/2) 
and (± 1 /2 , ± 1 /2 , ± 1 /2), corresponding to Af =± 9 /2  and 
one component of * 3 /2 . For these r ( M ,k )  = 0 and, in 
the lim it of an extrem e alternating linewidth effect, only 
four hf transitions may be detected.

Effects arising from the second term  in Eq. (2) are 
elegantly handled by the perturbation theory of Redfield  
e t  al.  Valid whenever (fia2) l / 2rc «  1, the general for­
mulation is well described elsew here7’’' 11' 13*14 and need 
not be restated here. However, each application re ­
quires a computation of the elem ents of a relaxation ma­
trix R = Rr +fR 1, whose real and imaginary parts give 
rise  to a nonsecular linebroadening and the dynamic 
frequency shift, respectively . Although the two are 
closely  related, only the latter is of importance for 
pseudorotating Na,. For the isotropic Hamiltonian 
[Eq. (2)] a straightforward application of the general 
theory7'*’11' 13,14 gives a frequency shift

* i a ^ « ' = - l / 2 * „ K ) [ 3 / ( / + l ) - 2 m 2j  , (7)

where the at, a ' subscripts (m , =+ 1/2  and -  1/ 2 , r e ­
spectively) pertain to basis functions of the type (5), 
te0 is  the Larmor frequency and

*«f(“ o)= I G„(r) sin  w0rdT .•'a
The correlation function

O j T )  =  h , m , [ r )

is  the ensem ble average of the expressions (3). The 
appearance in Eq. (7) of a sing le  spectral density func­
tion is a consequence of: (1) the zero matrix elem ents 
which multiply fc„«(w0) for q * q ’ , and (2) the equality 
ftii(Wo)=*„(“ o)=*33("o). but ft„(w„) = -  2*,,. (w„), as is 
easily  verified  from the resu lts of the next paragraph.

For a stationary, Markov p rocess, in which trim er  
m olecules undergo a random exchange between adjacent 
2f?2 w ells (f,; = l ,  2, or 3)

3
G „(r)=  £  A„(0)h,J(r )P l(0)R l,(T) ,

i.i-i

where the P t,( r )  are conditional probabilities relating  
the occupancy of w ells i  and j at tim es r = 0 and r = r, 
respectively, and P,(0) = l / 3 .  A very sim ilar expres­
sion , in which the h(r) have a slightly different meaning 
is evaluated in Ref. 6 . For pseudorotating alkali trim er  
m olecules

={da*) e ’T/T'

giving

= -7 [3f(7+ 1) -  E  mj] .

where

(fia3) = 2 /9 (a0 - a ,)2 .

For w, t| »  1 and units of Gauss, the dynamic frequency 
shift is

= “ [3;(;+11 “ ? '"*]  • '3)

J. Chem. Phvs., Vol. 77, No. 3, 1 August 1982
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TA B LE I . M easu red  lin e  p o s itio n s  (un its  a r e  C ause) fo r  
p seu d o ro ta tin g  Na3 in  an  a rg o n  m a tr ix  a t  33 K. U n c e rta in tie s  
a r e  ± 0 .5  G.

M (m t .m j.m j) S ite  A S ite B Site C

+ 9 /2 (+ 3 /2 ,+ 3 /2 ,+ 3 /2 ) 2883.0 2872.1 2875.3

+ 3 /2 ( + 1 /2 ,+ 1 /2 ,+ 1 /2 ) 3149 .3 3148.5* 3146.5*

— 3 /2 b ( - 1 / 2 , - 1 / 2 , - 1 / 2 ) (3431.0) (3435.2) (3432.7)

— 9 /2 ( - 3 / 2 , -  3 /2 ,  - 3 / 2 ) 3724 ,6 3734. 6 3730. 6

*F or A /« + 3 /2 , s i te s  B and C a r e  n o t re so lv e d .
“A il Af» —3 /2  tra n s i t io n s  a r e  o v erlap p ed  b y  an  add itiona l sp ec ­
tru m . (See tbe te x t.)  V alues  in  p a re n th e s e s  a r e  ca lcu la ted  
u s ing  Eq. (9) and the  d a ta  in  T ab le  IL

T A B L E  m .  M agnetic p a r a m e te r s  (hf co n s ta n ts  in  G auss) f o r  
s ta t io n a ry  N a3 la  a rg o n .1 E x p e rim en ta l u n c e rta in t ie s  a r e  in  
p a re n th e s e s .

Site a9 a 3 *0 a (fly «

I 149.5(15) 22 .6(10) 2.0012(12) 92.1(8) 122.8(12)

n 153.0(15) 20.3(9) 2.0012(12) 95. 2(8) 125.5(12)

m 151 2 1 .2 2 .0012 9 3 .6 123.9

'F o r  m a tr ix  s i te s  I  and  II g Qt ao* and o 3 a re  fro m  T able 3 of 
R ef. 1. P a r a m e te r s  fo r  s i te  III (not re p o rte d  in  T ab le  3) a re  
ap p ro x im ate . T he av e ra g e  hf a = l/3(2ao assumes 
M g ative; <r = l/3 (2n§  + a 3).

Combining Eqs. (4) and (8), the com plete (to second  
order) description of the trim er spectrum  becom es

«  = + = - (9)

where

? = a * + (f ia J) = l/3 (2 a j + a |) . (10)

This la st expression  su ggests a complementary 
derivation of the resu lt (9). In each *Bt  well («' = 1, 2, 
or 3) transitions fie lds, correct to second order in a /H  
using the basis se t  (S), are given by

= [W + D -m|I ,

where a ,( =a, if, in well i, nucleus q  is  apical and a ,,  
=a0l othew ise. The average over all three w ells  
H = 1 / 3 1 , 8 ,  is  identical to Eq. (9).

IV. RESULTS AND DISCUSSION

Table I gives ESR transition fie lds assigned to pseudo 
rotating Na, in three matrix s it e s .  The relative uncer­
tainty in these m easurem ents is  estim ated to be £  0 .5  
G, although the absolute error  may be slightly greater. 
While Table I pertains to ESR spectra  recorded at 
r  = 33 K, trim er line positions are not noticeably af­
fected by tem perature. Below T ~  20 K, the pseudoro­
tating spectrum  is strongly overlapped by transitions 
from the stationary spectrum , 1 which shows a tem per­
ature dependence sim ilar  to that of the analogous potas­
sium tr im er .s The ESR intensity of stationary Na, in­
crea ses to a maximum at T ~  10 K and then fa lls  to zero  
without a noticeable change in linewidth. This behavior

TA B LE n .  M agnetic p a r a m e te r s  (hf con­
s ta n ts  in  G auss) fo r  p seu d o ro ta tin g  N a, in  
a rg o n . A pprox im ate e r r o r s  (in  p a re n th e ­
se s ) d e r iv e  fro m  u n c e rta in t ie s  in  T ab le  I 
da ta .

Site go a ( 7 ) 1/2

A 2. 0012(3) 93. 2(2) 122.0(30)

B 2. 0016(3) 95. 6(2) 117. 7(30)

C 2.0018(3) 94.7(2) 121.1(30)

and the apparently anomalous coexistence of the two 
trim er spectra is  surprising and potential explanations 
are currently being pursued. A lso observed is atomic 
sodium in severa l matrix s ite s , 1,15 and an extensive, 
but well resolved, spectrum arising from a cluster  
other than Na,. “  Although the latter masks the M  = -  3 /2  
component of pseudorotating Na,, the trim er contributes 
a noticeable intensity perturbation. Equation (9) pre­
dicts a total of 20 transitions for pseudorotating Na,. 
However, even at elevated temperatures where spectral 
overlap is  not severe , no hf components other than 
(± 3 /2 , ± 3 /2 ,± 3 /2) and (± 1 /2 ,± 1 /2 ,± 1/2) were observed. 
This is  not surprising. If the correlation tim es for 
pseudorotating K, and Na, are assumed comparable, 17 
then Eq. (6), with r„~ 2x 10*‘° s at 30 K from Ref. 6 , 
predicts an exchange contribution to the linewidth of 
order 10 G. A broadening of this magnitude would prob­
ably make these transitions quite difficult to detect.

Table II gives constants g a, o, and (a2)17 2 obtained by 
fitting the data of Table I to Eq. (9) with H, =3312.2 G. 
Since there are an equal number of data points and pa­
ram eters, the error estim ate derives from the uncer­
tainty in the experimental line positions. Tim fit is 
particularly insensitive to the magnitude of a2, which 
enters Eq. (9) through the relatively sm all second or­
der term .

A conceivable carrier  other than pseudorotating Na, 
is  a radical of the type NaX, where X is an impurity. 
Several exam ples of adduct formation by metal atoms 
have been documented. 11 For NaX (with X = HzO, for 
example) a quartet hf pattern would a lso  be expected. 
However, the data in Table I give a poor fit to the spin 
Hamiltonian for a radical containing a sing le  23Na atom.

Table III reproduces1 g 0, a 0, and a , for the stationary 
trim er in two m atrix s ite s . Limited data for a third 
s ite , apparent in F ig . 3 of Ref. 1, were analyzed to 
give approximate a0 and a, values assum ing g-0 = 2. 0012.
A com parison of Tables II and in shows that the directly  
m easured g a and a  are remarkably c lo se  in magnitude 
to those predicted from the stationary spectrum , pro­
vided a , < 0 . A sim ilar  correspondence of stationary  
and pseudorotating param eters has been demonstrated2 
for potassium  trim ers in argon. The agreement in 
( ? ) ,/2  is  le s s  satisfactory but, as noted above, the ex­
perimental uncertainty is large. Since this prevents a 
meaningful inversion of a  and a2 to give «„ and o„ a

J. Chem. Phys., Vol. 77, No. 3, 1 August 1982



0 . M. Lindsay and G. A. Thompson: Pseudorotating N a, 1117

1-1  correspondence between stationary and pseudoro­
tating m atrix s ite s  Is not necessarily  Implied by these  
data.

In conclusion, severa l aspects deserve particular 
em phasis. The ESR analysis presented here provides 
additional evidence for pseudorotation in alkali trim er  
m olecules and su ggests that the dynamic behavior of 
Na, and K, may be comparable. Since the spin  popula­
tions of the two stationary trlm ers are  markedly sim i­
lar, ’** this is  not entirely suprising. Indeed a c lo se  
correspondence between sodium and potassium  param e­
ters may be a general feature of these sm all c luster  
m olecules. 18 In addition, the combination of stationary  
and pseudorotating spectra determ ine that a ,< 0 , as is  
the case for K ,.a A negative spin density at the apical 
atom is  predicted by ab in itio  calculations, 3 but cannot 
be determined from the static  spectra  alone . 1,18 Finally, 
the ESR spectra for pseudorotating Na, provide a fairly  
stringent test for the relaxation m atrix formulation it­
se lf . The m easured dynamic frequency sh ifts [Eq. (8) 
of Sec. n il  i r e  H x~ - 5  and -  10 G for M  =± 9 /2  and ± 3 /2 , 
respectively . These values are approximately two o r ­
ders of magnitude larger than the 10-100  mG sh ifts re­
ported previously . 8-10
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Appendix A.3

Matrix ESR spectra of polyatomic alkali metal clusters
G . A. T h o m p s o n , F r a n c e s  T isc h le r , a n d  D. M. L in d say

D e p a r t m e n t  o f  C h e m i s t r y ,  C i t y  U n i v e r s i t y  o f  N e w  Y o r k ,  T h e  C i t y  C o l l e g e ,  N e w  Y o r k ,  N e w  Y o r k  1 0 0 3 1  

( R e c e i v e d  9  D e c e m b e r  1 9 8 2 ;  a c c e p t e d  8  F e b r u a r y  1 9 8 3 )

