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L U M I N E S C E N C E  AND P H O T O C H E M I S T R Y  O F  A Z O L E S  ( R E V I E W )  

M. I.  K n y a z h a n s k i i ,  P .  V. G i l y a n o v s k i i ,  UDC 535.37:541.14:547.77.78 
a n d  O. A. O s i p o v  

A review of the luminescence  and photochemical  p roper t i es  of azoles and the i r  re la t ionship 
to the i r  s t ruc tu res  is given. The mechanism of the deactivation of the excited states of the 
molecules is discussed.  

Azoles have recen t ly  found extensive application as dyes,  effective luminophores [1, 2], sc int i l la tors  [3-5], 
and active media for  l a se r s  [6, 7]. At the same t ime,  the i r  s t ruc tura l  pecul iar i t ies  are  responsible  for  the 
in teres t  in these molecules  as models with which it is expedient to study the specific cha rac t e r  of p rocesses  
involving the deactivation of the e lec t ronica l ly  excited states of a broad class of compounds containing a C = N 
group [8, 9]. 

These  c i rcumstances  have st imulated the development,  par t icu lar ly  in the last  decade,  of intensive 
r e s e a r c h  on the luminescence and photochemis t ry  of azoles.  

The aim of the presen t  review was to c r i t i ca l ly  examine the most important ,  f rom the point of view of the 
authors ,  problems associated with the deactivation of the excited s tates  of azole molecules .  
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S t r u c t u r e  a n d  L u m i n e s c e n c e  P r o p e r t i e s  o f  A z o l e s .  

S i m p l e  A z o l e s  a n d  T h e i r  D e r i v a t i v e s  

Resea rch  on the luminescence proper t ies  of the s implest  azole molecules has been car r ied  out for 
s t ruc tures  I-V. It should be noted that unsubstituted molecules of this type do not have absorption bands in 
the longer-wave region above 230-240 nm [10, 11]. No data on the presence  of the corresponding f luorescence 
in the UV region are  available. At the same t ime, phosphorescence is observed at extremely low tempera tures  
in the visible region of the spec t rum only for V (see below). 

R 3 R 4 
--N N N - - N  

I II III IV V 

R I : CGS 4 X ; k 2, R 3, R 4, R S -- AI" i C6H 4 - C6H S ~ C6H 4-  C H ~  H -- A r el:c, 

Pyrazoles (I). Orandberg, Tabak, and Kost have made a qualitative study of the fluorescence of 1,3,5- 
trisubstituted I in the crystalline state [12] and in solutions [13]. Conjugation of the 7T systems when R i = Ph 
leads to a strong bathochromic shift and an increase in the intensity of the long-wave absorption band and also 
to the development of intense fluorescence. When substituents R 5 are introduced (when R I = Ph), the reverse 
effect accompanied by a decrease in the fluorescence intensity is observed in the absorption spectra in the 
order H < C6H 5 < OH ~ NH 2 < CI < NHCOCH 3 < CH 3 < COOH. This "ortho effect" is a consequence of disruption of 
the coplanarity of the benzene and five-membered rings accompanied by an increase in the angle in the indi- 
cated order of substituents. 

According to the data in [14], the pyrazole and phenyl rings in 1,3,5-triphenylpyrazole molecules also do 
not constitute a single 7T system. The longest-wave transition in the absorption (Vmax ~ 37,000 cm-1), which is 
responsible for the fluorescence (vmax ~ 27,000 cm -i, Tf = 0.9 nsec, ~ 0.05) and phosphorescence (Vmax = 
21,000 cm -I, ~p 2 see), is due, according to the results of quantum-mechanical calculations, to charge transfer 
from 3-Ph through the heteroring to 1- and 5-Ph. The anomalous Stokesian shift (~ 10,000 cm -I) and the 
absence of mirror-image symmetry between the excitation and fluorescence bands indicate substantial dif- 
ferences in the electron configurations of the ground and fluorescent states. 

Imidazoles (If). Contradictory data on the position of the fluorescence band of 2,4,5-triphenylimidazole 
(2~ma X 390 nm [4] or 440 nm [15]) under substantially different and difficult-to-compare conditions have been 
presented. 

The relationship between the spectra1-1uminesoence characteristics of 1,2,5-triphenylimidazole (CGH4X) 
and primarily para substituents X has been investigated [16]. It was established that the introduction of sub- 
stituents in 1-Ph does not substantially change either the absorption spectra (2~ma x 290 nm) or the spectral- 
luminescence characteristics (kma x 370 nm, ~o = 0.4-0.5). The effect of substituents in other phenyl rings on the 
absorption spectra leads to a bathochromie effect from the acceptors in the 2 position or from the donors in 
the 5 position. However, in this case the luminescence remains practically unchanged, except for special 
cases  (Br or an NO 2 group) in which there  is a substantial  decrease  in the quantum yield due to intensification 
of the intercombinat ion conversion.  

Oxazoles (III) and Oxadiazoles (IV). 2,5-Disubstituted oxazoles,  par t icu lar ly  2 ,5-diaryl-subst i tu ted 
oxazoles (FPO) and oxadiazoles (PPD), have been studied in greates t  detail. The data for solutions presented 
in Table 1 provide evidence that the longest-wave t ransi t ion in the absorption and the corresponding t ransi t ion 
in the emission in the PPO and PPD molecules pertain to t ransi t ions of the S0~-S~Tr, type. The large  values 
of the osc i l la tor  forces  (i) and the f luorescence quantum yields (r the short  f luorescence l ifetimes (~-f), and 
the spect ra l  shifts in solvents that are  charac te r i s t i c  for r r*  t ransi t ions lead to this conclusion. Judging f rom 
the long phosphorescence lifetime (Tp), the lower tr iplet  state (Tt) also pertains to a t ransi t ion of the r~* type. 
Similar  data that attest  to the rv* nature of the lower e lectronical ly  excited states have been obtained for the 
gas phase [22]. The S0~ S~ ~* electron t ransi t ions  are  localized on the r sys tem of the entire molecule [23] and 
are  associated with redis tr ibut ion of the electron density along the long axis of the molecule [24]. In the III 
molecule the S0~ Sv~* t ransi t ion is associated with t r ans fe r  of electronic charge in the 2 - p h e n y l - - h e t e r o r i n g - -  
5-phenyl direction and, as a consequence, with a substantial  change in the dipole moment during excitation to 
the S~ ~* state [18] (Table 1). In the IV molecule symmet r i ca l  redis tr ibut ion of the electron density (from 2- 
and 5-Ph  to the heteroring) does not lead to an appreciable change in the dipole moment during excitation (Table 
17. In addition, an increase  in the number of ni trogen atoms (from PPO to PPD) leads to a shor t -wave shift of 
~ 2900 cm -1 of the absorption bands and 2300 cm -1 of the luminescence bands both in the gas phase [22] and in 
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solutions [21] (Table 1). In this case the form of the bands is determined p r imar i ly  by the p rogress ions  of the 
frequencies of the s t re tching vibrat ions of the f ive -membered  rings of the PPO and PPD molecules [25]. 

