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The interest in the pyridine molecule stems from its being the simplest 
monoazine derivative of benzene. Attempts  to  characterize the nature of  the 
lowest triplet state have remained an active area of  research since the initial 
work  by  Hoover and Kasha on pyridines and subst i tuted pyridines [1] .  
Although pyridine itself does no t  exhibit  phosphorescence from the lowest 
excited triplet state, many of  the subst i tuted pyridines do in fact show 
radiative properties and have been the subject o f  s tudy by  several workers. 
Some notable  examples of  such subst i tuted pyridines which have been 
studied are aminopyridine [2 ] ,  monomethylpyridine,  dimethylpyridine and 
tr imethylpyridine [3 ] ,  hydroxypyr idine  [4 ] ,  cyanopyridine (CNP) [5] and 
pyridinecarboxaldehyde (PCA) [6] .  

Goodman [7] has suggested that  the intervening an, r* state in aza- 
benzenes should lie between the in,n* and the phosphorescent  a~,~. states. 
Recent  studies seem to  indicate that  the energy of such a an,~* state is 
dependent  upon solvent interactions with the non-bonding orbital. In some 
cases an inversion of the triplet  levels can occur such that  the  8n,~* and 
3n,~* states interchange simply b y  change of  solvent [8 ] .  

In this communicat ion we report  a s tudy involving the pyridines CNP 
and PCA which are subst i tuted at the 2, 3 and 4 positions. These guest 
molecules were substi tuted into host matrices of  p-xylene,  p-dichloro- 
benzene (DCB) and p-dibromobenzene (DBB). The s tudy involves the tech- 
nique of  phosphorescence microwave double  resonance (PMDR) which has 
been shown to  be a powerful  me thod  in the  characterization of  the  nature of  
the phosphorescent  triplet state. 

The PMDR method  relies on the different populations usually achieved 
among the triplet sublevels in the phosphorescent  triplet state with contin- 
uous optical pumping. Upon sweeping the resonance energies of the triplet 
sublevels, the  perturbation o f  the population will cause a phosphorescence 
intensity change. The analysis of  the recovery dynamics in reaching steady 
state conditions can yield information regarding the phosphorescence decay 
rates, while the  resonance energies directly yield the zero field splittings (zfs) 
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T A B L E  1 

Zfs frequencies  and tota l  p h o s p h o r e s c e n c e  rate constants  for cyanopyr id ines  in several  
hosts  

Gues t  Host  

p - X y l e n e  p - D i c h l o r o b e n z e n e  p - D i b r o m o b e n z e n e  

2 -Cyanopyr id ine  Transi t ions  - -  4233 5327 
(MHz ± 10 MHz) 3539 3384 3585 

- -  - -  1713 

k 1 (s -1  ± 10%) 12 1.8 100 
k 2 (s -1  ± 10%) 1.1 2.2 57 
k 3 (s - 1  ± 10%) 0.23 0.30 15 

3-Cyanopyr id ine  Transi t ions  - -  4468 4516 
(MHz ± 10 MHz) 3460 3394 3346 

1638 1078 1116 

k z (s - z  ± 10%) 20 3.7 62 
k 2 (s - 1  ± 10%) 1.2 2.5 56 
k 3 (s - 1  ± 10%) 0.54 0.36 27 

4-Cyanopyr id ine  Transi t ions  5780 5720 5917 
(MHz + 10 MHz) 4040 4040 3801 

- -  - -  2162 

k I (s -1  ± 10%) 20 190 17 
k 2 (s -1  ± 10%) 3.8 230 2.8 
k 3 (s - 1  + 10%) 0.36 4.8 0.43 

due to electron spin-spin dipolar interaction. Both the phosphorescence 
decay rates and the zfs can be correlated to the nature o f  the triplet state 
[9]. 

The isomers of  CNP and PCA were purchased commercially, subjected 
to multiple vacuum distillations and stored under an inert atmosphere at 
0 °C. p-Xylene (Phillips Research grade ) was found to be free of  impurity 
emission and was used without further purification. DCB and DBB were re- 
crystallized several times and zone refined for over 300 passes. Single crystals 
of the hosts were grown with guests at about 1 mol.% concentrations in a 
standard Bridgman furnace. 

The zfs and total phosphorescence decay rate constants as measured by 
the PMDR method are shown in Table 1. In all cases CNP exhibited zfs 
which are characteristic of  3u, u. states, although in 4-CNP the zfs were 
about 20% greater than in 2-CNP and 3-CNP. In 4-CNP the phosphorescence 
decay rate constants are generally significantly larger than in 2-CNP and 
3-CNP, except for 4-CNP in DBB. These results seem to suggest that in 
4-CNP some mixing of  the 3~, ~.  state with a nearby Sn,~* state might exist, 
rather than a complete reversal of  the energies of the two excited states. As 
postulated by Hoover and Kasha, the energies of  the 3Az(~,~* } and 
aBl(n, .*)  states of 4-CNP are about 100 cm -z  apart [1 ] .  The possibility of  
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Guest Host 

p-Xylene p-Diehlorobenzene p-Dibromobenzene 

2-Pyridinecar boxalde hyde 
0,0 (cm -1) 
Transitions 
(MHz ± 10 MHz) 

k 1 (s - 1  +- 10%) 
k 2 (s - I  ± 10%) 
h a (s - 1  ± 10%) 

