
620  
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ABSTRACT 

T h i s  work investigates problems encountered in the 
application of one color resonant two-photon ionization as an 
ionization source in supersonic beam mass spectroscopy. Of 

particular interest is the fact that photons of one color may not 
provide sufficient energy to cause ionization even when the laser 
source is tuned to an excited vibronic molecular state. We have 

therefore correlated trends in ionization potential with molecular 

structure for simple systems, specifically, halogenated aniline, 

phenol and toluene derivatives and mono- and di-substituted 
benzenes. In the case of para-substituted compounds where there 

i s  l i t t l e  s u b s t i t u e n t  g r o u p  i n t e r a c t i o n  i o n i z a t i o n  o c c u r s  
e f f i c i e n t l y  a t  t h e  S ~ S. o r i g i n  p r o v i d e d  u l t r a f a s t  p r o c e s s e s  
a r e  n o t  a c t i v e  a s  i n  ~ h e  1 c a s e  o f  i o d o  s u b s t i t u t e d  b e n z e n e s .  Many 
o r t h o  c o m p o u n d s ,  h o w e v e r ,  a r e  f o u n d  n o t  t o  i o n i z e  e f f i c i e n t l y .  
T h i s  i s  p r o b a b l y  due  t o  a c o m b i n a t i o n  o f  c o u l o m b i c  a n d  s t e r i c  
i n t e r a c t i o n s  w h i c h  r e s u l t  i n  a n  i n c r e a s e  i n  i o n i z a t i o n  p o t e n t i a l .  
T h e s e  t y p e s  o f  e f f e c t s  h a v e  b e e n  q u a l i t a t i v e l y  r e l a t e d  t o  t h e  
e l e c t r o n  r e l e a s i n g  and  w i t h d r a w i n g  p r o p e r t i e s  o f  t h e  s u b s t i t u e n t  
g r o u p s  t h e r e b y  a l l o w i n g  r e a s o n a b l e  p r e d i c t i o n s  t o  be  made 
r e g a r d i n g  t h o s e  t y p e s  o f  s u b s t i t u t e d  b e n z e n e s  w h i c h  c a n  be  p r o b e d  
with RZPI. 

INTRODUCTION 

W i t h  t h e  a d v e n t  o f  c o h e r e n t  l a s e r s  i t  i s  now p o s s i b l e  t o  
r o u t i n e l y  s t u d y  p r o c e s s e s  w h i c h  i n v o l v e  m u l t i p l e  p h o t o n  
e x c i t a t i o n .  One s u c h  p r o c e s s ,  r e s o n a n t  two p h o t o n  i o n i z a t i o n  
( R 2 P I )  h a s  s i g n i f i c a n t  a n a l y t i c a l  p o t e n t i a l  a s  a w a v e l e n g t h  
s e l e c t i v e  i o n i z a t i o n  s o u r c e  i n  mass  s p e c t r o m e t r y .  We h a v e  
t h e r e f o r e  a d d r e s s e d  t h e  q u e s t i o n  o f  t h e  g e n e r a l  a p p l i c a b i l i t y  o f  
R2PI a s  a n  a n a l y t i c a l  t o o l  i n  t h i s  w o r k .  

R2PI i n v o l v e s  t h e  a b s o r p t i o n  o f  two p h o t o n s  by  a m o l e c u l e  
a n d  r e s u l t s  i n  t h e  p r o d u c t i o n  o f  a p o s i t i v e  i o n  a n d  c o n c u r r e n t  
r e l e a s e  o f  a n  e l e c t r o n .  A b s o r p t i o n  o f  t h e  f i r s t  p h o t o n  i s  
s t r o n g l y  e n h a n c e d  when t h e  f r e q u e n c y  o f  t h e  i o n i z i n g  l a s e r  i s  
t u n e d  t o  a n  e x c i t e d  v i b r o n i c  s t a t e .  As a r e s u l t  a l a r g e  
i o n i z a t i o n  s i g n a l  i s  o b s e r v e d  when t h e  l a s e r  i s  i n  r e s o n a n c e  w i t h  
s u c h  a n  i n t e r m e d i a t e  s t a t e ,  e . g .  a v i b r o n i c  r~* s t a t e  i n  a n  
a r o m a t i c  m o l e c u l e .  A b s o r p t i o n  o f  t h e  s e c o n d  p h o t o n ,  on  t h e  o t h e r  
h a n d ,  i s  i n t o  a n  i o n i z a t i o n  c o n t i n u u m  w h e r e  t h e  c r o s s  s e c t i o n  f o r  
a b s o r p t i o n  i s  n o t  a s t r o n g  f u n c t i o n  o f  w a v e l e n g t h .  C o n s e q u e n t l y ,  
R2PI s p e c t r a  a r e  i n  e f f e c t  a b s o r p t i o n  s p e c t r a .  R2PI t h e r e f o r e  
p r o v i d e s  w a v e l e n g t h  s e l e c t i v i t y  t h e r e b y  a d d i n g  a n  e x t r a  d i m e n s i o n  
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to conventional analytical mass spectrometry. R2PI is also 
characterized by excellent sensitivity allowing detection below 
ppb levels. Further, RZPI provides an extremely efficient means 
of "softly" ionizing molecules for mass spectroscopic detection. 
Thus it is possible to obtain the molecular weight of fragile 
biological or inorganic molecules which tend to fragment in 
electron impact ionization. 