A sharp inc rease  in the phosphorescence  yield (Cpp) and a cer ta in  increase  in the f luorescence yield (<of) 
are  observed in the same o rde r  [18, 21, 22, 24]. One should note the contradict ion in the data on the f luores-  
cence quantum yields (for example, f rom 0.43 to 1.00 and f rom 0.13 to 0.31 for PPO and PPD in heptane, 
respect ive ly  [27, 28]) because of the nonobservance identical conditions and the failure to allow for the photo- 
chemical  p roces se s ,  the ra tes  of which depend on the solvent and concentration. The data that we obtained for 
analogs of the PPO and PPD molecules with allowance for the indicated c i rcumstances  confi rm the resul ts  in 
[18, 21, 22, 24] and cast  doubt on the assumption of a dec rease  in ~f in the indicated order  of compounds 
[27-31]. 

Because of  the Try* nature of the t ransi t ions ,  the introduction in the III and IV molecules of substituents 
with a regular ly  lengthening chain of conjugated bonds leads to a corresponding long-wave shift of the absorp-  
tion and luminescence spectra .  Diphenylyl, naphthyl, or phenanthryl substituents [3, 17, 20, 21, 25, 27, 32], as 
well as arylethylene substituents conjugated with the f ive-membered  ring [31, 33-35], shift the spec t ra  10-70 
nm. In the la t ter  case  only super imposi t ion of the spec t ra  of the fragments  is observed when this sor t  of con- 
jugation is absent [34, 36]. The introduction of complex naphthanhydride, N-phenylimide, and other substituents 
[37-39] and cross l inking of the PPO and PPD molecules through an ethylene group [31] substantially (up to 100 
nm) shift the bands bathochromical ly.  The data on the change in the f luorescence quantum yield (~) as the 
length of the chain of conjugated bonds increases  are contradic tory:  an increase  [17, 20, 31, 35] and a decrease  
[3, 21, 32] in (p have been observed,  par t icu lar ly  when substituents are  introduced in the 5 position; this is 
explained by degradation of the energy of the closely situated electronic states in connection with the vibrations 
of heavy groups.  

The introduction of donor substituents in the para  position of 2- and 5-Ph PPD and PPO molecules [17, 
40, 41], par t icu lar ly  N(CH3) 2 and OCH3, substantially shifts the absorption and luminescence bathochromical ly 
(up to 30 nm), ra is ing the f luorescence yield by a factor  of 1.5-2. Acceptor  substituents have little effect on 
the position of the bands but lower the quantum yield considerably [up to 0 in the case of the 2-(p-nitrophenyl) 
derivat ive of PPD]. In cont ras t  to PPD, the position of the substituents in the PPO molecule has pract ica l ly  
no effect on the spec t ra  [41]. 

The introduction of an N(CH3) 2 group delocalizes the electron density distribution in the f ive-membered  
ring in the ground state (LCMO method [18]). The R 2 ~  h e t e r o r i n g - - R  5 cha rge - t r ans fe r  p rocess  during exci ta-  
tion [par t icular ly  in the PPD-N(CH3) 2 molecule] leads to a considerable  increase  in the dipole moment in the 
excited singlet state (Pc) (Table 1). In the opinion of  Kutsina and co -worke r s ,  the difference in the Stokesian 
shifts, determined by the difference in Pc, explains the different dependences of the ~p values of the P P O -  
N(CH3) 2 and PPD-N(CH3) 2 molecules on the nature of the solvents (Table 1), which usually has little effect on 
the luminescence yields of the PPO and PPD molecules [30]. 

The universal  molecular  interactions in so lvents  of different natures (n 1.32-1.54; e 1.97-38.8) lead to 
a bathochromic shift of the spect ra  as the polar i ty  of the solvent increases  only for unsymmetr ica l ly  subst i -  
tuted molecules [30]. This shift increases  in the substituent o rde r  C1 <CH 3 < OCH 3 < N(CH3)2; this is determined 
by the inc rease  Al~=pe- #g in the same se r ies  of molecules.  In addition to this, specific interactions of 
individual solvents with some PlaO and PPD molecules may lead to anomalous changes in the form,  position, 
and intensity of the f luorescence bands [27, 42]. 

Thiazole (V) [11]. h s t ruc tura l  phosphorescence  band, excited (2~ 210-310 nm) in the region of nlr* absorp-  
tion bands ()'max 230 and 210 nm), is observed for thiazole at 380-500 nm in low- tempera ture  (4 deg K) mat r ices  
[10]. Because of the absence of f luorescence,  in conformity  with the resul ts  of MO calculations (ET 1 = 25,000 
cm -~) and the ~-p value (~,2 sec), the deactivation of the electronic excitation is interpreted as S~ 7r*t - * T ~  ~ . 2 ~  

S 0. The decrease  in the phosphorescence  intensity in the ser ies  of mat r ices  Xe ~ SFs >Ar ~ CH 4 > Ne and the 
sharp dec rease  in the 7 value in Xe (from 2 to 7 " 10 -2 sec) are  explained by competit ion of p rocesses  1 and 2 
because of interact ion with the matr ix  and the heavy atom effect, during which the existence of a t empera tu re  
dependence of the ra te  of p rocess  1 is indicated. In view of the nonexponential curve of attenuation of the phos-  
phorescence ,  one notes the possibi l i ty of the existence of two tr iplets  with different 7 values (71 and 72 -~ 1.3 ~1). 
Disappearance of the phosphorescence  with 72 is observed in a magnetic field (H ~ 28 kOe). 