E S R  s p e c t r a  h a v e  b e e n  o b t a i n e d  f o r  p o l y a t o m i c  s o d i u m  a n d  p o t a s s i u m  c l u s t e r s  i n  a r g o n  a n d  n i t r o g e n  
m a t r i c e s .  T h e  s p e c t r a ,  t e n t a t i v e l y  a s s i g n e d  t o  a l k a l i  s e p t e m e r  m o l e c u l e s ,  s h o w  a  l a r g e  i s o t r o p i c  h f  l a j  f r o m  
t w o  e q u i v a l e n t  a l k a l i  n u c l e i  p l u s  a  m u c h  s m a l l e r  s p l i t t i n g  [ a , )  f r o m  a n  a d d i t i o n a l  ( a t  l e a s t )  f w e  e q u i v a l e n t  
n u c l e i .  F o r  a n  a r g o n  m a t r i x ,  t h e  m e a s u r e d  h f  c o n s t a n t s  a n d  g  v a l u e s  a r e  a ,  =  1 1 8 . 1 6 ( 4 )  G, a .  =  6 . 6 6 ( 1 2 ) .  
g a =  1 . 9 9 9 4  ( 1 1  a n d  a ,  =  3 0 . 5 5 ( 6 )  G ,  a ;  =  1 . 7 9 ( 2 1  G .  g 0  =  2 . 0 0 1 7 ( 1 )  f o r  N f l ,  a n d  K , ,  r e s p e c t i v e l y .  T h e  E S R  
s p i n  p o p u l a t i o n s . / ; ,  =  a , / o ( a t o m l .  a r e  c o m p a r e d  w i t h  t h e  o r b i t a l  s y m m e t r i e s  p r e d i c t e d  b y  t h e  s i m p l e  H u c k e l  
a p p r o x i m a t i o n  f o r  a  r a n g e  o f  . V / . .  A / , ,  A / , , ,  a n d  A / , ,  s t r u c t u r e s .  A s i d e  f r o m  t h e  r e l a t i v e l y  u n s t a b l e  “ T -  

s h a p e d ”  a r r a n g e m e n t ,  o n l y  a  f e w  t h r e e - d i m e n s i o n a l  s t r u c t u r e s  g i v e  a  s a t i s f a c t o r y  a g r e e m e n t  w i t h  t h e  E S R  
s p e c t r a .  F o r  A / - ,  a  l i k e l y  g e o m e t r y  i s  t h e  p e n t a g o n a l  b i p y r a m i d .  T h e  E S R  s p i n  p o p u l a t i o n s  f o r  N a -  a r e  a l m o s t  
i d e n t i c a l  i n  m a g n i t u d e  t o  t h o s e  o f  K •>. I f u -  < 0 .  t h e  t o t a l  isotropic spin p o p u l a t i o n  i s  2 p, ^ = 0 . 6 4 ,  w h i c h  i m p l i e s  
a n  —  3 6 %  p  c h a r a c t e r  f o r  t h e  u n p a i r e d  e l e c t r o n .

I. INTRODUCTION

This paper reports on the electron spin resonance 
(ESR) spectra of matrix isolated sodium and potassium  
clusters, probably the alkali septem er m olecules. Ma­
trix sam ples were prepared by codepositing atomic 
alkali (2 -5  mol%) with either argon or nitrogen on a 
liquid helium cooled sapphire surface. In addition to 
the features assigned to A/7, all m atrices show the ESR 
spectra of both alkali atoms1 and alkali trim er m ole­
cu les . 2"1 No sample gave ESR spectra attributable to 
A75. Septemer spectra are relatively more intense at 
the higher concentrations, but a further increase in 
alkali favors*the formation of an unstructured resonance 
characteristic of large particles or the bulk metal 
phase. 5 The absence of additional ESR spectra sup­
ports a previous hypothesis0 of a sharp, concentration 
dependent transition between molecular clusters and 
m icrocrystals.

The spectra attributed to Na7 and K7 show distinct 
“quantum size  effects . " 7 A single unpaired electron  
has an isotropic hyperfine (hf) interaction arising from 
an approximately 37% .spin population on each of two 
equivalent alkali atoms, plus a much sm aller (± 2%) 
spin population on each of (at least) five atoms. The 
ESR spin distribution was compared with the orbital 
sym m etries predicted by the sim ple Huckel (SH) ap­
proximation for a range of 7, 9, 11, and 13 atom clu s­
ters. Although unsophisticated, the SH method gives 
a rapid overview of a large number of cluster s iz es  
and geom etries. Except through .V/8, relatively few 
molecular structure calculations have been reported 
for a lk a li  atom clu sters . 0,9 In addition, SH calcu la­
tions readily provide information on the molecular wave 
function, data which are most often omitted in reports 
on sem iem pirical and ab in itio  calculations. A qualita­
tive agreement between experiment and SH theory is ob­
tained for a few compact three dimensional structures, 
but not for straight chains or rings. For A/ 7 a likely 
geometry is the pentagonal bipyramid, the most com ­
pact packing arrangement for seven interacting 
spheres . 10

II. EXPERIMENTAL

Alkali clusters were formed by codepositing atomic 
sodium or potassium (Gallery, 99.95%) with diluent 
argon (Airco, 99.9998%) or nitrogen (Airco, 99.9995%) 
on a sapphire plate mounted within an X-band ESR 
cavity. The cavity was attached to a variable tempera­
ture liquid helium dewar whose components have been 
described elsew here . 2,3 The alkali was evaporated 
from a water shielded Knudsen effusion source, recent­
ly modified to include a quartz microbalanace (Veeco, 
QM-301). M atrices were grown at or slightly above 
4 .2  K, a 5 h deposition time being typical. The ratio 
of matrix gas: alkali varied from 20:1 to 70:1  
corresponding to, respectively, 0 .4  and 0 .1  jxmolh"1 
of alkali incident on the sapphire plate. This range of 
concentration, two to five tim es greater than the 100: 1 
ratio used in the trim er experim ents. 2,3 was found to 
give the optimum septem er intensity without causing ex­
cessive  nucleation. At st ill greater concentrations, a 
broad resonance centered near the free electron j  value 
was observed and this may be attributed to a conduction- 
electron spin resonance spectrum . 3 Annealing by warm­
ing the matrix to 30 K, gives a substantial improvement 
in spectral resolution and may also promote aggregation 
to Na7. For argon, no further irreversible changes were 
observed, provided the matrix temperature (measured 
with a calibrated carbon resistor and accurate to = 5%) 
did not exceed -  34 K. The ESR behavior of sodium in 
nitrogen was more complex. An additional, unassigned 
spectrum was observed during annealing at 25-26 K.
This consists of -  16 groups of transitions separated by 
4 5-50  G, but the spacing is irregular. On further 
warming to 29-30  K, these features were almost entire­
ly replaced by the spectrum attributed to Na7. At still 
higher temperatures, the latter spectrum abruptly d is­
appears.

All spectra were recorded on a JEOL ME-3X ESR 
spectrom eter (microwave power indicident on cavity 
=* 2 mW) using 100 kHz magnetic field modulation fpeak- 
to-peak amplitude a lG ) and phase sensitive detection. 
The signal from the JEOL lock-in amplifier was further

5 9 4 6  J .  C h e m .  P h y s .  7 8 ( 1 0 ) ,  1 5  M a y  1 9 8 3  0 0 2 1 . 9 6 0 6 / 8 3 / 1 0 5 9 4 6 - 0 8 S 0 2 . 1 0  ©  1 9 8 3  A m e r i c a n  I n s t i t u t e  o f  P h y s i c s

Repr in ted  with  permiss ion  from J .  Chem. P hys . ,  co p y r ig h t  1983 by the 
American I n s t i t u t e  o f  Phys ics .
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FIG. 1. ESR sp e c tru m  of Na, In an a rg o n  m a tr ix  a t  33 K. T he quan tum  n um ber M , is  the n u c lea r sp in  p ro je c tio n  fo r 2 equ ivalen t 
“ Na nucle i. T he fu r th e r  s tru c tu re  w ith in  .'.15 - a 2 , ± 1 , and 0 a r i s e s  fro m  a  second  o r d e r  sp lit tin g  (see  the  tex t and F ig . 2). A lso 
shown a r e  a to m ic  so d iu m , p seu d o ro ta tin g  Na, and background sa p p h ire  s ig n a ls  labeled  5 . T he re so n a n c e  fie ld  of a f r e e  e lec tro n  
is  Ma =3312. 2 G.

processed  either with an active filter (typically a 1 s 
time constant for a scan rate of 2 G min"1) or by aver­
aging repetitive scans on a multichannel analyzer 
(Tracor Northern, TN 17X0). Owing to a jitter of ap­
proximately ± 0 .5  G in the JEOL field scan  circuitry, 
the expected sign a l-to -n o ise  enhancement of long a c ­
quisition tim es was never fully realized . The reso ­
nance frequency of the cavity plus sapphire plate and 
m atrix sam ple was 9 . 2824(2) GHz over the temperature 
range 4 .2 -3 0  K. Individual spectra w ere calibrated  
with a proton magnetometer (Mlcronow, model 515). 
Relative and absolute magnetic field positions are 
judged accurate to ± 0 . 5% and ± 1 G, respectively .

III. SPECTRA AND ANALYSIS

A. Sodium

Figure 1 shows, for an argon matrix at 31 K, the 
ESR spectra of atomic sodium , 1 pseudorotating Na,, * 
and the newly observed cluster sp ec ies, m ost likely 
Na,. The septem er spectrum con sists of seven  groups 
of first derivative transitions (isotropic hf splitting a,) 
centered near the resonance field H , = 3312 .2  G of a free 
electron. Despite a careful search , features corre­
sponding to a zero-field  splitting or to changes of greater 
than unity in the electron sp in  projection were not ob­
served, thus implying a clu ster with an odd number of 
sodium atom s. Except, possibly, as transient events 
in nitrogen m atrices, no phenomena characteristic of 
exchange or other dynamic p rocess have been observed.

As shown in m ore detail in F ig. 2, the septet stru c­
ture may be assigned to two m agnetically equivalent 
1 = 3 /2  nuclei whose total nuclear spin angular momen­
tum has magnitude J , and projection A/,, where .W,
= * 3 , . . . ,  -  3 and 3 s  J , a I .w, 1. 2~4 Including term s up 
to third order in a ,/H , 11,12 the transition fields of each 
origin are 2,4

W„ .V/,) = |  (Hg - .W.) - f  [J,(J, * 1) - .Wf]

where .g0 is the (isotropic) g  value of the cluster and H 
is the magnetic field at a particular transition.

Each (J,,.v;,) origin in F ig. 2 corresponds to the cen­

ter of a superhyperfine (shf) pattern of at least 16 equal­
ly spaced transitions. This further structure is de­
scribed  by adding to Eq. (1) a term

H{MZ) = - £*■ a,,W, , (2)
So

where a , « a ,  is the shf splitting constant and M z = ± 1/ 2 ,
± 3 / 2 , . . .  is  a nuclear spin projection quantum number13 
for this second group of magnetically equivalent [ = 3 /2  
nuclei. 14

B ecause of the marked decrease in intensity with in­
creasing IJWjl, it has proved difficult to assign  an upper 
bound to IAf,l and thus to the number of equivalent sod i­
um atoms responsible for the shf structure. Our o r ig i­
nal a ssessm en t15 that we were observing Na, a rose  from 
an insufficient sign al-to -n o ise (S/N) ratio leading to an 
assignm ent of IAJ,I £ 9 /2 , as would be expected of three 
equivalent 1 = 3 /2  nuclei. That the spectral carrier  is 
indeed larger than the pentamer is apparent from Fig.
3, which shows a detail (at T  =4. 2 K) of the low field 
wing of Af, = + 3 and the high field wing of .1 / , = — 3. A l­
though the ESR intensity at 4 .2  K is significantly greater  
than at 30 K, “  there is extensive overlap with the sp e c ­
trum2 of stationary Na, at lower tem peratures. C lear­
ly evident in Fig. 3 are transitions M , = -  15 2 and 
•Vf2= - 1 5 /2  for ,Mj = + 3 and -  3, respectively . For .if,
= - 3  [Fig. 3(b)], possible A/j = -  17 2. -  19 2 . . . .  are 
obscured by the more intense features of pseudorotutim: 
Na, . 4 As shown in Fig. 3(a), there is no overlap with 
the low field wing of .W, = * 3, even at 4. 2 K. Here, how­
ever, the S/N ratio is s t ill insufficient to rule out the 
presence of ,\lz = * 17/2, - 1 9 /2 ..........17 Thus. :ur ex ­
am ple, a cluster Na, with one se t of two equivalent nu­
c le i (the septet structure) and a second set of seven 
equivalent nuclei, contributing a 22 line shi 'M - 
= -  21/ 2 , . . . .  -  21.- 2), would a lso  be consistent • 
experim ental spectra. As discussed  in the loiln-.vir.. 
section, the number of seven (or greater) atom ucoir.o- 
tr ies having spin populations consistent with those m ea­
sured is very limited.