In order to fully exploit the wavelength dependence and 
spectroscopic information available from R2PI we have coupled our 
time-of-flight mass spectrometer (TOFMS) with a supersonic jet 
source in order to provide ultracold molecules. This is 
significant because at room temperature ultraviolet absorption 
spectra are broad and often featureless in contour due to the 
p o p u l a t i o n  o f  a l a r g e  m a n i f o l d  of  r o v i b r a t i o n a l  s t a t e s  in  t h e  
ground e l e c t r o n i c  s t a t e .  Hence,  w a v e l e n g t h  s e l e c t i v i t y  i s  
d i f f i c u l t  or  i m p o s s i b l e  to  a c h i e v e .  However,  w i t h  t h e  use  o f  
s u p e r s o n i c  beam m e t h o d o l o g y z l S h a r p  r o v i b r o n i c  bands a r e  o b s e r v e d  
which a r e  t y p i c a l l y  -2 cm in  w i d t h .  As a r e s u l t  i n d i v i d u a l  
components  can be i d e n t i f i e d  in complex m i x t u r e s  even  when the 
a n a l y t e  i s  p r e s e n t  a t  a v e r y  low c o n c e n t r a t i o n .  

A n a l y t i c a l l y  a major  drawback of  R2PI s u p e r s o n i c  beam mass 
s p e c t r o m e t r y  i s  t h e  meager and o f t e n  c o n f l i c t i n g  d a t a  base  
a v a i l a b l e .  For example ,  many m o l e c u l a r  i o n i z a t i o n  p o t e n t i a l s  a r e  
u n a v a i l a b l e  in  t he  l i t e r a t u r e  and t h o s e  which a r e  a v a i l a b l e  a r e  
f r e q u e n t l y  in  e r r o r .  Such knowledge  i s  c r u c i a l  in  t h i s  t e c h n i q u e  
because  in  o r d e r  t o  o b s e r v e  a r e s o n a n t  i o n i z a t i o n  s i g n a l ,  t he  sum 
of  t h e  e n e r g y  of  t he  two pho tons  a b s o r b e d  by a m o l e c u l e  must 
exceed  i t s  i o n i z a t i o n  p o t e n t i a l .  T h e r e f o r e  in  t h i s  s t u d y  t h e  
a b i l i t y  t o  make r e a s o n a b l e  p r e d i c t i o n s  r e g a r d i n g  t h e  e f f e c t  
v a r i o u s  s u b s t i t u e n t s  have  on t h e  e n e r g y  s t a t e s  i n v o l v e d  in  t h e  
r e s o n a n t  i o n i z a t i o n  of  s i m p l e  b e n z e n o i d  sys t ems  i s  i n v e s t i g a t e d .  
Trends  in  i o n i z a t i o n  p o t e n t i a l  a r e  c o r r e l a t e d  w i t h  the  type  and 
position of substituent groups on a benzene ring. 