B e n z a z o l e  a n d  N a p h t h a z o l e  D e r i v a t i v e s  

As a resul t  of the addition of a s ix -membered  ring to the f ive-membered  ring (VI), the absorption spect ra  
are  shifted substantial ly to the long-wave region as compared with the spect ra  of simple azoles.  
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T A B L E  2. S p e c t r a l - L u m i n e s c e n c e  P a r a m e t e r s  of  B e n z o x a z o l e  
D e r i v a t i v e s  

No. Compound* Xmax a e" 10 -3 ~max j liDi /;1 " 10-% :ks+ksT) �9 10 -', TTX 
SCC "I ~ec -I X I0 ~, SCC ~T 

X--H 

X--X 

X--Ph 

X--(C6H42--X 

X-- (C6H 04--X 

277 3 

335 11 

300 !6 

339 }5 

339 1 .)5 

360 ~4 

280 
286 ~-~ 0,05 
293 

363 
382 0,79 
401 

316 
330 
348 

380 
423 

390 
410 

39O 
440 

0,06 

0,48 

0,78 0,55 

I 
0,96 0,90 

0,96 1,66 

0,87 0,90 

1,25 

0,13 

0,16 

0,05 

0,08 

0,14 

32 

41 

52 

55 

42 

0,21 

0,28 

0,03 

0,03 

0,20 

Vl Vlla Vllb 

NR, 3- Y. 
R ~ ",~ 

VIII 

N 

X 

Vllc 

VltVll  X:O,S,N-R', R--H,CH3, NH2,C6HsTC6H4Hot(F,C!,Br) ; 
VIII RI~R2=N(CH3)2,OCH3~CH3~ NO2,CI,Br~COOH ; 

Y:O,SyNH,NSO2C6H4CH3- p; R3:H~Ac 

Benzoxazole and benzimidazole derivat ives  absorb at 300-400 nm and f luoresce  intensely in solution at 
320-450 nm. The f luorescence is charac te r ized  by a normal  Stokesian shift and the presence  of severa l  bands 
of vibrational s t ruc ture  (for example,  see Table 2). The spect ra l  charac te r i s t i cs  of the absorption and f luores-  
cence of VI depend only slightly on the nature of the heteroatom [26, 43-45] but change substantially as a func- 
tion of the R group. Aryl  substituents with acceptor  groups shift the spec t ra  hypsochromical ly ,  whereas those 
with donor groups shift the spec t ra  bathochromical ly.  This sor t  of substituent effect leads to the concept that 
the nature of the long-wave electron t ransi t ion is associated with redistr ibut ion during excitation of the e lec-  
t ron density in a direct ion away f rom the C-a ry l  ring. A more  accurate  identification of the nature of the 
transi t ions is possible only on the basis of the resul ts  of quantum-mechanical  calculations.  The quantum 
fluorescence yields (r depend substantially on both the nature of heteroatom X and on the proper t ies  of sub- 
stituent R without changing appreciably as a function of R i [26, 45]. Thus, in contras t  to R, R i, including Ph, 
pract ical ly  do not interact  with the ~ sys tem of the heteroring.  The substantial  increase  in the ~f value in the 
o rder  X =NH, O indicates the great  possibil i ty of stabilization of the s t ruc ture  during polar izat ion of the sys -  
tem of conjugated bonds of the rings by the more  e lec t ronegat ive  oxygen atom as compared with the nitrogen 
atom. This leads to a decrease  in the number  of possible deformation vibrations and, consequently, to a 
decrease  in the probabili ty of emiss ionless  p rocesses .  

Acceptor  substituents in the 2 -a ry l  derivatives decrease  the Cf values,  whereas donor substituents 
increase  them [45], although the opposite effect m.ay also be observed in individual cases  [26]. These phe- 
nomena may be associated with competit ive changes in the probabil i ty of intercombination convers ion in the 
case of variat ions of the S1-T  splitting and s p i n - o r b i t a l  interact ion with the introduction of the same donor or 
acceptor  substituents (part icular ly halogens). 

Spectra l -polar iza t ion studies [46-48] of the absorption and f luorescence of the ~- isoelect ronic  molecules 
benzimidazole VI (X =NH), indole Via, indazole VIb, and benzotr iazole VIc led to the conclusion that low-lying 
n~* states are  absent in these molecules and that there  is a s imi lar i ty  between the lower singlet lr~r* states and 
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the Lp 1 and Lal s tates of the naphthalene molecule. The lower tr iplet  state also has 7nr* nature,  as evidenced 
by the long lifetime (T~-- 1 sec) and the phosphorescence  polar izat ion perpendicular  to the plane of the molecule. 

H H H 

Via Vlb VlC 

"Pair ing"  and the symmet r i ca l  addition of benzoxazole groups to the molecules of the polycyelic hydro-  
carbons stilbene and tolan sharply ra i se  the f luorescence quantum yield and lead to a long-wave shift of the 
spec t ra  of compounds of the VId type relative to unsubstituted benzoxazoles (Table 2) [26, 45, 49]. The inc rease  
in the f i rs t  case  is associated with a substantial  increase  in the probabili ty of emiss ive  t ransi t ions ,  whereas 
in the last two cases  it is associated with a marked decrease  in the probabili ty of emiss ionless  t ransi t ions;  
this is a consequence of possible s t ruc tura l  changes in the stilbene and tolan molecules during excitation [49]. 