For Na„ the shf arising from five equivalent = 3 2 
nuclei should have relative intensities 1 : 5 : 1 3 : . . .
: 155 :155 : . . . :  1 corresponding to .if, = -  15 2. - 13 2.
-  11/ 2 , . . . ,  -  1. 2. - 1 / 2 ............-  15/ 2. Measured inten­
s it ie s , while approximately in agreem ent with those e::-

J. Chem. Phys., Vol. 78. No. 10. 15 May 1983
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FIG. 2. D eta il of N a, in a rg o n  a t 32 K, show ing m a tr ix  s i te  e ffec ts . F u ll and b ro k en  lin es  d eno te , re s p e c t iv e ly , m e a su re d  t r a n s i ­
tion  fie ld s  and those  ca lcu la ted  u sing  E q s . (1) and (2) and the p a ra m e te r s  of T a b le s  I and U. S u b sc rip ts  1 and 2 d es ig n a te  d iffe re n t 
g ro u p s  of equ iv a len t nucle i w ith  m agnetic  quan tum  n u m b e rs  ( J t , Aft > and Af2, re s p e c t iv e ly . T he gain  fo r AI| = , 3  is four tim es  tha t 
of the  o th e r  com ponen ts. T he rem a in in g  no ta tion  is  the sam e  a s  F ig . 1.

pected for Na„ are sufficiently uncertain that Na, (or 
perhaps Nau ) is not precluded by these data. For ex­
ample, the ratio of shf intensities is  neither the sam e  
for each (J x, . \ t x) component nor sym m etric about its 
origin. These effects apparently a r ise  from overlap  
of partially resolved (J t , M x) components, the presence  
of different matrix site s  each with a slightly different g a, 
ax, a , and, possibly, a weak and unresolved anisotropic 
hf interaction . 18 Thus, while an assignm ent of our 
spectrum to Na, seem s m ost likely, the possibility  of 
a larger cluster sp ec ies cannot be ruled out. It is 
hoped that experim ents, currently in progress , 19 on 
the analogous lithium clu sters t8! ,! , and 7Li,) w ill un­
ambiguously reso lve this question.

Table I com pares the observed H( J X, M X) with those ■ 
calculated using Eq. (1) and the best fit param eters g0 
and a x given in Table II. Estim ated erro r s , given in 
parentheses in Table II, are one standard deviation un­
certainty in the fit to the experim ental data. However, 
the calibration errors noted earlier , and ± 1 G in

the relative and absolute field positions, respectively, 
are larger. A lso listed  in Table I are average !n y  va l­
ues determ ined for each <,JX, . \ I X) component; the mean 
of these values is given in Table II with an estim ated  
error of one standard deviation. Labeled II and III in 
Fig. 2, severa l additional but weaker features can be 
assigned to clu sters trapped in m ore than one distinct 
matrix s ite . These effects are well known for alkali 
atom s1 and are also observed for Na, 2,1 and Li3:0 in 
argon m atrices. The two minor s ite s  shown in Fig. 2 
were fit to Eqs. (1) and (2) with g 0, a x, and a2 values 
included in Table II. A spectrum  alm ost identical to 
that shown in F ig . 1 was observed for sodium in a ni­
trogen m atrix. Again, the assignm ent of seven groups 
of transitions to two equivalent /  = 3 /2  nuclei is ex ce l­
lent, with .go, a x, and at  (Table II) sim ilar in magnitude 
to the corresponding param eters for an argon matrix.

Table II a lso  includes isotropic spin populations p, 
and p2 obtained by dividing n x and a2 by the hf splitting 
constant of the gas-phase atom . 21 Because of their large

J. Chem. Phys,, Vol. 78, No. 10. 15 May 1983
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(Q) M, *+ 3

t b )  M, » -  3

M 2
No

10 G auss

FIG. J . P a r t of the s p e c tru m  of 
N'a: in argon  a t 4. 2 K with (a) low 
field  wing o f .l / .  = + 3 and lb) high 
fie ld  wing of .1/, = — 3 ob ta ined  by 
sig n a l av e rag in g  fo r 8 and 3 h, r e ­
spective  ly. T ra n s i t io n s  .1), = - 1 7 /2  
denote e s tim a te d  line positions  for 
a  h y p o the tica l nine a tom  c lu s te r  
having seven  equ iv a len t : i Na nuclei.

magnitude both a, and p, are assumed to be positive. 
However, az is  sm all and may be either positive or 
negative.

B. Potassium

Figure 4 shows the ESR spectrum  of 33K, in an argon 
matrix at 31 K. The spectral assignm ent closely  fol­
lows that of the sodium cluster, except that third order 
corrections to the hf energy, the last term  of Eq. (1), 
were ignored. Table III shows a com parison of m ea­
sured transition fields (full lines in F ig . 4) with those 
calculated using Eqs. (1) and (2) and the best fit param­
eters of Table III.

Because of extensive overlap with the intense fea­
tures of pseudorotating K „ 3,M,“  a determination of the 
maximum lA/jl value for these spectra is even more 
difficult than with sodium. However, as shown in Ta­
ble II, the experim ental spin populations p, and p t  of

the potassium  cluster are nearly identical to those of 
Na,. Thus, it is  reasonable to assum e that the two 
spectra arise  not only from clusters of the sam e size  
but a lso  from m olecules having a sim ilar or identical 
structure and geom etry. An analogous correspondence 
between the spin populations of Na, and K, (both sta ­
tionary and pseudorotating) has been noted e ls e ­
where.

IV. DISCUSSION

The ESR spectra determ ine a characteristic sym ­
m etry for the wave function of the unpaired electron. 
Thus, regardless of stoichiom etry, the nuclei of both 
the sodium and potassium cluster fall into two distinct 
groups: one se t composed of two equivalent nuclei and 
a second of (at least) five equivalent nuclei. In addition, 
the hf data (Table II) show that the isotropic spin popu­
lation on the two equivalent atoms (- 37%) is large, while

J. Chem. Phys., Vol. 78, No. 10. 15 May 1983
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TA BLE I. C om parison  of m e a su re d  (m a tr ix  s i te  I) and c a lc u ­
la ted  tra n s i tio n  f ie ld s , t t l J t ,  A/,) defined  In E q . (1), fo r  Na7 in 
a rg o n  a t 32 K. E x p e rim en ta l ( a 2> a r e  a v e ra g e  sh f co n s ta n ts  
fo r  ind iv idual (</t» Afi> w ith u n c e rta in tie s  (see  th e  text) in  p a re n ­
th e s e s . U nits a r e  G au ss .

Aft J\

H U u

M eas. C alc . D iffe ren c es ( a 2>

+ 3 3 2956.6 2956.3 + 0 .3 6. 80(6)

+ 2 2 3077. 0 3076.6 + 0 .4 6 .69(5)
3 3063.6 3064.0 - 0 . 4 6 .63(4)

+ 1 1 3196.9 3196.8 -t-0.1 6. 73(7)
2 3188.4 3188.5 - 0 . 1 6 .54(5)
3 3175.3 3175.8

©1 6. 54(5)

0 0 3317.5 3317.1 + 0 .4 6. 70(5)
1 3312.5 3312 .9 - 0 . 4 6 .58(7)
2 3304 .2 3304.5 - 0 . 3 6 .64(4)
3 3290.8 3291 .7 - 0 . 9 6 .60(3)

- 1 1 3433.6 3433.3 + 0 .3 6. 95(5)
2 3424. 9 3424.8 + 0 .1 6 .58(9)
3 3411 .7 3412 .2 - 0 . 5 6 .57(6)

- 2 2 3549.6 3549 .3 + 0 .3 6. 59(6)
3 3536. 4 3536 .7 - 0 . 3 6. 60(4)

- 3 3 3665.6 3665.4 + 0 .2 6. 85(5)

TA BLE n .  M agnetic p a ra m e te r s  fo r sod ium  and p o ta ss iu m  s e p -  
te r a e r s  w ith  e s tim a te d  e r r o r s  (se e  the  text) in  p a ren th ese s .
A lso g iven a r e  c o n s ta n ts  fo r the  p rin c ip a l m a tr ix  s ite  of the 
atom . U nits of a , ,  a 2 a r e  G au ss .

S pec ies1 go =a2 P lb ±P2b

Na 1.9995(4) 331.0(6) 1 .047
Na,(I) 1.9994(1) 118.16(4) 6 .66(12) 0. 374 0.021
N&rdI) 2.0023(1) 115. 9(1) 6 .3 (2 ) 0.367 0.020
Na7(in ) 2.0027(1) 117.0(1) 6 .3(2) 0 .370 0.021
Na7(N2) 2.0023(3) 110.7(2) 6. 8(1) 0.350 0 .022
K 1.9990(1) 86.8(2) 1.053
k 7 2.0017(1) 30.55(6) 1.79(2) 0.371 0 .022

*Roman n u m e ra ls  in p a re n th e s e s  d es ig n a te  m a trix  s i te s .  Ex­
cep t fo r  Na7(N2), d a ta  p e r ta in  to  argon  m a tr ic e s  at -  3 0 -3 2  K. 

^Iso trop ic sp in  popu la tions p, and pz a re  ra t io s  of and a 2 to 
hf co n s ta n t of f r e e  a to m , <r(MNa) = 316. 09 G or n ( 'JK) = 82, 38 G 
fro m  Ref. 21.

that on each of the remaining atoms is only ± 2%. As 
for Na, and K„ 2,3 this spin distribution is both qualita­
tively and quantitatively different from a sim ple com ­
bination of the spin populations of possible precursor 
m olecules. At least in the case of sodium, spin popu­
lations are relatively unaffected by matrix s ite  effects
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TA BLE IH. C o m p ariso n  of m e asu red  and  ca lc u la te d  t r a n s i ­
tion fie ld s  fo r K, In arg o n  a t 31 K. N otation  Is  th e  s a m e  a s  
T ab le  f. U n its  a r e  G auss.

Af, J\

H U u  M \) 

M eas. C alc . D iffe ren ces ( a 2>

+ 3 3 3221 .3 32 2 1 .2 + 0 .1 3.79(1)

+ 2 2 3251 .9 3251.9 0 .0 1 .82(1)
3 3250 .9 3251 .0 - 0 . 1 1 .79(1)

+ 1 1 3282. 7 3282 .6 + 0 .1 1. 80(3)
2 3281 .9 3282.0 - 0 .1 1.80(4)
3 3280 .9 3281 .2 - 0 . 3 1 .80(1)

0 0 3313.6 3 313 .3 + 0 .3 1 .80(1)
1 3313 .2 3313.0 + 0 .2 1 .80(1)
2 3312.6 3312 .4 + 0. 2 1 .79(1)
3 3311 .8 3311.6 + 0 .2 1.80(3)

- 1 1 3343 .8 3343 .7 + 0 .1 1.75(3)
2 3343 .0 3343.1 - 0 . 1 1 .78(3)
3 3342.1 3342. 3 - 0 . 2 1.75(3)

- 2 2 3373 .7 3374.1 - 0 . 4 1.81(1)
3 3372. 7 3373 .3 - 0 . 6 1.80(1)

- 3 3 3404 .9 3404 .5 + 0 ,4 1.79(1)

or even by the matrix m aterial (Ar or N,) itse lf . Con­
sequently, the ESR resu lts imply that the new clu sters  
should be viewed as chem ically bound m olecules having 
a preferred structure and geom etry and not as an ag­
gregation of sm aller units (dim ers, tr im ers, e tc .)  nor 
as entities which owe their properties to a stabilizing  
influence of the matrix host.

A large number of sim ple Huckel (SH) structures 
were examined in order to find clu ster geom etries with 
m olecular orbitals, partially occupied or  otherw ise, of 
the sam e sym m etry as the ESR spin distribution. In 
addition to the 15-20 arrangem ents assum ed for M 7 
m olecules, SH calculations were a lso  perform ed on .VI9 
(15 geom etries), ,WU (7 geom etries), andAfl3 (17 ge­
om etries, including the icosahedron, cubo-octahedron, 
e tc .) . Since the ESR spectra imply S = l / 2 ,  even num­
bered clu sters were not considered. The total number 
of arrangements of n atoms in creases very rapidly with 
cluster s iz e  and this lim its the choice of geom etries to 
those having a relatively high sym m etry. For the large 
clusters, in particular, this se lection  was sim plified  by 
adopting, among others, the proposed or actual stru c­
tures of bare transition m etal clusters*5'2* and organo- 
m etallic cluster com pounds.2’ B ecause the calculations 
make no attempt to optim ize bond lengths, bond angles, 
or energies, there is som e ambiguity as to the details 
of a particular geom etry. Thus, for example, the SH 
method does not distinguish between a linear chain with 
£>_„ sym m etry and a “z ig -za g ” arrangem ent. Although 
the ESR spectra give indirect evidence for a significant 
s - p  hybridization (see  below), the SH basis se t, a single  
function from each atom, does not allow the “subtlety” 
of including both s and p  character. Even though no at­
tempt was made to param etrize the calculations for Na 
or K, the r e la t iv e  stability of the different bonding a r ­
rangements does seem  to be meaningful. Recent di- 
atom ics-in -m olecules (DIM) calculations2* have deter­

mined the binding energies for severa l alkali pentamer 
geom etries. The structures considered were a trigonal 
bipyramid (point group V u ), a square pyramid (C1u), a 
ring (X?u ), a straight chain (Z>m „), a branched chain 
(CjJ, and a tetrahedron (T„). For ,VfS) the order of 
stability predicted by the SH method, (Dm=>C,J>DSj 
> U>mta‘ C tv)>  T 0 , exactly follows the DIM resu lts for 
LI5, Na,, and K,.