EXPERIMENTAL 

Our e x p e r i m e n t a l  a p p a r a t u s  c o n s i s t s  of  a s i x  p o r t  vacuum 
c r o s s  in  which a l a s e r  beam, t h e  s u p e r s o n i c  j e t  and a t ime  of  
f l i g h t  mass s p e c t r o m e t e r  a r e  a l l  m u t u a l l y  p e r p e n d i c u l a r .  The 
s u p e r s o n i c  m o l e c u l a r  beam i s  g e n e r a t e d  by a p u l s e d  v a l v e  which 
r e d u c e s  the  d u t y  c y c l e  o f  t he  gas  f low compared to  a c o n t i n u o u s  
f low so t h a t  : smal~  6" pumping s t a t i o n  can be used to  m a i n t a i n  
p r e s s u r e s  a t  x i0  t o r t .  Th is  m o l e c u l a r  beam m o d u l a t o r  a l l o w s  
the  use  of  a l a r g e  e x p a n s i o n  o r i f i c e  ( 0 . 5  mm} which can p r o v i d e  
h igh  ( - I 0  ~5 m o l e c u l e s / c c }  on--axis  i n t e n s i t y  i n  t h e  f r e e  j e t .  In 
t u r n ,  h i g h  s e n s i t i v i t y  can be o b t a i n e d  in  our  measurements  
r e l a t i v e  to  p r e s e n t  c o n t i n u o u s  j e t  e x p a n s i o n s  which r e q u i r e  an 
o r i f i c e  lOOx s m a l l e r  to  m a i n t a i n  s i m i l a r  pumping c o n d i t i o n s .  The 
i o n s  a r e  c r e a t e d  in t he  j e t  by t u n a b l e  UV r a d i a t i o n  (~1-3 mJ) 
g e n e r a t e d  by f r e q u e n c y  d o u b l i n g  the  o u t p u t  of  a t u n a b l e  Nd:YAG 
pumped dye l a s e r  sys t em.  The i o n s  a r e  t h e n  mass a n a l y z e d  in  a 
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t i m e - o f - f l i g h t  mass s p e c t r o m e t e r  in  which r e s o l u t i o n  >1000 can be 
o b t a i n e d  and t h e  s p e c t r o s c o p y  of  a p a r t i c u l a r  mass peak i s  
m o n i t o r e d  by a g a t e d  i n t e g r a t o r  in  o r d e r  to  o b t a i n  "mass s e l e c t e d "  
i o n i z a t i o n  s p e c t r a .  

RESULTS AND DISCUSSION 

Three states a r e  involved in R2PI. For the substituted 
benzenes these states are the ~ electronic ground state, S , the 

o 
intermediate ~* state, S. and the ionic ground electronic state, 

i' 
S *. As pointed out by previous investigators the effect of a 
s~bstituent on the intermediate ~* state of benzene is similar to 
its effect on the ground ionic state. This is reasonable since in 
t h e  i n t e r m e d i a t e  s t a t e  an e l e c t r o n  has  been promoted  from the  
s t a b l e  4n+2 a r o m a t i c  ~ bonding  c o r e  s t r u c t u r e  to  a IT* a n t i b o n d i n g  
o r b i t a l  c r e a t i n g  a " p h o t o h o l e " ,  whereas  in  t he  ground i o n i c  s t a t e  
an e l e c t r o n  has been removed a l t o g e t h e r  from t h e  benzene  r i n g .  
R e l e a s e  of  e l e c t r o n  d e n s i t y  to  or  removal  of  e l e c t r o n  d e n s i t y  from 
t h e  r i n g  sys tem t h e r e f o r e  a f f e c t s  t he  e n e r g y  of  t h e s e  s t a t e s  in  a 
s i m i l a r  manner.  E l e c t r o n  r e l e a s i n g  g roups  such as -CHA, -OH, and 
-NH 2 s t a b i l i z e  t h e s e  upper  s t a t e s .  Th is  i s  r e f l e c t e d  in  t h e  
a b s o r p t i o n  s p e c t r a  and PES of  t h e s e  compounds, both  of  which 
e x h i b i t  a r ed  s h i f t  d e p e n d e n t  on the  a b i l i t y  of  t he  s u b s t i t u e n t  to  
r e l e a s e  e l e c t r o n  d e n s i t y  to  t he  r i n g  sys tem.  The c o n v e r s e  i s  t r u e  
f o r  e l e c t r o n  w i t h d r a w i n g  g r o u p s .  S i g n i f i c a n t l y ,  s u b s t i t u e n t s  
which i n t e r a c t  s t r o n g l y  w i t h  t he  a r o m a t i c  ~ sys tem do no t  e x h i b i t  
l i n e a r l y  a d d i t i v e  e f f e c t s  and 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  
t h e o r e t i c a l l y .  We have t h e r e f o r e  looked  f o r  e x p e r i m e n t a l  t r e n d s  
upon which a s i m p l e  model may be based .  

The f i r s t  c l a s s  of  m o l e c u l e s  s t u d i e d  were t h e  
m o n o s u b s t i t u t e d  b e n z e n e s .  The s h i f t  to  lower  e n e r g y  of  bo th  the  
S ~ $4 a b s o r p t i o n  and t h e  i o n i z a t i o n  p o t e n t i a l  of  a n i l i n e ,  pheno l  