~Nx~ N. A 
0 ~ . _ R _ ~ 0 ~  ~ - -  - -  -" -'~J R=(-C6H4-)n , n= 0-~; 

'~|d -C6H 4- CH = CH --C6H ~- ; 

--C6H4-- C ~ C-- C6H4-- 

A study of the deactivation of the excited states of molecules of the VId type in a polystyrene matrix by 
pulse photolysis [49] made it possible to obtain important information regarding the spectral-kinetic param- 
eters that characterize these processes (Table 2). In connection with the fact that the sum of the fluorescence 
(~f) and tr iplet  (~T) quantum yields is prac t ica l ly  unity, one should suppose that the principal pathway in the 
emiss ionless  deactivation of the S I state is the intercombination convers ion S t ~ T  t (ksT). Re i se r  and co-  
workers  [49] assume that the direct  s p i n - o r b i t a l  interaction in the benzoxazole molecule between the S~ ~r* and 
T nTr* states is responsible  for the rapid intercombinat ion convers ion (ksT = 109 sec-t) .  Direct  s p i n - o r b i t a l  
interact ion is excluded in complex sys tems (Table 2) owing to a change in the relat ive position of the lr~r* and 
nTr* s tates ,  and the intercombination convers ion is due to a s p i n - v i b r o n  interact ion [50]; this leads to a 
decrease  of one order  of magnitude in the corresponding yields (eT) and rate  constants (kST). 

In this case  it should be noted that "doubling" of the benzoxazole molecule and the addition to it of a 
phenyl group (compare Nos.  2 and 3 in Table 2) give approximately identical effects. However, the fur ther  
accumulat ion of intermediate  phenyl groups sharply increases  the f luorescence quantum yield due to a decrease  
in the rate  of the intercombination convers ion (compare Nos. 1-3 and 4 and 5 in Table 2). As expected, d is -  
connection of the phenyloxazole f ragments  (No. 6, Table 2) leads to resul ts  s imi la r  to those obtained in the case 
of simple "doubling" of the benzoxazole molecule. 

The spec t ra l - luminescence  proper t ies  of arylnaphthoxazoles VIIa-c in solutions are  determined to a con- 
s iderable extent by the 2-arylbenzoxazole  sys tem of the molecule [44]. Two factors  are  most important.  The 
f irs t  factor  is the presence  of a 25-30 nm long-wave shift in the spec t ra  of VIIa,c and an even g rea te r  shift in 
the spec t rum of VIIb relat ive to the VI molecule. The second factor is the substantial  difference in the absorp-  
tion and luminescence spec t ra  (which are  s imi la r  to the spec t ra  of benzoxazoles VI) and the f luorescence quan- 
tum yields of VIIa,c f rom those observed for VIb. The lat ter  fact makes it possible to assume that, as in the 
case of benzoxazoles,  the oxazole ring is retained in the angular VIIa molecules ,  whereas an oxazoline r ing 
ra ther  than an oxazole ring is connected to the aryl  sys tem in the VIIb molecule;  this suggests  a naphthalene- 
like s t ruc ture  ra ther  than a quinoid s t ruc ture  for the aryl  port ion of the molecule. 

Molecules of VIII, in which t r ans fe r  of a proton or  a different molecular  group in the excited state is 
possible ,  constitute a special  c lass .  A charac te r i s t i c  feature of these compounds is the presence,  in addition 
to  f luorescence  in the UV region (~ 370-380 nm), of intense visible f luorescence (Xmax ~ 440-520 nm) with an 
anomalously large Stokesian shift (up to 10,000 cm -1) in solutions in polar and nonpolar solvents and in the 
crys ta l l ine  state. A bathochromic shift of the luminescence in the visible region is observed in the ser ies  X = 
NH, O, S [51]. The long-wave f luorescence in solutions was ascr ibed for these compounds (first in [8] and later  
in [52, 53]) to a fo rm with a proton t r ans fe r r ed  to the nitrogen atom in the excited state,  in analogy with the 
data in [54]. At the same t ime, the complex nature of the long-wave f luorescence bands and the dependence of 
their  intensities on the polar proper t ies  of the solvents and the wavelength of the exciting light have been noted. 
The opinion that the f luorescing form is not the quinoid s t ruc ture  (VIIIa) but ra ther  an exclusively dipolar s t ruc -  
ture  with hydrogen covalently attached to the ni trogen atom (VIIIb) was  la ter  expressed for the crysta l l ine  state 
[55] and recent ly  for solutions [56] without allowance for the above-noted complex nature of the luminescence.* 

*It must  be noted that in [56] this assumption was made on the basis of an insufficiently co r r ec t  compar ison of 
the absorption and f luorescence spec t ra  r ecorded  at different t empera tures .  
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H 0 H + O- H, + O-  

Villa Vll lb " Mille 

A study of the absorption, f luorescence,  and excitation spectra  of 2-(o-hydroxyphenyl)benzoxazole (VIII, X, 
V = O ,  R 1 =R 2 =R 3 =H) and model fixed benzenoid and anionic s t ruc tures  in different solvents made it possible 
to establish [57] the nature of the f luorescence and phosphorescence  bands of this compound. Thus the weak 
UV f luorescence was assigned to the benzenoid form of the VIII molecule, while the f luorescence  in the visible 
region with a large Stokesian shift is emitted by anionic s t ruc ture  VIIIc and also by a s t ruc ture  with a hydrogen 
atom covalently bonded to the nitrogen atom; these s t ruc tures  are  formed in high yields in the excited singlet 
s tate  of the benzenoid form. The covalent "quinoid" s t ruc ture ,  which is depicted in t e rms  of resonance theory 
{VIIIa , ~ VIIIb), has a significant dipole moment that depends on the polar i ty  of the solvent and consequently 
substantially changes the configuration in polar solvents. This c i rcumstance  and the change in the relat ive con- 
tr ibution of the ionic and covalent s t ruc tures  also determine the dependence of the luminescence on the wave- 
length of the excitation and the polari ty of the solvents.  Moreover ,  the phosphorescence Cat 77 deg K} pertains 
p r imar i ly  to the emiss ion of the T~ 7r'~ state of the anionic form. 