Two general trends em erge from the SH calculations. 
F ir st, except in the case of an “ accidental equivalen­
cy, ,,2a the only m olecular orbitals with n - 2 atoms equiv­
alent and significantly different from the remaining pair 
of equivalent atoms are those in which the wave function 
has a node at a il n -2  nuclei. As in the case of Na, and 
K„ 2,2 spin polarization effects, not included in the SH 
model, would be expected to induce a sm all (most likely 
negative)2' 4' 22’23 spin density at these nodai positions.

The second prediction (excepted by a few orbitally  
degenerate septem er geom etries) of the SH calculations 
is that for a ll  c lu s te r  s i z e s  only tw o  a r ra n g e m e n ts  of 
atom s give r ise  to an orbital with sym m etry to match 
the ESR spectra. These are T structures with nomi­
nally C j , sym m etry and bipyramidal geom etries having 
a ring of n -2  equatorial atoms plus two apical atom s.
For n = 3 -1 3 , the former have a nondegenerate half­
filled  orbital with p, = 0 .5 0  for each of the "arm atoms” 
and a node at the remaining n-2 nuclei. For » 2  7, 
however, this structure is 30%-35% le ss  stable than the 
m ost strongly bound clu sters of the sam e s iz e . If re la ­
tive Huckel energies have significance, as suggested by 
the data for Af„ then a T  structure seem s unlikely. 
Figure 5(a) shows the orbital schem e for .VfT with a 
pentagonal bipyramidal geometry (point group Dih).
The unpaired electron occupies a nondegenerate orbital 
with SH spin populations, p ,=  0 .5 0  on the two axial 
atom s and p, = 0 on each of the equatorial atom s. A l­
though a rea lis tic  basis se t and spin polarization effects 
w ill modify these values, the a "  sym m etry c la ss if ic a ­
tion of this orbital will remain unchanged. For cluster  
s  izes .W9-/Wi,, the ring bipyramidal structure is rela­
tively stable and always has one (not always half-filled) 
orbital of the type shown in F ig . 5(a).

F igure 5 shows two further septem er geom etries 
which, with appropriate Jah n -T eller  distortions, tru a n t 
also give r ise  to the observed ESR spectrum . 30 T h e  
Dm structure [F ig . 5(b)]31 has a doubly degenerate c '  
level with orbital composition (8 , «) sim ilar  to th a t  oi 
the equilateral triangle . 2,2 Although unoccupied a t  th e  
SH level, these orbitals might be more stable in th e  
true septem er. If, in addition, the degeneracv o i  th e  
e '  orbital is  lifted by a Jah n -T eller  distortion, th e n  the 
€ orbital would have p, = 0 .50  on two atoms and j ,  = 0 
on the rem ainder. 32 The octahedral structure F ie.
5(c)] is threefold degenerate. Since each orbital has 
the sought after orbital composition, an elongation 
along any axis would give a singly occupied orbital of 
the correct sym m etry. The degenerate structures w o u ld  
be expected to have rather flat potential surfaces w ith  
m ultiple energy minima. As in the case of the alkali 
tr im er , 2' 4 this situation would favor a relatively f lu x io n -  
al geom etry. However, the ESR spectra are more c h a r ­
acteristic  of a static geometry and show no e v id e n c e  0 ;
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♦ FIG. 5, S im ple H uckel o rb ita ls  
f  fo r a lk a li s e p te m e r  m o lecu les  w ith

in, (al pentagonal b ip y ra m id a l, (bl
t z )  « 3 Ov i, and (cl o c tah ed ra l g e o m e tr ie s .

E n e rg ie s  a r e  in un its  of the  Huckel 
re so n an ce  in teg ra l

exchange effects. Thus, while comparable in energy to 
the Dsn arrangement, the degenerate structures seem  
le ss  likely.

A further consequence of degenerate or near degen­
erate energy levels is  the increasing likelihood of spin 
state S>  1 /2 . For high spin m olecules the zero field  
splitting may cause absorption over a  prohibitively large  
range of magnetic fields and so make the powder sp ec­
tra of these sp ec ies relatively difficult to detect. If 
sufficiently large, this interaction may even preclude 
the observation of all Jf-band tran sition s.”  An addi­
tional consequence of degeneracies is  the possib ility  of 
large and anisotropic g  sh ifts which, analogous to the 
situation for matrix isolated 3ir m olecules , 33 a lso  m akes 
detection difficult. In this context, it is  interesting to 
note that the two m ost stable pentamer geom etries (D ,h 
and C,„) have, at the SH level, orbitally degenerate 
ground states and it may be for this reason that neither 
Na, nor K5 were observed in our m atrices . 34

Although the SH method can give spin populations in 
qualitative agreem ent with those observed, an.accurate 
prediction requires either configuration interaction or 
unrestricted spin orbitals and a more extended basis 
set, in particular the inclusion of p  orb ita ls. Since the 
total isotropic spin populations (Ep) of Table II do not 
sum to unity, the difference 1 -  Ep gives an approximate 
m easure of the average p  character of the unpaired e le c ­
tron. However, since the sign of p2 is not'determined 
by a single ESR spectrum , there is som e ambiguity as 
to these values. If p2> 0 then, for an alkali septem er ,15 
Ep=> 0 .85  for both sodium and potassium . Thus, the 
average p  character is approximately 159c or very close  
in magnitude to the 119£-139fc found for the corresponding 
tr im ers . 3' 4 On the other hand, if p2<0, as in the case  
of Na, and K,, then Ep=*0.64 which im plies a p  character 
of 36lJ. For this situation, the mean hybridization of

the septem er is c lose to the 30%-389c value of solid  
sodium and potassium . 30,33 F orpj^O , therefore, the 
ESR data suggest a tendency to greater hybridization 
with increasing clu ster s iz e  and a c lo se  approach to the 
bulk m etal value for the polyatomic clu sters.
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T w o ilisiiiiii h S R  npectra are observed  when a tomic po tassium and argon are eodeposi ted  under  condit ions 

f.ivmable  to aggrega tion. A pat te rn  of seven equally  spaced qu ar te ts  may he a t tr ib u ted  to potass ium tr im er  molecules 
with a symmetr ic  linear or  ob tu se  angled  isosceles geom etry .  T r im er  transit ions  show a p io n o u n c ed  peaking  in 
intensity at / '  • 17 K. A  second f iS R  spect rum consists of ten equa lly spaced h> pel line com ponen ts , w hose relative 
intensities app ioach  the pred icted  distr ibution fur three equivalen t ,JK nuclei at high te m pera tu res ,  but show a 
noticeab le  ' al te rnat ing  linewid th" elfect at lower  te m pera tu res .  ITcse  observat ions  are  in terp re te d  in terms of a 
t em p era tu re  d ep e n d en t  “ p.scudoiotuiion ’ be tween three J a h n -T e l le r  d istort ions of a [)«,, molecule , most likely the 
tu rner

1. Introduction

Ir. previous work [1 ,2]  by two of us (G .A .T .  and D.M  1-.). wo reported magnetic  
parameters for two m a m s  isolated potassium clusters: The trimer K., ami a radical of  
distinctly different spectral character which we designated k„. Magnetic parameters for K ( 
were found to be markedly similar to those of the isovalem sodium [timer |3]. A spin 
population analysis for both Na-t [3, -1| and Ki [1 ,2 ]  shows that the unpaired electron re­
sides almost entirely on two equivalent alkali atoms and has predominantly s- rather than 
p-character. Polarization effects induce a small spin density on the third atom. These  data 
are consistent with both simple bonding ideas [2 .3] and recent ah initio e.i lculations [3. h). 
suggesting a linear or obtuse angled isosceles geometry of ground state symmetry ':S,[ or  
*'13; . respectively H ie  E SR spectrum of K„ [1 ,2 ]  implies that the unpaiied e lect ion  in this 
species is equally distributed over three "'k nuclei. Suggested | l . 2 j  candidates for the 
carrier of this spectrum were the potassium pentamcr with a chain structure, for which the 
unpaired electron would be expected to reside equally on three atoms, or a "pseudorotat­
ing" isomer of K.,. In the latter case, till three atoms are made equivalent by rapid exchange  
between the three obtuse angled geometries which arise from Jahn -Tellci distortions from 
Li,, ,  symmetry.

In this paper uc  present temperature dependent l-.SU m u n a ir c s  I... potassium clusters 
in argc.ni matrices and show evidence for an ••alternating imcwi.iil ." et leet  ( ’/. S] in the b.Sk  
spectrum of K„. This phenom enon is characteristic of  dynamic pro. i - sex  in molecules and

mi t;)--riii2,3/Sl/!ii)l)0”ii(iiiti/ill2.3ll A Not til-1 lolland Publishing i'otiiparn

Repr in ted  with  permiss ion  from Surface  S c ie n c e ,  c o p y r ig h t  1981 
by North-Hol land  P u b l i s h in g  Company.
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so  provides additional evidence  for a psendorotation interpretation of K„. A correlation  
diagram, which relates transition fields for the three obtuse angled trimer molecules,  
qualitatively explains the observed linewidth alternation in K„.

2. Experimental

The experimental details have been reported elsewhere [2 .3 ] .  Briefly, matrices are 
formed by codeposition of excess argon with atomic potassium on a sapphire plate  
m ounted inside an E SR cavity which is itseif attached to a variable temperature liquid 
helium dewar. Cluster formation occurs during deposition and is accomplished by warming  
the sapphire surface above a nominal deposition temperature of 4.2 K. For spectra shown  
here, temperature m easurem ents were made with a calibrated carbon resistor and are 
judged accurate to within ±5% .

3. Hyperfine structure

A detailed discussion of E SR  line posit ions is given in ref. [2]. A s  an aid to describing  
the intensity measurements which follow, this section summarizes certain features of the 
previous analysis. Both Ki and K„ have doublet ground states (S = 1/2) and a well resolved  
hyperfine (hf) structure arising from the Fermi contact interaction of the electron spin with 
several I = 3/2 nuclei. All observed transitions have a first derivative lineshape as would be  
expected for powder spectra having an isotropic g tensor (g = ghl) and an isotropic hf 
interaction (A, = a,I).

Magnetic  field positions for the trimer spectrum, seven groups of four transitions each,  
are described by

where in i and in2 are nuclear spin projection quantum numbers for two equivalent "'K 
nuclei («i =  a 2 =  a„) and M  -  m i +  m 2 is their sum. Since I =  3/2. in, =  ± 3 /2  or ± 1 /2  and M  
ranges in integral steps from + 3  to - 3 .  The quantum number m 2 and hf constant u2 pertain 
to the third, non-equivalent nucleus. Hc and gc denote ,  respectively,  the resonance field 
and g  value for a free electron. An expression similar to eq. (1). but with the added  
complication of a significant second order hf interaction, has been used to describe the 
E SR spectrum of N;ii [3], Since a. i<an  [1 .2] ,  eq. (1) gives rise to a septet of quartets as 
observed. For both K,  and Na> an arises from isotropic spin density on the trimer terminal 
atoms and is positive. H owever  ay arises from spin polarization etfects at the central or  
apical position and may be posit ive or negative.

Com ponent transition fields for the ten line hf pattern observed for K„ were fit to.

( I )

Hi M ' )  = (gJgn)[He ~ a„M'} .
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Here A/' = ni\ + m : + m% denotes the c-com poncnt of the total nuclear spin angular 
m om entum  of  three magnetically equivalent WK nuclei (n i =  <h =  t i \~  flu) and / / c. have  
the same meaning as in eq. (1). For I = 3/2. A/' ranges from + 0 /2  to - 9 / 2  in integral steps.

4. Temperature dependence

Both and K„ are present in freshly deposited matrices at 4.2 K. but their spectra tire 
difiicult to deconvolute  prior to an initial annealing of the matrix. Subsequently, the ESR  
intensities of both species are extremely reproducible, depending only upon the matrix 
temperature. It is these intensity data that w e discuss in the present article. Transitions  
from atomic potassium, also observed in our matrices, show little intensity change with 
temperature.