3-Pyridinecarboxaldehyde 
0,0 (era -1)  
Transitions 
(MHz ± 10 MHz) 

k 1 (s -1 -+ 10%) 
k 2 (s -1 • 10%) 
k 3 (s -1 ~ 10%) 

4- Pyridin ecar boxaldehyde 
0,0 ( cm - 1 )  
Transitions 
(MHz ± 10 MHz) 

k 1 (s -1 ~ 10%) 
k 2 (s - 1  +- 10%) 
k 3 (s -1 ± 10%) 

24 270 24 925 24 760 
6537 9130 9290 
4234 8668 6185 

80 1800 1600 
22 120 60 
3.2 24 60 

24 250 25000 24 810 
6907 6350 12 120 
5933 4322 11558 

1750 1500 1800 
31 41 100 
215 68 60 

24 290 24 300 
6869 4579 

2000 2300 
130 27 
44 110 

s ta te  mix ing  wi th  such separa t ion  energies is n o t  u n c o m m o n  and  in fac t  is 
t he  basis for  t h e  e x p l a n a t i o n  given for  t he  unusua l ly  large zfs obse rved  in 
s u b s t i t u t e d  benza lde hydes  [ 9 ] .  This t y p e  o f  mix ing ,  which  is a l lowed ,  occurs  
par t i cu la r ly  w h e n  t w o  s ta tes  of  close p r o m i x i t y  coup l e  via ou t -o f -p lane  vibra-  
t ions  which  resul ts  in e n h a n c e d  radia t ionless  processes .  

The  resul ts  o f  t h e  s t u d y  of  PCA in t he  th ree  hos t s  are s h o w n  in Table  2. 
T h e  t r e n d  in the  0 ,0  b a n d  energies o f  2-PCA, 3-PCA and  4 -PCA is cons i s t en t  
wi th  t h a t  o b t a i n e d  b y  o t h e r  worke r s  [ 6 ] .  The  p h o s p h o r e s c e n c e  spec t r a  
t aken  a t  1.4 K s h o w  a def in i te  p rogress ion  due  to  the  c a r b o n y l  v ib ra t ion  
wh ich  occurs  a t  a b o u t  1700  c m  -1 .  ( I t  shou ld  be  n o t e d  t h a t  o u r  resul ts  
c o n t r a d i c t  t hose  r e p o r t e d  b y  P adhye  and  Jahag i rda r  [6]  in which  the  3n,u* 
p h o s p h o r e s c e n c e  o f  PCA was a t t r i b u t e d  to  t h e  pyr id ine  n i t rogen . )  In m a n y  
cases t h e  progress ion  is so in tense  t h a t  i t  ex t ends  t h r o u g h  the  th i rd  
h a r m o n i c .  For  4-PCA, v ib ra t ions  arising f r o m  ring m o d e s  are obse rved ,  
a l t hough  the  c a r b o n y l  progress ion  is an o rde r  of  magn i tude  m o r e  in tense .  In 
the  2 - subs t i tu t ed  and  3 - subs t i t u t ed  i somers  t h e  m a g n i t u d e  o f  t he  zfs a n d  the  
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total  phosphorescence decay rate constants imply that there is a 
predominance of  the Sn,u* state with no mixing by  the 3u,u* state and that 
the phosphorescence intensity originates from the carbonyl n,u* state. As 
stated above, an analysis of  the phosphorescence spectra of the isomers of  
PCA shows that  in a given host  the out-of-plane ring modes are predominant- 
ly more intense in 4-PCA than in 2-PCA and 3-PCA. Additionally, the 
smaller total  rate constants and zfs in 4-PCA due to the mixing of  the states 
by pseudo Jahn-Teller  interactions all support  the idea that  the nature of  
the lowest an,u* triplet state in 4-PCA may be largely mixed b y  the 3u,u* 
state. In fact, since the  zfs of  4-PCA very nearly approach those of 4-CNP, 
the substitutional effect  at  the 4 position might cause the au,u* state to red 
shift, which would result in an even larger interaction with the phosphores- 
cent 3n, u* state. 

Although the zfs are nearly alike in 4-PCA and in 4-CNP the total phos- 
phorescence decay rate constants are an order of  magnitude larger in the 
4-PCA. In addition, for 4-PCA the rate constants appear to be insensitive to 
the influerrce o f  external heavy atoms (cf. Tables 1 and 2). The large 
variation in 2-PCA and 3-PCA as a function of  the various hosts seems to be 
consistent with that observed in the substi tuted benzaldehydes [9] .  The 
slightly larger zfs for PCA in the DBB host can be at t r ibuted to an external 
spin-orbi t  contribution to the zfs. However, it should be noted that the 
actual magnitude of  the spin-orbi t  effect on the zfs still remains uncertain in 
the light o f  recent findings in a s tudy involving an,u* states of  cyclo- 
alkanones in halogenated and non-halogenated solvents [ 10 ]. 

In summary,  the nature of the phosphorescent  triplet state of  2-CNP, 
3-CNP and 4-CNP is u,u* and is relatively independent  of  the  solvent type.  
In PCA, however,  the lowest triplet state which resides on the carbonyl 
group is strongly n,u*, particularly with the 2 and 3 isomers. For 4-PCA 
vibronic coupling mixes the lowest an,u* state with the intervening u,u* 
triplet state. 
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