It should be noted that an ext remely  pronounced bathochromic shift of the luminescence spec t ra  (160, 110, 
and 270 nm for X =S, O, and NH, respectively} relative to the spec t ra  of VIII (R 1 =R 2 =H; Y =O) is observed 
in the case  of "doubling" of benzazole molecule VIIId [51]. 

O-H 

~N" ~ "X ~ ''-,~" 
H-O 

Vllld 

Fluorescence  with an anomalously large Stokesian shift is also emitted when a proton is t r ans fe r red  f rom 
the nitrogen atom of the tosylamino group to the nitrogen atom of the azomethine group in the VIII (X =O; Y = 
NSO2C6H4CH3) molecule in the excited state [56, 58]. 

Finally, not only UV f luorescence but also visible f luorescence s imi lar  to the luminescence of the c o r -  
responding o-hydroxybenzoxazole  [59] are  observed in the case  of the o-acYl derivat ive of VIII (R 3 = Ac; X = 
Y =O; R 1 =R 2 =H) [59]. As in the case  of the corresponding o-hydroxybenzoxazole ,  the spect ra  of the exci ta-  
tion of visible and UV f luorescence in nonpolar solvents coincide, but the lat ter  has a considerably higher 
re lat ive intensity. Thus it can be concluded that migrat ion of an acyl group f rom the oxygen atom to the n i t ro-  
gen atom in the singlet excited state of the benzenoid fo rm that is s imi la r  to the migrat ion of a proton but 
occurs  with a lower probabili ty is present  in this case.  The resul ts  of a study of complexes of benzazoles with 
metals are  ex t remely  important  for an understanding of the nature of their  spec t ra l - luminescence  proper t ies .  
The spec t ra l - luminescence  proper t ies  of Zn, Cd, Co, Ni, Cu, and Mn complexes of the chelate and molecular  
types with molecules of the VIII type were  studied in [62-70]. It was established that the excitation and emis -  
sion of the complexes occur  in the 7r sys tem of the ligand, and the most important  charac te r i s t i cs  of the spec-  
t r a l - luminescence  proper t ies  are  therefore  determined p r imar i ly  by the s t ruc ture  of the organic portion of the 
molecule.  Thus all three types of f luorescence that are charac te r i s t i c  for the organic molecule are displayed 
in the case  of the chelate complexes with benzoxazole [70]. This provides evidence for this sor t  of r e a r r a n g e -  
ment of the chelate node in the e lectronical ly  excited state;  in addition to the benzenoid form, the organic por -  
tion of the molecule may be found in the ionic and "quinoid" forms.  However, the metal complexing agent has 
a substantial  effect on the spec t ra l - luminescence  proper t ies  and, f i rs t  and foremost ,  on the overal l  lumines-  
cence quantum yield. In the case  of nontransit ion metals  the probabili t ies of emiss ionless  t ransi t ions decrease  
sharply  because of the rigidity of the chelate node, and this leads not only to a considerable increase  in the ove r -  
all f luorescence quantum yield (up to 0.9) in both the UV and visible regions but also to an increase  in the life- 
t ime and f luorescence quantum yield. The effect of the t ransi t ion metal  atom leads to a substantial increase  in 
the probabili ty of the S 1 ~ T  1 intercombinat ion convers ion;  at the same t ime,  effective t r ans f e r  of energy f rom 
the T 1 state of the organic port ion of the molecule to the d level of the t ransi t ion metal  ion is possible. These 
two factors  lead to a sharp dec rease  in the overa i l  luminescence yield in complexes with Cu, Co, Ni, and Mn. 

The "migrat ion" of the metal  ion f rom the oxygen atoms to the nitrogen atoms in the chelate node takes 
place with a considerably lower probabili ty than the analogous process  for the proton in the free molecule, and 
this leads to a substantial  increase  in the relat ive intensity of the UV fluorescence in the case  of the complex 
molecule. In addition, the luminescence quantum yield in the visible region is higher for complexes with a 
molecular  s t ruc ture  than for chelate complexes because of the absence of f luorescence in the UV region as a 
consequence of the high probabil i ty of the format ion of an anionic form in the excited state. 
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Thus both chetate and molecular  complexes of benzazoles with nontransit ion metals  are new ext remely  
effective organic luminophores [71]. 

E x c i m e r i c  F l u o r e s c e n c e  

The f luorescence of exc imers  (excited dimers) has been observed and investigated in the case of mole-  
cules of the III and IV type. The f i rs t  evidence for the existence of exc imers  of PPO in solutions (HI, R2=R 5= 
Ph) was obtained in [72], and fur ther  evidence was subsequently obtained in [73-75]. 

Exc imer ic  f luorescence  excited at 313 nm (absorption of the monomers)  develops in the form of a broad 
s t ruc tu re less  long-wave band (with Xma x > 450 rim) when the PPO concentrat ion is increased to 10 -2 mole / l i t e r  

�9 . % . 

or higher v i s - a - v i s  the charac te r i s t i c  absence of concentrat ion changes in the absorption spectrum.  The life- 
t ime (~-= 14.5 �9 10 -9 sec) of this exponentially-attenuating f luorescence differs substantially f rom the lifetime 
of the shor t -wave  monomer ic  f luorescence  (T=2.7 �9 10 -9 sec), which also attenuates exponentially, and its 
re la t ive intensity decreases  as the t empera tu re  r i ses  and the v iscos i ty  of the solvent increases .  The develop- 
ment of long-wave f luorescence that has such charac te r i s t i c s  indicates that stable (only in the excited state) 
molecular  f luorescing complexes (PP*) (excimers) ,  which decompose after  deactivation of the excitation energy,  
as f i rs t  demonstra ted for pyrene in the c lass ica l  r e sea rch  reported in [76, 77], are  formed during excitation of 
the PPO molecule (P) to the singlet excited state (P*). Moreover ,  it has been established [73] that the excimer ic  
f luorescence  of  PPO is quenched by dissolved molecular  oxygen. 