Fig. 1 shows a plot of (tirst derivative) peak heights versus temperature for the 
(A-/, m y) =  (+3, + 1 /2 )  com ponent o f  the trimer spectrum and the A f  = - 5 / 2  com ponent of  
K„. 'File notation (M. m.i) and M'  is the same as that introduced in connection with eqs. (I)  
and (2) of  the preceding section. A  marked peaking o f  intensity at T  ~  17 K is com m on to 
all unobscured (M.ni \ )  com ponents  o f  Ky and is also apparent in spectra recorded during  
annealing. Within experimental error, trimer linewidths remain unchanged (after anneal­
ing) over the temperature range 4 .2 -25  K. This is som ewhat surprising, since most 
mechanisms [2] for the intensity behavior in fig. 1 would be expected to give a broadening  
of ESR linewidths [9], For K,„ there is a trend to smaller peak heights at lower  
temperatures, as shown for M'  =  - 5 / 2  in fig. 2. This trend is com m on to all component  
transitions of K„r but is reversed for A/' =  ± 9 /2  and ± 3 /2  below  T  ~  10 K. Peak areas, 
approximated to  the square o f  the linewidth times the (first derivative) peak height, show a 
less pronounced trend with temperature, but these data have a large experimental scatter.
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Fie. I. T e m p era tu re  dep e n d en ce  of  ESR intensities for potassium d u s te r s  in argon  matr ices.  A/'  -  - 5 ,2  and 
(Af. in q  = (+3. + | / 2 |  per tain  to  o ne  co m po n en t  each  of. respectively, the E S R  spect rum shown in lie. 2 ami the ESR 

spect rum of Kj. refs. [1.2]. Rela tive to  AT = - 5 /2 .  tr imer  intensities arc  1/5 of those shown in the figure
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Fig. 2. Ten  line spect rum of a radical "JK„ in an argon matrix  at 4.2 and  34.2 K .T l ie  "stick s pec t ru m "  shows the predic ted 

intensity dist ribut ion for  th ree  equivalen t ' ' K  nuclei.  Also ind icated  are potass ium ato m  resonances  ( h i  *  ± 3 '2 .  *1,  2 1 for 
several matrix sites. H c -  3312.2 G is the r esonance  field of a free elec tron  for a cavity frequency of P.2S24(2) GHz.

In contrast to the trimer, however, K„ spectra show striking variations in linewidth with 
temperature, individual M'  com ponents  being differently affected. Fig. 2 shows spectra 
recorded at two extrem e values of temperature, 4.2 and 34.2 K. A  broadening of the low  
field com ponents ,  most pronounced for M' = +9 /2 .  probably arises from two different 
matrix sites and gives an asymmetric appearance to the spectra at all temperatures. The  
"stick" diagram in lig. 2 was com puted from eq. (2) and the best fit parameters of refs. 
[1 .2 ] ,  C om ponent intensities,  arising from the M'  degeneracy of three equivalent WK 
nuclei in the high field limit [2 ,10 ] ,  are in the ratio 1 : 3 : 6 : 1 0 : 1 2 : 1 2 : 1 0 : 6 : 3 : 1 .  At high 
temperatures observed intensities do  indeed approach the predicted ratio, but this is 
certainly not the case at T  =  4 .2 K .  At low temperatures the M' = ±7 /2 ,  ± 5 /2  and ± 1 /2  
com ponents show pronounced line broadening, whereas M' = ± 9 /2  and ± 3 /2  are noticeably  
narrowed. A  similar behavior in the E SR  spectra of organic radicals in solution is generally  
termed the "alternating linewidth" effect [7 .8] ,

5. Discussion

Recent ab initio calculations on Lh [8] and Nay [9] emphasize the importance of 
dynamic Jahn-Teller  effects in aikali trimer molecules.  The principal features o f  the trimer 
potential surface are a central peak surrounded by a trough containing three potential  
wells. T he three minima have obtuse isosceles geometry (:B : symmetry) and are indis­
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tinguishable except for a numbering of the nuclei. Adjacent wells are separated by saddle  
points which provide a relatively low energy path for intraconvcrting one  obtuse form into 
another (pseudorotation).

In earlier work [2] it was pointed out that sufficiently fast pseudorotation would lead to 
an averaged trimer spectrum in which all three "'K nuclei would appear equivalent.  
Moreover,  the measured hyperline splitting constant for K„ was almost exactly equal to the 
appropriate average of the measured hf splitting constants for the trimer. when a- was 
assumed to be negative.

Our observation o f  an alternating linewidth elfect is likewise consistent with a pseu­
dorotation mechanism. Fig. 3 shows a partial correlation diagram for the transition fre­
quencies of  the three obtuse angled forms of K> Each stick spectrum represents a dif­
ferent occupancy of the apical position as indicated at the top of the ligure. Transition fre­
quencies, plotted vertically, correspond to the spectral assignment of refs. [1 .2 j .  eq. (1) with

- ' k  . , , 3 . .  2 .  |
2 3 l ' 2 3 '  "i  2 ' J

M
  _

----------------------------   _ - _ i . -------------------- . 2  ( j /2 3/2 3 /2 j

  0 / 2  3 / 2  i / 2 !
—  ( 3 / 2  1/2  3 / 2 )

( - i / 2  3 / 2  - 1 - 2 ;
; i / 2  i / 2  I. 2 ,
i 3 / 2  - 1 / 2  3 / 2 )

- 3 / 2  3 / 2  3 / 2 1  
- i / 2  i / 2 - i / 2 l

3 - 2  - 3 / 2  2 ’ !

■ 2  -  i - ' 2

-  3
- -  ( - 3 / 2  - 3 / 2  - 3 / 2 )

Hi:, .V Partial correl at ion  d ia gram for ihe transition frequencies  of three obtuse  angled WK* molecules . For  an 
explanation , see text.
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< i i < 0. Relative intensities,  plotted horizontally, denote  the A /-degeneracy associated with 
two equivalent I = 3/2 nuclei in the high field limit [3], On the right hand side of fig. 3 
several transitions have been labelled (mptt;/;!-,). where m, = ±  1/2. ± 3 /2  is the magnetic  
quantum number for distinguishable nuclei / = 1, 2, or 3. Adjacent colum ns are correlated  
by joining just those transitions which have the same m -value for all three nuclei. Most  
correlations have been omitted for clarity. It is apparent that, while several transitions are 
unaffected by exchange between adjacent 2B : wells,  in only four cases do frequencies  
remain constant when all three obtuse angled species are considered. These  latter tran­
sitions have (//i pit on.,) = (± 3 /2  ± 3 /2  ± 3 /2 )  and (± 1 /2  ± 1 /2  ±1 /2 ) ,  corresponding to A/'  = 
± 9 /2  and ±3 /2 ,  respectively. T hus the situation for K„ may be analogous to exchange  
efiects in organic radicals in solution [7. X], At high temperatures, where exchange might be 
expected to be fast, all three nuclei becom e equivalent, giving an averaged ten line 
spectrum, as shown for T  = 34.2 K in fig. 2. At low temperatures, however, pseudorotation  
rates may becom e comparable to the E SR limescale. In this regime A/' =  ± 9 /2  and ± 3 /2  are 
relatively unaffected by exchange  and so remain narrow, but AT = ± 7 /2 .  ± 5 /2  and ± 1 /2  
experience large frequency shifts and becom e broadened.

In conclusion, it should be pointed out that the pseudorotation mechanism outl ined  
above need not imply that K„ is the potassium trimer. Any cluster for which the 
Jahn-Teller  interaction might induce a similar three fold degenerate  distortion is also 
plausible.  For exam ple,  this situation also pertains to a potassium pentamer with a trigonal 
bipyramid structure ( D ih point group). For this geometry, simple Huckel calculations  
predict that the unpaired electron will occupy a doubly degenerate  molecular orbital whose  
wavefunction has a node at both axial atoms. T he spin distribution for the three equatorial  
atoms is identical to that in the equilateral triangle. Consequently  a Jahn-Teller  distortion  
to C >  geom etry would be expected to have consequences at least qualitatively similar to 
those in the trimer.
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7
Appendix A.5

E S R  o f  S t a t i o n a r y  a n d  P s e u d o r o t a t i n g  A l k a l i  
T r i m e r  M o l e c u l e s

[X M. L I N D S A Y , D E N IS E  G A R L A N D ,  F R A N C E S  T I S C H L E R ,  
and G. A. T H O M P S O N

City University o f  N e w  York, Depaitment o f  Chemistry,  City College,
N ew  York, N Y  10031

The r e l a x a t i o n  theo ry  o f  ESR l i n e w i d t h s  i s  s p e ­
c i a l i z e d  to the c a s e  o f  p s e u d o r o t a t in g  K3 . Trimer 
m ol ec u l es  a re  assumed to f l u c t u a t e  randomly between  
the th r e e  s t a b l e  c o n f i g u r a t i o n s  which correspond to  
s t a t i c  J a h n - T e l l e r  d i s t o r t i o n s  from D3  ̂ symmetry.  A 
s im u la te d  ESR spectrum i s  shown to be in q u i t e  good 
agreement w i t h  the l i n e w i d t h  a l t e r n a t i o n  observed  
f or  K3 in  argon a t  low t em per at ure s .  Measured l i n e ­
widths  g i v e  approximate c o r r e l a t i o n  and t r a n s v e r s e  
r e l a x a t i o n  t i m e s ,  10“ 0 s e c  S t c  S 1 0 ' 10 se c  and 1O"0 
sec  $ T, S 10~6 s e c ,  for  the  t emperature range 4 . 2  K 
£ T S 25 K. The temperature  dependence o f  xc i s  
wel l  r e p r es en te d  by e i t h e r  ex p o n en t i a l  or power law 
beh a v io r .  P o s s i b l e  p s e u d o r o ta t io n  mechanisms, i n ­
c l u d in g  a t emperature  dependent t u n n e l i n g ,  are  o u t ­
l i n e d .

Small metal  c l u s t e r s  have r e c e iv e d  c o n s i d e r a b l e  a t t e n t i o n  be­
cause o f  t h e i r  p o s s i b l e  invo lvement  as " a c t i v e  s i t e s "  in a v a r i e t y  
o f  c a t a l y z e d  r e a c t i o n s .  Although not p a r t i c u l a r l y  noted f o r  t h e i r  
c a t a l y t i c  a c t i v i t y ,  a l k a l i  c l u s t e r s  have a s imp le  chemical  compo­
s i t i o n  and may, t h e r e f o r e ,  model the more co m p l ic a te d  sys tems  in a 
manner ana logous  to  the r o l e  p lay ed  by the  hydrogen atom in atomic  
s t r u c t u r e .  Less emphasized i s  the  fundamental nature o f  a l k a l i  
c l u s t e r s  per s e . S i nce  the  ground s t a t e  o f  H3 i s  not  c h e m i c a l l y  
bound, a l k a l i  t r i m er s  are the most e l ementary s p e c i e s  which can 
e x h i b i t  a J a h n - T e l l e r  i n t e r a c t i o n .

In p rev io us  e l e c t r o n  sp in  resonance  (ESR) s t u d i e s  o f  matr ix  
i s o l a t e d  t la3 (1_, 2)  and K, {3_, 4_), a l k a l i  t r imers  have been shown 
to be c h e m ic a l l y  bound and we l l  d e sc r ib e d  both by s im p le  bonding  
idea s  (1_, 3) and by the more s o p h i s t i c a t e d  c a l c u l a t i o n s  r e c e n t l y  
employed for L i 3 ( 5 ) ,  Na3 ( 6 ) and K3 ( 7 ) .  For the potass ium t r i ­
mer in argon ,  two d i s t i n c t  ESR s p e c t r a  are observed  ( 3 ) .  An ob­
tuse ang led isomer corresponds  to  one o f  three  s t a t i c  J a h n - T e l l e r  
d i s t o r t i o n s  from D3̂  symmetry, and i s  s u r p r i s i n g l y  s i m i l a r  to  the

Repr in ted  with  permission  from ACS Symposium S e r i e s ,  
co p y r ig h t  1982 by the  American Chemical S o c ie ty .
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s t r u c t u r e  re po r te d  f o r  Na3 ( 1_). A "p seu d o ro ta t i ng "  isomer i s  both  
q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  c o n s i s t e n t  wi th  f a s t  exchange be­
tween the  t h r e e  " s t a t i o n a r y "  t r im e r  g e o m e t r i e s .  In a p r e l im in a r y  
r e p o r t  on t h e  t r i m er  l i n e s h a p e ,  the  p s e u d o r o t a t i n g  spectrum was 
shown t o  e x h i b i t  an " a l t e r n a t i n g  l i n e w id t h "  e f f e c t ,  as would be 
e x p e c t e d  f o r  an exc han gin g  r a d i c a l  ( 4 ) .  In t h i s  paper ,  t r imer  
l i n e w i d t h s  are r e p o r t e d  and d i s c u s s e d  from the v ie w p o in t  o f  a 
p u r e ly  phenomenolog ica l  model i n v o l v i n g  a s t o c h a s t i c  modulat ion  
o f  the  t r i m er  h y p e r f i n e  s p l i t t i n g .  Linewidth e x p r e s s i o n s ,  d er iv ed  
f o r  the  p a r t i c u l a r  c a s e  o f  p s e u d o r o t a t i n g  K3 , l ead  to  a s im u la te d  
ESR spectrum in q u i t e  good agreement  wi th t h a t  ob se r ve d .  Approx i­
mate v a l u e s  f or  the  t r im e r  c o r r e l a t i o n  and t r a n s v e r s e  r e l a x a t i o n  
t imes are computed.  P o s s i b l e  exchange  mechanisms are o u t l i n e d  in  
the  l a s t  s e c t i o n .