o and t o l u e n e  a r e  e a s l l y  r a t i o n a l i z e d  in t e rms  of  t he  o v e r a l l  d i p o l e  
p r o p e r t i e s  o f  each  s p e c i e s .  A s i m p l e  e l e c t r o s t a t i c  d i p o l e  model 
p r e d i c t s  t h a t  bo th  the  "permanent  d i p o l e "  a s s o c i a t e d  w i t h  each 
s u b s t i t u e n t  as  w e l l  as  t he  d i p o l e  induced  in  t he  s u b s t i t u e n t  by 
t h e  p r e s e n c e  o f  c h a r g e  on t h e  r i n g  c e n t e r  f a v o r  r e l e a s e  o f  
e l e c t r o n  d e n s i t y  t o  t h e  r i n g .  For t he  m onoha logena t ed  benzenes  
however ,  t he  magn i tude  of  t he  induced  d i p o l e  i s  comparab le  to  t h a t  
of  t he  permanent  d i p o l e  and o p p o s i t e  Jn d i r e c t i o n .  Thus, h a l o g e n  
s u b s t l t u e n t s  may be e i t h e r  e l e c t r o n  r e l e a s i n g  or  e l e c t r o n  
w i t h d r a w i n g  d e p e n d i n g  on what o t h e r  s u b s t i t u e n t s  a r e  a l s o  p r e s e n t  
on the  r i n g .  In a l l  t he  c a s e s  i n v e s t i g a t e d  h e r e i n  the  h a l o g e n s  
were  found to  a c t  as  e l e c t r o n  r e l e a s i n g  s u b s t i t u e n t s  t owards  t h e  
a r o m a t i c  ~ sys tem.  

The d i s u b s t i t u t e d  b e n z e n e s  p roved  t o  be q u i t e  i n t e r e s t i n g .  
When a s t r o n g  e l e c t r o n  r e l e a s i n g  g roup ,  such as -OH or  -NH 2, i s  
" o r t h o "  to  a h a l o g e n  s u b s t i t u e n t  two pho tons  of  one c o l o r  a r e  
e i t h e r  i n s u f f i c i e n t  t o  cause  i o n i z a t i o n  or  r e s o n a n t  i o n i z a t i o n  i s  
v e r y  w e a k . -  S e v e r a l  o r t h o  d i h a l o g e n a t e d  compounds were a l s o  found 
no t  to  e x h i b i t  any d e t e c t a b l e  spec t rum w e l l  to the  b l u e  of  
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t h e i r  e l e c t r o n i c  o r i g i n s ,  
e . g .  o - d t b r o m o b e n z e n e  and 
o - b r o m o c h l o r o b e n z e n e .  These 
e f f e c t s  a r e  b e l i e v e d  t o  be due 
to  c o u l o m b i c  i n t e r a c t i o n  
be tween a d j a c e n t  g roups  which 
a r e  p a r t i c u l a r l y  e f f e c t i v e  in 
s t a b i l i z i n g  t h e  S and _ S 1 
s t a t e s  r e l a t i v e  t o ~  i o n i c  
ground e l e c t r o n i c  s t a t e  S * 

O .  
This  r e s u l t s  in  an i n c r e a s e  in  
t h e  e n e r g y  gap be tween  t h e  S 

1 

and S * s t a t e s .  Thus,  n o t  
.o 

o n l y  i s  i o n i z a t i o n  u s u a l l y  no t  
o b s e r v e d  a t  t he  0-~ o r i g i n ,  
but furthermore, when two 
photons of one color are 
sufficlent to cause resonant 
ionization they must proceed 
through a highly excited 
vibrational level in the S 4 
state. Poor Franck-Condo~ [ 
factors therefore result in| 

i 

signals of small intensity.~ 
These types of effects were~ 
not observed for halogenated~ 
benzenes  c o n t a i n i n g  a~  
m o d e r a t e l y  e l e c t r o n  r e l e a s i n g ~  
group as F i g .  1 i l l u s t r a t e s . ~  
It is also noteworthy that 
electronic transitions other 
than Irr[* t r a n s i t i o n s  may be 
probed f o r  some compounds as 
has  been d e m o n s t r a t e d  f o r  nr~* 
transitions in several 

2 
azabenzenes. 
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F i g .  1. Resonan t  t w o - p h o t o n  
i o n i z a t i o n  s p e c t r a  t a k e n  in  an 

5_7, 2911 e x p a n s i o n  of  1 arm back p r e s s u r e  of  
Ar of  (a)  2 , 4 - d i c h l o r o t o l u e n e ,  (b) 
2 , 6 - d i c h l o r o t o l u e n e ,  (c)  2 , 5 -  
d i c h l o r o t o l u e n e ,  and (d) 3 , 4 -  
d i c h l o r o t o l u e n e .  Only the  m o l e c u l a r  
ion  i s  m o n i t o r e d  in  t h e s e  s p e c t r a  
u s i n g  a TOF mass s p e c t r o m e t e r .  