In a se r ies  of studies [78-80] Kutsina and co -worke r s  used the method of measurement  of the hys te res i s  
of the luminescence phase relat ive to the phase of modulation of the exciting light in the monomeric  and 
excimer ic  portions of the spectrum.  In addition to confirmation of the fact of the formation of exc imers ,  quan- 
t i tat ive data that charac te r i ze  the m o n o m e r - e x c i m e r  kinetics of PPO and its derivatives were obtained in 
these studies. In par t icu lar ,  the rate  constants for the formation (kem) and decomposit ion (kme) of the exc imers  
and the emiss ionless  (klm , kle) , emiss ion  (kFm , kFe) , and total (kin, ke) ra te  constants of deactivation of the 
excited states of the monomer ic  and excimer ic  molecules were determined.  The probability of collisions (p) 
and ~meetings" (P) of the monomer ic  molecules  that leadto the formation of an exc imer  in the solvent cage was 
also est imated.  The dependence of these pa rame te r s  and the quantum yields of monomeric  (~0m) and excimer ic  
(r f luorescence  on the substituents was also t raced  (Table 3). It was shown that the efficiency of the process  
involving the formation of the excimer  decreases  as the volume of the substituent increases  in the o rde r  C I ~  

N(CH3)2. 

The effect of the ~ values of solvents on the thermodynamic properties of the formation of PPO excimers 
has been studied [81]. The temperature dependences of the fluorescence spectra of solutions at various con- 
centrations in cyclohexane, dioxane, benzyl alcohol, methanol, and ethanol made it possible to evaluate the 
effect of solvents on the change in the free energy of the enthalpy and entropy during the formation of the 
excimers. It was established that these values decrease considerably in the case of strongly polar solvents 
(~ > 20). This fact is associated with the substantial role played by charge transfer between the monomeric 
molecules during photoassociation and, consequently, with the large dipole moment of the excimer (#= 6 D). 
The effect of a polar solvent reduces to weakening of the interaction between the unexcited and excited mono- 
meric molecules, which have oppositely directed dipole moments, and, consequently, to an increase in the dis- 
tance between them, and, as a result, to a decrease in the changes in the thermodynamic parameters during 
photoassociation. 

The existence of excimeric fluorescence in molecules of the IV type was detected and studied in [61, 82- 
84]. Of course, from theoretical considerations it was concluded that 2-phenyl-4-diphenylyloxadiazole (PDD) 
(IV, R 5 = 4-diphenylyl, R 2 = Ph) and PPD (IV, R 2 =R 5 = Ph) molecules are not inclined to undergo photoassociation 
in view of the existence of the repulsed dipoles of the ground and excited singlet states of these molecules [85]. 
However, exc imers  have been observed at high concentrat ions and low tempera tu res  for cer ta in  highly soluble 
PDD derivatives [82] and distinctly displayed excimer ic  f luorescence was observed in [83] for molecules of the 
IV [R ~ = 4-diphenylyl,  R 2= CH3, CH2CH3, CH(CH3)2, and C(CH3)3] type, regard less  of the volume of substituent R 2 
even at room tempera tu re  (c > 1.66" 10 -6 mole / l i te r ) .  

It has been shown that IV molecules with o-hydroxyphenyl  substituents (R  2 = R  5 -- C6H4OH) form the usual 
d imers ,  which are  displayed in the absorption spec t ra  [61, 84]. The f luorescence spec t ra  depend substantially 
on the concentrat ion,  t empera tu re ,  and solvent and are  due to the existence of three emiss ion centers  - the 
excited d imers  (Vma x 27,000 cm-~), the monomer ic  anions (Vma x 25,000 cm-t) ,  and associa tes  of the excimer  
type (~max 20,000 cm-1). 
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TABLE 3. P a r a m e t e r s  Charac te r i z ing  the E x c i m e r i c - M o n o m e r i c  
F luo re scence  of PPO and Its p-Subst i tuted Der iva t ives  

Compound kFM[ km [ %e [ x~e [ kme .kern'lOS, / I liter.. ~m % v o 
( �9 Io~),sec" I m o l e " -  

�9 ] sec-1 
I 

PPO 6,1 7,8 0,8 1,4 1,0 I 62 0,75 0,57 0,925 0,028 
PPO-C! 3,3 4,6 0,4 0,5 1,6 I 53 0,72 0,67 0,7901 0,018 
PPO-OCH3 6,3 8,2 1,1 2,2 3,2 58 0,77 0,55 0,8651 0,022 
PPO-N (CHs)2 7,2 9,6 2,2 3,5 1,5 57 0,75 0,36 0,8501 0,021 

C6Hs',,.I~ N 
N-O I'~ C6H, OC H3-P 

IX 

The quenching of the f luorescence  (cp = 0.49) of the IX molecule  (A) in acetoni t r i le  in the p r e sence  of 
var ious  quenching agents (Q) is explained by the fo rmat ion  of A*Q exciplexes  (i .e. ,  complexes  of the excited IX 
molecule  and the quenching agent molecule  in the ground state) p r i m a r i l y  via  a c h a r g e - t r a n s f e r  m e c h a n i s m  
[86]. In this case  the Q molecule  is an e lec t ron  donor (for example ,  2 ,4 -d imethyl -2 ,4-hexadiene ,  t e t r a h y d r o -  
thiophene, or  i soprene) ,  and the e lec t ron  accep tor  is the azole molecule  A* excited to the lower singlet  s tate.  
The fo rmat ion  of exeiplexes  via  this m e c h a n i s m  is proved by the exis tence of the cha rac t e r i s t i c  re la t ionship  
between the constant  for  the quenching of the f luorescence  of the IX molecule  and the ionization potent ial  of the 
Q molecules .  

E m i s s i o n l e s s  T r a n s f e r  o f  t h e  E l e c t r o n i c  E x c i t a t i o n  E n e r g y  

The phenomenon of the emi s s ion l e s s  t r a n s f e r  of the e lec t ronic  exci tat ion energy  l ies at the foundation of 
e x t r e m e l y  widespread  methods for  the study of the m e c h a n i s m s  of deact ivat ion of excited s ta tes  and p rac t i ca l  
methods for  the sens i t iza t ion  of luminescence  and photochemical  reac t ions  of organic  molecules .  