Exper imental

The ex p er im en ta l  d e t a i l s  have been re po r te d  e l s e w h e r e  (1_, 2) .  
B r i e f l y ,  m a t r i c e s  are  formed by c o d e p o s i t i o n  o f  e x c e s s  argon wi th  
atomic p o ta ss i um  on a s a p p h ir e  p l a t e  mounted i n s i d e  an ESR c a v i t y  
which i s  i t s e l f  a t t a c h e d  to  a v a r i a b l e  t emperature  l i q u i d  hel ium  
dewar.  C l u s t e r  form at i on  occu rs  du r i ng  d e p o s i t i o n  and i s  accom­
p l i s h e d  by warming the  sa p p h ir e  s u r f a c e  above a nominal d e p o s i t i o n  
t emperature  o f  4 . 2  K. For s p e c t r a  shown h e r e ,  t emperature  mea­
surements were made wi th  a c a l i b r a t e d  carbon r e s i s t o r - a n d  are  
judged a c c u r a t e  t o  w i t h i n  ± 5%.

Trimer Spe ctra

A l k a l i  t r i m er  m o l e c u l e s  have a r e l a t i v e l y  f l a t  p o t e n t i a l  s u r ­
f a c e ,  whose p r i n c i p a l  f e a t u r e s  are  a c o n i c a l  peak surrounded by a 
trough c o n t a i n i n g  t h r e e  p o t e n t i a l  w e l l s  ( 3 ,  5_, 6 ) .  F igure  1 shows 
the  t r i m er  p o t e n t i a l  s u r f a c e  p l o t t e d  as a f u n c t i o n  o f  Qx and Qy,  
the doubly  d e g e n e r a t e  p a i r  o f  normal mode c o o r d i n a t e s  f or  0 3h sym­
metry { 3 ) .  The c e n t r a l  peak co rr es p on d s  t o  a d e g e n e r a t e ,  2E' 
ground s t a t e  o f  e q u i l a t e r a l  t r i a n g u l a r  geometry .  . The th r e e  p o t e n ­
t i a l  minima have o b tu s e  a n g le d  i s o s c e l e s  geometry ( 2B2 symmetry)  
and a r i s e  from t h r e e  p o s s i b l e  J a h n - T e l l e r  d i s t o r t i o n s  from D3h 
symmetry.  Adj acent  minima are  s e p a r a te d  by r e l a t i v e l y  low energy  
sa d d le  p o i n t s  o f  a c u t e  i s o s c e l e s  geometry ( 2A3 symmetry) .  As 
shown by t h e  broken l i n e  in  F igure  1 t h i s  s i t u a t i o n  pe rmit s  the  
i n t r a c o n v e r s i o n  o f  o b t u s e  t r i a n g u l a r  forms w i t h o u t  p a s s i n g  through  
the e n e r g e t i c a l l y  remote e q u i l a t e r a l  t r i a n g l e  ( " p s e u d o r o t a t i o n " ) .

In Ref er en ce  3 ,  two d i s t i n c t  ESR s p e c t r a  were i d e n t i f i e d  f o r  
po tass ium  c l u s t e r s  in  argon m a t r i c e s .  Both s p e c t r a  have d o u b le t  
ground s t a t e s  (S = h)  and a w e l l  r e s o l v e d  h y p e r f i n e  ( h f )  s t r u c t u r e  
a r i s i n g  from the  Fermi c o n t a c t  i n t e r a c t i o n  o f  the  unpaired  e l e c ­
tron  sp i n  wi th th r e e  I = h n u c l e i .  Seven groups o f  four  t r a n s i ­
t i o n s  each were a s s i g n e d  to a pota ss i um  t r i m er  o f  JB2 symmetry 
whose a p i c a l  and two e q u i v a l e n t  t ermina l  atoms have h f  s p l i t t i n g



L i n d s a y  e t  a l .  E SR  o f A lka li M etal Trim er M olecules 71

+ m ma

Figure I. Normal coordinate and real space description of pseudorotating K ,. 
Circles represent energy contours for the trinter potential surface (3).
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c o n s t a n t s  a 3 and a0 , r e s p e c t i v e l y .  Powder s p e c t r a  were f i t  to

Ht- = H0 -  a0M -  a 3mi (1)

in which m.j = mx, m2 or  m3 i s  t h e  s p in  p r o j e c t i o n  quantum number 
f o r  the  a p i c a l  n u c le u s  and M i s  the  sum o f  the  co r r e sp o n d in g  quan­
t i t i e s  f o r  the remain ing  two a toms .  The term H0 = ge / g g  He , where  
He and ge deno te  t h e  re son anc e  f i e l d  and g va lu e  f o r  a f r e e  e l e c ­
t r o n ,  d e s c r i b e s  t h e  Zeeman i n t e r a c t i o n  f o r  an i s o t o p i c  q t e n s o r ,  g 
= 9o 1 - ^o r  ( e s t i m a t e d  u n c e r t a i n t i e s  in  p a r e n t h e s e s ) ,  g0 = 
1 . 9 9 8 5 ( 5 )  wi th  a0 = 3 9 . 0 ( 3 )  gauss  and a 3 = ± 4 . 7 ( 2 )  gauss  (3.).
The a0 c o n s t a n t  o r i g i n a t e s  from bonding 4s o r b i t a l s  on the t e r m i ­
nal atoms and i s  p o s i t i v e ;  a 3 , however ,  a r i s e s  from s p i n  p o l a r i z a ­
t i o n  e f f e c t s  and may be e i t h e r  p o s i t i v e  o r  n e g a t i v e  (X,  3 ) .

F igu re  1 g i v e s  m a gn e t ic  f i e l d  p o s i t i o n s ,  d e r i v e d  from Equa­
t i o n  (1)  wi th  i = 1 ,  2 o r  3 ,  f o r  the  t h r e e  d i s t o r t e d  t r i m er  g eo ­
m e t r i e s .  S in c e  t h e s e  d i f f e r  o n ly  by a numbering o f  the  n u c l e i ,  
the ESR spectrum o f  "frozen"  K3 m o l e c u l e s  w i l l  c o n s i s t  o f  a s u p e r ­
im p o s i t i o n  o f  i n d i s t i n g u i s h a b l e  o b t u s e  an g le d  t r i m er  s p e c i e s .  I f ,  
however,  a d j a c e n t  minima can exchange  on a s u f f i c i e n t l y  f a s t  t ime  
s c a l e ,  then an a v er age  sp ec trum,

3
<H> = 'i £  Hi = H0 -  X(2a0 + a, )M' (2)

i = 1

f o r  which a l l  t h r e e  39K n u c l e i  appear e q u i v a l e n t ,  w i l l  be ob­
s e rv e d .  S in c e  M1 = m3 + m2 + m3 ranges  from +% to  in i n t e g r a l
s t e p s ,  a t en  l i n e  h f  p a t t e r n  hav ing  <a> = ls ( 2a0 + a 3 ) and a g 
va lu e  i d e n t i c a l  t o  t h a t  f o r  t h e  " frozen" t r i m e r  would be p r e d i c ­
t e d .  As d i s c u s s e d  in  R ef e r e n c e  3 ,  the  second  ESR spectrum ob­
served  f o r  argon m a t r i c e s  e x a c t l y  f u l f i l l s  t h e s e  re q u ir e m e n ts .  
P r e v i o u s l y  denoted  K„, t h i s  spec trum was shown to  have m agn et i c  
parameters  g0 = 1 . 9 9 9 0 ( 5 )  and h f  c o n s t a n t  a = 2 4 . 5 ( 7 )  g a u s s ,  in  
e x c e l l e n t  agreement  w i t h  t h e  p r e d i c t i o n s  o f  Equat ion  ( 2 ) ,  g0 =
1 . 9 9 8 5 ( 5 )  and a = 2 4 . 3 ( 3 )  g a u s s ,  i f  a 3 i s  assumed t o  be n e g a t i v e .

F igu re  2 shows the  p s e u d o r o t a t i n g  t r im e r  spec trum a t  T = 34 .2  
K ( 4 ) .  A l s o  shown in t h i s  f i g u r e  i s  a " s t i c k  spectrum" in which com­
ponent  i n t e n s i t i e s ,  in  t h e  r a t i o  1 : 3 : 6 : 1 0 : 1 2 : 1 2 : 1 0 : 6 : 3 : 1 ,  r e f l e c t
the  M' d egen er acy  o f  t h r e e  e q u i v a l e n t  I = h  n u c l e i  in  the  high
f i e l d  l i m i t  (2> 4 ) .  Magnet ic  f i e l d  p o s i t i o n s  f o r  the  s i m u la te d  
spectrum were computed u s in g  Equat ion  (2)  and t h e  ex p er im en ta l  
parameters o f  R ef er en ce  3.  A broadening  o f  the  low f i e l d  t r a n s i ­
t i o n s  i s  observed  a t  a l l  t em peratures  and most  l i k e l y  a r i s e s  from 
the t r a p p in g  o f  r a d i c a l s  in more than one ma tr ix  s i t e .  A s id e  from 
t h i s  asymmetry in the  l i n e w i d t h s ,  the agreement  between  computed 
and ob served  i n t e n s i t y  r a t i o s  i s  q u i t e  good.  At low t em p e ra t u r es ,  
however,  component i n t e n s i t i e s  d i f f e r  markedly from the  ex p ec t ed  
1 : 3 : 6 : 1 0 : 1 2 : 1 2 : 1 0 : 6 : 3 : 1  p a t t e r n .  As shown f o r  T = 4 . 2  K in F igure  
3a the M' = + X,  ± h  and ± H components show a pronounced l i n e  
broadening  whereas  M' = ± \  and ± \  remain narrow.
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In R ef er en ce  4 ,  t h i s  " a l t e r n a t i n g  l in ew id t h "  e f f e c t  ( 8 ) was 
shown to be c o n s i s t e n t  w i t h  a t emperature  dependent  p s e u d o r o t a t i o n  
in K3. A c o r r e l a t i o n  d iagram,  which r e l a t e s  t r a n s i t i o n  f i e l d s  
f o r  the  t h r e e  o b tu se  a n g le d  t r im e r  g e o m e t r i e s ,  q u a l i t a t i v e l y  pre ­
d i c t s  l i n e  broadening  f o r  M‘ = + h  and ± H when p s e u d o r o t a ­
t i o n  i s  r e l a t i v e l y  s lo w .  At h igh  tempe ratu re s  f a s t  exchange  l e a d s  
to the  m o t i o n a l l y  averaged  spec trum shown in  F igure  2.

Trimer Linewidths

The l i n e w i d t h  a n a l y s i s  f o r  p s e u d o r o t a t i n g  K, c l o s e l y  f o l l o w s  
t h e  more f a m i l i a r  t r e a tm e n t  o f  r e l a x a t i o n  mechanisms in  both the  
NMR and ESR o f  c h e m i c a l l y  exc ha n g in g  sys tems  (8 -  1 £ ) .  P h y s i ­
c a l l y ,  t h e  e l e c t r o n  sp in  i n t e r a c t s  w i t h  both the  s t a t i c ,  l a b o r a ­
tory  m agn et i c  f i e l d  and a random, f l u c t u a t i n g  m ag ne t ic  f i e l d  a r i s ­
ing from an i s o t r o p i c  h f  c o u p l i n g  w i t h  t h e  n u c l e a r  s p i n s  o f  the  
t r i m er .  Hy pe rf i ne  c o u p l i n g  c o n s t a n t s  are  n ot  e x p l i c i t l y  t ime de­
pendent .  Rather th e y  assume d i f f e r e n t  v a l u e s  a c c o r d in g  as t o  p o s ­
s i b l e  o c c u p a n c ie s  o f  the  t h r e e  2B2 minima shown in F igu re  1.  Thus 
the  h f  i n t e r a c t i o n  i s  t ime  dependent  o n ly  i f  the  t r i m er  i s  assumed  
to  “jump" randomly from one w e l l  t o  a n o th e r .