The main  p r inc ip les  of  the phenomenon of emis s ion le s s  energy  t r a n s f e r  between organic  molecules  a re  
d i scussed  in numerous  or ig inal  and rev iew papers  (for example ,  see  [87-89]). One should note only that  energy  
t r a n s f e r  can be rea l i zed  via  induc t ive - resonance  (for example ,  s i n g l e t - s i n g l e t  t ransfer )  or  exchange- resonance  
(for example ,  t r i p l e t - t r i p l e t  t r ans fe r )  mechan i sms  both between different molecules  ( in te rmolecular  t rans fe r )  
and between individual f r agments  of a single molecule  ( in t ramolecu la r  t r ans fe r ) .  In this case  for the r e a l i z a -  
t ion of effect ive t r a n s f e r  it is n e c e s s a r y  that the deact ivated energy level  of the donor molecule  (D) be si tuated 
no lower than the excited ene rgy  level  of the acceptor  molecule  (A) and that the dis tance between D and A not 
exceed 70-80 A for  the s i n g l e t - s i n g l e t  energy  t r a n s f e r  or  15-20 A for the t r i p l e t - t r i p l e t  energy  t r a n s f e r .  

Studies [90-93] have been devoted to the proof  of the rea l iza t ion  of i n t e rmolecu la r  energy  t r a n s f e r  and 
the invest igat ion of its eff ic iency in r e s i n s ,  po lymer ic  ma t r i c e s  (PS and PMMA), and solutions.  

The pr inc ipa l  evidence for the exis tence  of a s i n g l e t - s i n g l e t  energy t r a n s f e r  is the r egu la r  (in con-  
fo rmi ty  with t r a n s f e r  theory) dec rease  in the intensi ty  of the f luorescence  of s t ruc tu ra l ly  different excited 
donors and the i nc r ea s e  in the intensi ty of the f luorescence  of accep tors  as the concentrat ion of the la t ter  
i n c r e a s e s .  The re la t ive  change in the intensi ty  of the f luorescence  of the donor and accep to r ,  which de te rmines  
the eff iciency of energy t r a n s f e r ,  also depends,  in conformi ty  with the theory  of energy  t r a n s f e r ,  on the mag-  
nitude of the in tegra l  of over lap  of the absorpt ion s p e c t r u m  of the accep tor  and the f luorescence  s p e c t r u m  of 
the donor,  on the quantum yield, and on the f luorescence  l i fe t ime of the donor and the absorpt ion intensi ty  of 

the acceptor  I t (v)] .  

The eff iciency of ene rgy  t r a n s f e r ,  which is de termined by the t r a n s f e r  coefficient  f r o m  the formula  KDA = 
1 - SD/SoD (where S D and SOD are  the in tegra l  intensi t ies  of the f luorescence  of the donor in the p r e sen ce  and 
absence  of an acceptor ,  respect ive ly)  (Table 4), i n c r e a s e s  substant ia l ly  in r e s i n s ,  PMMA, PS, and f rozen solu-  
tions as compared  with liquid solutions and also depends on the c h a r a c t e r  of the solid mat r ix .  This  dependence 
was explained by Krasov i t sk i i  and c o - w o r k e r s  [90, 91] by compet i t ion between energy  t r a n s f e r  and emis s ion le s s  
deact ivat ion of the ene rgy  in the donor molecule .  The phenomenon of i n t e rmolecu la r  energy  t r a n s f e r  makes  it 
poss ib le  to c r e a t e  spec ia l  composi t ions  of luminophores  with cons iderably  increased  intensi ty of the long-wave 
component  of the s p e c t r u m  that co r r e sponds  to the f luorescence  of the acceptor  [90]. 

I n t r amolecu la r  energy  t r a n s f e r  between individual unconjugated f ragments  of molecules ,  one of which has 
an azole  s t r u c t u r e ,  was studied in [91, 93, 94]. It was shown that  efficient  i n t r amolecu la r  s i n g l e t - s i n g l e t  
energy  t r a n s f e r  f r o m  the oxazole f r agment  (PPO) to the cor responding  acceptor  f ragment  is r ea l i zed  in mos t  
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TABLE 4. 
fer* 

No. Donor 

xBA 
3 PPO 

4 PPO 
5 PPO 

6 PPO 
7 PPO 

8 PPO 

9 APT 
10 APU 

Efficiency of In ter -  and In t ramolecular  Energy T r a n s -  

Connec~ng 

bridge 
(para) 

m 

Aceeptor 

M?A 
DPSP 

DSB 
XII 

XII 
DPSP 

DSB 

XIII 
XIII 

Acceptor 
Concn.s 
c ,I0"4 
mole/! i ter 

8 
4,4 
5,0 

52 
1,0 

--CH~O~- 
meta 
--CH=Ctl-- 

meta 
--CH=CH= 
- - ( C 1 % ) 3 - -  

- -  (CHD a - -  

KD A 

0,64 
0,80 
0,44 
0,20 
0,13 
0,20 
0,11 
0,36 
0,44 
0,39 
0,10 

0,94 
0,60 

Li te ra -  
Solvent  ture 

Polycondensa- 92 
tion resin 92 

PMMA 91 
Toluene 
Toluene  91 
PS 93 
Toluene  
Toluene  93 
PMMA 91 
Toluene 
Toluene 91 

Ethanol 94 
Ethanol 94 

*Abbreviations and symbols  adopted in the table: DPSP is 1,5- 
d iphenyl -3-s tyry lpyrazol ine ,  MBA is 3-methoxybenzatrone,  DSB 
is 1 ,4-dis tyrylbenzene,  APT is 3-aminopropyl thymine,  and APU 
is 3-aminopropyluraci l .  