Two terms may c o n t r i b u t e  t o  the  t r i m er  l i n e w i d t h .  Diagonal
e le m en ts  o f  t h e  h f  i n t e r a c t i o n  produce a s e c u l a r  mo dul at ion  o f  the  
mag ne t ic  l e v e l s  o f  both e l e c t r o n  s p i n  s t a t e s  w i t h o u t  c a u s i n g  t r a n ­
s i t i o n s .  Of f  d ia g on a l  e l e m e n t s ,  which c a u se  ( l i f e t i m e  b roadenin g)
t r a n s i t i o n s  between Zeeman l e v e l s ,  g i v e  r i s e  to  a n o n - s e c u l a r  co n ­
t r i b u t i o n .  For e i t h e r  e f f e c t  t o  be s i g n i f i c a n t ,  t he  h f  i n t e r a c ­
t i o n  must have " s u f f i c i e n t "  magni tude .  N o n - s e c u la r  t erms f a c e  the  
a d d i t i o n a l  requirement  t h a t  t h e  F o u r ie r  spec trum o f  t h e  i n t e r a c ­
t i o n  be r i c h  a t  t h e  Larmor f r e q u e n c y ,  oj0 /2tt = 9 . 3  GHz. For K3 in
argon ,  the  exchange r a t e  f o r  jumping between a d j a c e n t  2B2 minima
i s  never  s u f f i c i e n t l y  f a s t  f o r  n o n - s e c u l a r  terms to  make an appre­
c i a b l e  c o n t r i b u t i o n .

Se ve r a l  formal i sms have been a p p l i e d  to  r e l a x a t i o n  in e x ­
changing r a d i c a l s .  P r i n c i p a l  among t h e s e  are  m o d i f i c a t i o n s  o f  the  
c l a s s i c a l  Bloch e q u a t i o n s  ( 8 , J2!) and the more r i g o r o u s  quantum 
mechanical  t h e o r y  o f  R e d f i e l d  e t  al_. (8 -  TJJ. when a p p l i e d  in  
t h e i r  s i m p l e s t  form, as  in the  p r e s e n t  c a s e  f o r  K3 , both ap­
proaches  l e a d  to  the  same r e s u l t .  S i n c e  t h e  theo ry  has been e l e ­
g a n t l y  d e s c r i b e d  by many a uth ors  (8 -  1_2 ) ,  o n l y  t h o s e  d e t a i l s  
which p e r t a i n  t o  t h e  p a r t i c u l a r  example o f  K3 w i l l  be p r e s e n t e d  
h e r e .  S e c u l a r  terms c o n t r i b u t e  t o  t he  ESR l i n e w i d t h  (F) and 
t r a n s v e r s e  r e l a x a t i o n  t ime  ( T , ) by an amount

r = T" 1 = 7  G ( t ) dT (3)
o

where the  c o r r e l a t i o n  f u n c t i o n  G ( t )  = <h^hj > i s  the  a p p r o p r i a t e  
ensemble  av er a ge  f o r  exch a n gi n g  t r i m er  s p e c i e s ,  and,

h i = H.j -  <H> ( 4 )
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i s  d e f i n e d ,  through Equa t ion s  (1)  and ( 2 ) ,  in or d er  t o  make <h^> 
v a n i s h .  Al though Equat ion  (3)  i s  s t r i c t l y  a p p l i c a b l e  to  ab sor p­
t i o n  s p e c t r a  hav ing  Lo r en tz ia n  l i n e s h a p e s ,  i t s  use  in c o n n e c t i o n  
with  a powder spec trum w i l l  have o n l y  a minor e f f e c t  on t h e  con­
c l u s i o n s  o f  t h i s  paper.  The s e v e r a l  a p pro x im at ion s  a p p l i e d  to  
d e r i v i n g  Equation  (3 )  a re  w e l l  d e s c r i b e d  in R efe r en ce  10.  Most 
s i g n i f i c a n t  i s  the  n e g l e c t  o f  p e r t u r b a t i o n  terms p a s t  second  o r ­
de r .  As a c o n se q u en ce ,  e x p r e s s i o n s  d e r i v e d  in t h i s  s e c t i o n  w i l l  
be v a l i d  ov er  m o st ,  but  n o t  a l l ,  o f  t h e  t em perature  range employed  
in the  ESR ex p e r im e n ts .

F igu re  4 shows the  " th ree  jump model" used in d e r i v i n g  G(x)  
f o r  p s e u d o r o t a t i n g  K3 . Jumping between a d j a c e n t  w e l l s  ( i  = 1 ,  2 
or  3) i s  assumed to  be a s t a t i o n a r y ,  Markov p r o c e s s  which may be 
c h a r a c t e r i z e d  by a s i n g l e ,  phenomenolog ica l  r a t e  c o n s t a n t  A. The 
th r e e  p o t e n t i a l  minima are  assumed to  be i d e n t i c a l  so  t h a t  the  
p r o b a b i l i t y  o f  occ up yi n g  any one w e l l  a t  a p a r t i c u l a r  t ime x i s  
g ive n  by P-j(x) = 4 . Under t h e s e  c i r c u m s t a n c e s

3
£  h . h . P . ( o ) P . , ( x )  (5)G(x) = £  h . h . P  ( o ) P . . ( x )

i , j = l  J 1 1J

where t h e  P f j (x ) are  c o n d i t i o n a l  p r o b a b i l i t i e s  r e l a t i n g  t he  oc c u ­
p a n c i e s  o f  w e l l s  1 and j  a t  the  t im es  x = 0 and x = x ,  r e s p e c ­
t i v e l y .  The P i j ( T) may be f o r m a l l y  d e r i v e d  by ap p l i ca - t i o n  o f  the  
Kolmogorov e q u a t i o n s  o f  p r o b a b i l i t y  t h e o ry  ( 1 3 ) .  For the s i t u a ­
t i o n  r e p r e s e n t e d  in F ig u re  4 ,

d P . . / d t  = -  2AP. .  + 2AP. .
11 11 ^  ( 6 )

dP. . / d t  = -  A P . . + AP. .
U  i j  n

a na log ous  to  t h e  more f a m i l i a r  e x p r e s s i o n s  o f t e n  en cou n ter ed  in  
the e l em en ta r y  t h e o r y  o f  chemica l  r e a c t i o n s .  For i n i t i a l  c o n d i ­
t i o n s  P - j j ( o )  = 1 and P - j j ( o )  = 0 ,  t h e  s im u l t a n e o u s  Eq uat ion s  ( 6 ) 
have a s o l u t i o n

P „ ( t )  = S D  + 2e - T/Tc ]
( 7 )

P ^ t )  = *S[1 -  e - T/Tc ]

where xc = ( 3 a ) " 1 i s  a c h a r a c t e r i s t i c ,  c o r r e l a t i o n  t ime  f o r  t r i m er  
ex c ha n g e .  S u b s t i t u t i o n  o f  4 and 7 in  t h e  e x p r e s s i o n  5 g i v e s

G(x) = M a 0 " a 3 ) 2f ( M \  k)e" T / x c (8 )

where

f (M' , k) = M' 2 -  3 (m)m2 + 111, 111, + m2m3) (9)

wi th  k = 111, 111, 111, .  The f u n c t i o n  f ( M \  k) i s  l i s t e d  in Table  I .
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Table I .  Parameters a ppe ar i ng  in l i n e w i d t h  v a r i a t i o n  o f  pseudoro-  
t a t i n g  K3 , Equat ion  (10)  o f  t e x t .

M' k f (M1 , k) Dk

±9/2 2 7 /8 0 1
±7/2 9 / 8 1 . 3
±5 /2 3 /8 1 3

- 9 / 8 4 3
±3/2 1 /8 0 1

- 3 / 8 3 6
- 2 7 / 8 9 3

±1 /2 - 1 /8 .  1 3
3 /8 4 3

- 9 / 8 7 6

Also  shown in  t h i s  t a b l e  are  the  number (D^) o f  t r a n s i t i o n s  (nij,  
m2 , m3) which c o n t r i b u t e  to  a g i ve n  k.  Apply ing Equation  (3)  to  
i n d i v i d u a l  h f  components M' = + % , - - , g i v e s

r  ( M \  k) = 2̂ (ao - a 3) 2 • f ( M \  k) • t c ( 1 0 )

where the l a s t  e x p r e s s i o n  has been n o ta t e d  to  show t h a t  exchange  
c o n t r i b u t i o n s  t o  t h e  t r im e r  l i n e w i d t h  w i l l ,  in  g e n e r a l ,  be a sum 
o f  L or en tz ia n  f u n c t i o n s  k.  Equat ion (10)  a l s o  shows t h a t  ESR 
l i n e w i d t h s  are t em perature  dependent  on ly  through a co r re sp ond ing  
v a r i a t i o n  in the  c o r r e l a t i o n  t ime tc .

R e s u l t s  f o r  K,

Table II shows t h e  tem perature  v a r i a t i o n  in  the  p ea k - t o -p ea k  

Table I I .  Measured l i n e w i d t h  v a r i a t i o n  f o r  p s e u d o r o t a t i n g  K3.

r ( g a u s s )  r ( g a u s s )

T(K) M' = -7j M' = - h T(K) M' = -7s M' = - h

4 . 2 4 . 5 5 4 . 8 5 15 . 2 2 . 67 2 . 67
6 . 7 4 . 3 6 4 . 3 6 1 5 . 3 2 . 8 7 2 . 8 7
7 . 6 4 . 0 6 3 . 5 6 1 6 . 2 2 . 9 7 2 . 7 7
9 . 5 3 .17 3 . 1 7 17.1 2 . 4 8 2 . 8 7

11 .7 2 . 97 3 . 0 7 19.1 2 . 77 2 . 7 7
20-35 2 . 1 8 2 . 5 7

l i n e w i d t h  f o r  the  M' = -?s and M' = components f o r  p se u d o r o ta ­
t i n g  K3 . A f t e r  an i n i t i a l  an n e a l i n g  o f  t h e  m a t r i x ,  measured l i n e ­
widths  ( r )  are  inde pe nde nt  o f  the sample h i s t o r y  and,  w i t h i n



164

78 M i - T A L  B O N D I N G  A N D  I N T H R A C T I O N S

exp er im en ta l  e r r o r ,  depend o n l y  upon t em pe rat ure .  Above T ~ 20 K, 
ESR l i n e w i d t h s  remain ap pr o x i m a te ly  c o n s t a n t  and are  r e p r e s e n t e d  
by a v er ag e  v a l u e s ,  r 0 , as  shown in the  l a s t  e n t r y  o f  Table  I I .  r 0 
i s  taken to be a measure o f  t emperature  indepe nden t  c o n t r i b u t i o n s  
t o  the ESR l i n e w i d t h .  Although powder s p e c t r a  are  most o f t e n  i n -  
homogeneously broad ened ,  t he  exchange c o n t r i b u t i o n  to  t he  t r i m er  
l i n e w i d t h  i s  assumed t o  be g iv en  by r -  T0 . Owing t o  the  10-20% 
u n c e r t a i n t y  in  r ,  t h e r e  i s  c o n s i d e r a b l e  s c a t t e r  in t h e s e  d i f f e r e n ­
c e s ,  p a r t i c u l a r l y  a t  h i g h e r  t em p e ra t u r es .  However,  the  l i n e w i d t h  
data do g i v e  approx imate v a l u e s  for  t c  and T2 and a l l o w  an e x p e r i ­
mental t e s t  o f  the  " t h re e  jump model" in tr o d u ce d  in the  p r ec ed in g  
s e c t i o n .

F ig u re s  3a and 3b show,  r e s p e c t i v e l y ,  ob se r v ed  and s i m u la te d  
s p e c t r a  f o r  the  p s e u d o r o t a t i n g  t r im e r  a t  T = 4 . 2  K. Abs or pt i on  
l i n e w i d t h s  f o r  t h e  "bar spectrum" were d e r i v e d  from Equat ion  ( 1 0 ) ,  
with  f (M' , k) from Table  I and ?g(a0 - - a 3)2 = 3 . 4  x 1 0 *5 . s e c -2  from 
Ref er en ce  3.  The c o r r e l a t i o n  t i m e ,  t c  = 3 . 8  x 10" 9 s e c ,  was cho­
sen t o  g i v e  t h e  measured l i n e w i d t h  f o r  M1 .= r  = r 0 + r(M‘ , k)
= 4 . 6  G from Table  I I .  R e l a t i v e  a re a s  in  F igu re  3b r e f l e c t  the  
de ge n er a cy  g iv en  in Table  I .  For ESR t r a n s i t i o n s ,  ( m , , in2 , m3 ) = 
( i ^ ,  ±32, ±-s) and ( —*2, ±!s,  ±*5) ,  f (M’ , k) = 0 and t r im e r  exchange  i s  
not  p r e d i c t e d  to  c o n t r i b u t e  t o  the l i n e w i d t h .  A c c o r d i n g l y ,  bar 
s p e c t r a  f o r  t h e s e  t r a n s i t i o n s  corresp ond  t o  r = Tp = 2 . 2  G w i t h  
ESR i n t e n s i t i e s  equal  t o  t h a t  measured f o r  M1 = -%. A s id e  from 
the  m a tr ix  s i t e  e f f e c t s  noted e a r l i e r ,  the  ge n er a l  f e a t u r e s  o f  the  
ob ser ved  spectrum are q u i t e  w e l l  r e p r e s e n t e d  in F igu re  3b.

Trimer l i n e w i d t h s  were compared w i t h  both an e x p o n e n t i a l ,  t c 
= T0e ° / T > ancj a power law ,  t c = TQT“n , t emperature  dependence  in 
the  c o r r e l a t i o n  t ime  t c . F igure  5 shows t h e  l e a s t  sq uar es  f i t  
f o r  M’ = - h .  Both p l o t s  r e p r e s e n t  the  ex p er im en ta l  1 inewidth  
e q u a l l y  w e l l  ( c o r r e l a t i o n  c o e f f i c i e n t ,  r = 0 . 9 0 )  and the p r e s e n t  
data  are  n ot  s u f f i c i e n t l y  a c c u r a t e  to d i s t i n g u i s h  between the two 
i n t e r p r e t a t i o n s .  For re a so n s  g ive n  be l ow ,  t h e  data p o i n t  a t  T = 
4 . 2  K was not  i n c lu d e d  in  t h i s  f i t .  S i m i l a r  r e s u l t s  (but  w i t h  r =
0 . 9 8 )  p e r t a i n  to  M‘ = - h .  A l t hou gh ,  as  shown in F igu re  3b,  two k 
components c o n t r i b u t e  t o  t h i s  t r a n s i t i o n ,  i t  i s  most  l i k e l y  t h a t  
the br oad ,  f (M1, k) = 4 and narrow,  f (M‘ , k) = 1 ,  f e a t u r e s  are  
s u f f i c i e n t l y  w e l l  s e p a r a t e d  f o r  the  l a t t e r  to  dominate the  ob­
se rv e d  M’ = - h  l i n e w i d t h s .

Table  I I I  g i v e s  t h e  computed parameters  f o r  both M‘ = and

Table I I I .  L ea s t  sq uares  parameters ( d e f i n e d  in t e x t )  f o r  t r i m er  
c o r r e l a t i o n  t imes  ( t c ) .  Es t im ated  e r r o r s  a re  g iv e n  in 
p a r e n t h e s e s .

t 0 x 1 0 ! 1 ( s e c ) .  6 ( K )  ' x 0  x 1 0  p c u  i\ / n
7 .2 1 7 ( 5 )  1 6 ( 3 )  3 . 4 ( 2 1 )

5 . 8 ( 1 1 )  2 1 ( 2 )  1 8 ( 1 1 )
1 . 5 ( 3 )
1 . 9 ( 2 )
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M' = - h .  . E s t i m a t e d  u n c e r t a i n t i e s ,  in  p a r e n t h e s e s ,  r e p r e s e n t  one  
s tandard  d e v i a t i o n  in  t h e  l e a s t  sq uar es  f i t  to  t h e  ex p er im en ta l  
d a ta .  Table  IV summarizes s e v e r a l  parameters  o f  i n t e r e s t  f o r

Table  IV. Temperature v a r i a t i o n  in  c o r r e l a t i o n  t ime  ( x c ) ,  s e c u l a r  
l i n e w i d t h ,  r (M ' ,  k ) ,  and t r a n s v e r s e  r e l a x a t i o n  t ime  
(T2 ) f o r  M1 = - 72. The Larmor frequen cy  ui0/2ir = 9 . 3  
6Hz. For an e x p l a n a t i o n ,  s e e  t e x t .

T
(K)

xr x 1 0 10 
( s e c )

r ( r r ,  k)
( g a u s s )

T,  x 108 
" ( s e c )

( t c / T 2 )'2 w0Tc

4 93 11 3 . 2 0 . 5 4 540
6 24 2 . 9 12 0 . 1 4 140
8 13 1 . 6 23 0 . 0 8 76

10 8 . 4 1 . 0 35 0 . 0 5 49
15 4 . 9 0 . 6 60 0 . 0 3 29
20 3 . 8 0 . 5 77 0 . 0 2 22

p s e u d o r o t a t i n g  K3 . These data were c a l c u l a t e d  from Equat ion ( 1 0 ) ,  
w ith  f ( M ' , k) = 1 and ^(aQ -  a 3 ) 2 = 3 . 4  x 1 0 15 s e c -2 from R ef er ­
en ce  3 ,  t o g e t h e r  w i t h  t he  l e a s t  sq ua r es  t q and 6  from Table  I I I .  
These example r e s u l t s  p erm it  a check on s e v e r a l  o f  t h e  approxima­
t i o n s  a l l u d e d  t o  e a r l i e r .  A n e c e s s a r y  c o n d i t i o n  f o r  second  order  
p e r t u r b a t i o n  theo ry  to  be v a l i d  i s  (x , - /T2 )'i  << 1 (10)*. As shown 
by the  data in  column 5 o f  Table  IV, t h i s  ap prox imat ion  breaks  
down a t  low tempe ratu re s  and p r e d i c t e d  l i n e w i d t h s  become much l a r ­
g er  than t h o s e  a c t u a l l y  o b s e r v e d .  The r a t i o  o f  the  n o n - s e c u l a r  to  
t h e  s e c u l a r  c o n t r i b u t i o n  t o  t he  t r i m e r  l i n e w i d t h  i s  o f  or d er  (1 + 
wq2! ^ 2 ) " 1 (8 -  1_2). As shown by the  l a s t  e n t r y  in Table  IV l i n e ,  
broadening  by n o n - s e c u l a r  terms i s  q u i t e  n e g l i g i b l e  o ve r  the  tem­
p er a t u re  range T = 4 -20  K.

D i s c u s s i o n

Co nt in ge n t  upon t he  d e t a i l s  o f  t h e  p o t e n t i a l  s u r f a c e  f o r  K3 , 
s e v e r a l  mechanisms may g i v e  r i s e  to  the  ob se r v ed  temperature  de­
pendence in t c . I f  t h e  ground v i b r o n i c  s t a t e  f o r  the  t r i m er  i s  o f  
o rd er  kT below the  energ y  b a r r i e r  to  p s e u d o r o t a t i o n ,  then the c o r ­
r e l a t i o n  t ime ( i n v e r s e l y  p r o p o r t io n a l  t o  the r a t e  c o n s t a n t  f o r  e x ­
change)  would be e x p e c t e d  to  show Arrhenius  type  b e h a v io r .  A l t e r ­
n a t i v e l y ,  t h e  t r i m e r  ground s t a t e  might  l i e  above the  p s e u d o r o ta ­
t i o n  b a r r i e r ,  as  has been s u g g e s t e d  f o r  L i 3 ( 5 ) .  In t h i s  s i t u a ­
t i o n  a f a s t ,  but t emperature  in d e p e n d en t ,  exchange would be pre ­
d i c t e d .  However,  s i n c e  the t r i m er  p o t e n t i a l  s u r f a c e  i s  markedly  
f l a t ,  matr ix  e f f e c t s  may p la y  a p a r t i c u l a r l y  important  r o l e .  Thus 
the  matr ix  might  "lock" the t r im e r  i n t o  an o b t u s e  an g le d  geometry  
a t  some temperatures  but  be s u f f i c i e n t l y  f l u i d  to a l l o w  pseudoro­
t a t i o n  a t  o t h e r s .

For Na3 , which i s  e x p e c t e d  to be more c l o s e l y  ana logous  to
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the po tass ium  t r i m er  than L i 3 , Martin and Davidson ( 6 ) e s t i m a t e  a 
zero p o i n t  v i b r a t i o n a l  energ y  u ~ 85 cm" 1 w i t h  a b a r r i e r  to  p se u ­
d o r o t a t i o n ,  26 -  200 cm- 1 . P a r t i c u l a r l y  c r i t i c a l  f or  J a h n - T e l l e r  
sys tems  ( 1 4 ) ,  i s  the  d i s t o r t i o n  parameter p0 (A in the  n o t a t i o n  o f  
( 6 ) ) .  R e f e r r i n g  t o  F igu re  1 ,  p0 i s  t h e  r a d i a l  d i s t a n c e  from the  
c o n i c a l  peak to the  a v er age  energy  minimum in  the  trough re g io n  o f  
the t r i m e r  p o t e n t i a l  s u r f a c e .  For Na3 , p0 ~ 0 . 5  A ( 6) .  I f  v i b r a ­
t i o n a l  f r e q u e n c i e s ,  p o t e n t i a l  parameters,  and bond d i s t a n c e s  s c a l e  
ac c o r d in g  t o ,  r e s p e c t i v e l y ,  the  f o r c e  c o n s t a n t ,  bond energy,  and 
i n t e r n u c l e a r  d i s t a n c e  o f  the  c o r re sp o n d in g  a l k a l i  d im e r s ,  t h e n ,  0 
very a p p r o x im a t e l y ,  w ~ 65 cm" 1 w i t h  26 ~ 150 cm" 1 and p0 ~ 0 . 6  A 
fo r  K3 . Cons eq ue nt ly  t h e  ground v i b r o n i c  l e v e l  o f  K3 i s  some 85 
cm-1 below the  p s e u d o r o t a t i o n  b a r r i e r  and,  f o r  4 5 T S 35 K, e x ­
change can o n ly  o cc u r  by quantum mechanical  t u n n e l i n g .  This r a t e  
may be a p pr ox im at e l y  c a l c u l a t e d  u s i n g  a WKB method s i m i l a r  to  t ha t  
a p p l i e d  to the  more f a m i l i a r  c a s e  o f  ammonia i n v e r s i o n  (1_5). Us- . 
ing  the  p r e v i o u s l y  e s t i m a t e d  parameters  f o r  K3 (reduced  mass ,  u = 
^m = 26 amu) and numer ical  i n t e g r a t i o n  o f  an assumed c o s i n e  p o te n ­
t i a l  we f in d  a t u n n e l i n g  frequency  o f  or d er  1 GHz.

Although tem perature  dependent  t u n n e l i n g  i s  n o t ,  o f  c o u r s e ,  
to be e x p e c t e d  f o r  g a s - p h a s e  m o l e c u l e s ,  i t s  occ ur en ce  f o r  t r a n s i ­
t i o n  metal  complexes  in  t he  s o l i d  phase has been w e l l  documented 
( 1 4 ,  1_6, 1 7 ) .  Even in c a r e f u l l y  prepared c r y s t a l s ,  random s t r a i n s  
are o f  s u f f i c i e n t  magni tude t o  make the  p r e v i o u s l y  assumed e q u i ­
v a l e n c e  o f  p o t e n t i a l  minima no lo n g e r  v a l i d .  I f ,  f o r  K3 in argon ,  
m atr ix  e f f e c t s  c o n t r i b u t e  a s i m i l a r  b l u r r i n g  o f  the  t r i m er  energy  
l e v e l s ,  then t u n n e l i n g  between  a d j a c e n t  w e l l s  no lo n g e r  c o n s e r v e s  
en er g y .  T r a n s i t i o n s  from the  v i b r o n i c  ground s t a t e  o f  one w e l l  to  
the co r r e sp o n d in g  l e v e l  o f  i t s  i n e q u i v a l e n t  n e i gh bo r  must now be 
s t i m u l a t e d  by phonon a b s o r p t i o n  or  e m i s s i o n .  As g i v e n  e l sewhere .  
( 1 4 ,  1 6 , 1 7 ) ,  the  s e v e r a l  p o s s i b l e  mechanisms corresp ond  to the  
d i r e c t  Raman or  Orbach p r o c e s s e s  more f a m i l i a r i l y  a p p l i e d  t o  sp in  
l a t t i c e  r e l a x a t i o n .  In a l l  th r e e  c a s e s  t h i s  s i t u a t i o n  l e a d s  to  an 
a t t e n u a t i o n  o f  the  g a s - p h a s e  t u n n e l i n g  frequen cy  and complex ,  g e ­
n e r a l l y  h y p e r b o l i c ,  t emperature  b e h a v io r  f o r  t c . In c e r t a i n  l i ­
m i t i n g  s i t u a t i o n s  e i t h e r  an e x p o n e n t i a l  or  power law temperature  
dependence i s  p r e d i c t e d .  Consequent ly  our r e s u l t s  f o r  K3 in argon  
are a l s o  c o n s i s t e n t  w i t h  a t r i m er  zero  p o i n t  energy  w e l l  below the  
p s e u d o r o t a t i o n  b a r r i e r .
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