cases  (Table 4, Nos. 6-8). The efficiency of this t r ans fe r ,  par t icu la r ly  in nonpolar solvents (toluene), is 
appreciably higher than for in termolecular  t r ans f e r  (for example, compare  Nos. 3 and 7 and 5 and 6); this is 
explainable if one takes into account the fixed (and evidently favorable) mutual orientation of the fragments  in 
the case  of  the in t ramolecula r  p rocess .  At the same  t ime,  in PMMA (Nos. 3 and 7), despite the chaotic 
(although rigid) mutual orientat ion of the molecules,  the efficiencies of the in termolecular  and in t ramolecular  
energy t r ans fe r s  do not differ. The diazole f ragment  is an aceeptor  of the energy,  which is t r ans fe r r ed  effi- 
ciently via a s i ng l e t - s i ng l e t  mechanism f rom the excited (~---270 rim) thymine (APT) or uraci l  (APU) fragments  
(Table 4, Nos. 9 and 10) at ex t remely  high ra tes  (k = 1012-10 I3 mole -1" sec -i) [94]. 

Information on t r i p l e t - t r i p l e t  absorption in these molecules becomes neces sa ry  for the utilization of a 
number of azoles as laser  dyes. At the same t ime,  because of the low yield of the formation of tr iplet  states 
during direct  excitation (a large f luorescence quantum yield), the population of the lower tr iplet  state is 
ex t remely  small .  The phenomenon of t r i p l e t - t r i p l e t  energy t r ans fe r  to the PPO molecule therefore  was used 
to r eco rd  the spec t ra  and determine the extinction (eT) of the t r i p l e t - t r i p l e t  absorption of the PPO molecule 
by means of pulse photolysis [95]. The naphthalene molecule (c 10 -3 mole / l i te r ) ,  which efficiently populates the 
t r iplet  of the PPO molecule (c 10 -G mole/ l i ter )  (the rate constant of the T - T  transi t ion is k-~ 9.2 �9 109 mole -1 �9 
sec-1), was used as the t r iplet  energy donor. The T - I ?  absorption spec t rum obtained in this way is a broad 
band that ranges f rom 350 to 600 nm with 3.ma x 500 nm and emax T 28,400 • 1500 l i ters  �9 mole -1 �9 cm -1. 

Q u a s i - L i n e  L u m i n e s c e n c e  S p e c t r a  ( S h p o l ' s k i i  E f f e c t )  

The investigation of the quasi- l ine spec t ra  observed at low tempera tu res  (77 deg K) usually in frozen 
solutions of n-alkanes opens up great  possibil i t ies in the study of the relationship between the electronic spec -  
t ra  and the pecul iar i t ies  of the e lec t ron and th ree -d imens iona l  s t ruc tures  of organic molecules.  This per ta ins  
to the determinat ion with a high degree of accuracy  of the frequencies and intensities of the purely electron 
t rans i t ions ,  and the number and frequencies of the normal  vibrations of molecules that are  direct ly  related to 
their  s t ruc ture  and symmet ry .  A unique possibi l i ty for the exposure of the localization of the electron t r ans i -  
tion in the molecule appears  in this case. In addition, analysis  of the "multiplicity" makes it possible to form 
a judgment regarding the interact ion of the molecules with the c rys ta l  lattice of the solvent. 

N--S 

x o xI 
NH 2 

XlII 
Xll 
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Some of  these  poss ib i l i t i es  have been used in the study of the Shpol 'ski i  effect  in azoles .  

2 ,5 -Diary loxadiazo les  {IV) [97] display,  p r i m a r i l y  in hexane, dist inct ly e x p r e s s e d  quas i - l ine  f luorescence  
s p e c t r a  with p r o g r e s s i o n  of the ske le ta l  "breathing W vibra t ions  of the oxadiazole r ing (9 1510-1570 cm-1). 
Since the c h a r a c t e r  of the v ibra t iona l  s t ruc tu re  in phenyl-subs t i tu ted  der iva t ives  is independent of the subs t i -  
tuents in the phenyl r ing and is de te rmined ,  as in the case  of a ry le thy lenes ,  by the in te rmedia te  br idge group 
(VC= C 1600-~1650 cm-1),  Nurmukhametov and c o - w o r k e r s  [97] have drawn a conclusion regard ing  the re la ted  
nature  of the e lec t ron ica l ly  excited s ta tes  in these  c l a s s e s  of  molecules  in connection with the identical  
c h a r a c t e r  of the ~ conjugation. 

In addition, as in the case  of f i -naphthylethylenes,  p rog re s s ions  cor responding  to the v ibra t ions  of the 
naphthalene r ing [v 1630 cm-1;  1375 cm - I  (with r e spec t  to phosphorescence)]  a r e  displayed in the case  of 2-  
{.8-naphthyloxadiazole) molecu les ;  this provides  evidence for p r i m a r y  local izat ion of the e lec t ronic  excitat ion 
on the naphthalene f ragment  in both types  of molecules .  

The quas i - l ine  s p e c t r a  of a roma t i c  compounds with oxa- ,  th ia - ,  and se lenadiazole  r ings CXIV-XVI} con-  
s i s t  of m o r e  than 100 quas i - l ines  and make  it poss ib le  to es tabl i sh  the re la t ionship  between the e lec t ronic  
spec t r a  and the s t ruc tu re  of  the molecule  [98-102]. 

~ N  / ~ N  / N,,X 

XlV XV XVl 
XlV- IVI X =O, SsSe 

/~ s one should have expected,  the f requency of the pure ly  e lec t ronic  S* ~ S o t rans i t ion  d e c r e a s e s  as the 
s y s t e m  becomes  l a r g e r  on pass ing  f r o m  XIV to XVI and also in the o rde r  O, S, Se. The la t te r  is explained 

qual i ta t ively by a change in the energy of the orb i ta l  with the unshared pa i r  of e lec t rons  of the X a tom conju- 
gated with the v sys t em.  Despi te  the ove ra l l  shift  of the e lec t ronic  bands,  the quas i - l ine  f luorescence  and 
phosphorescence  s pec t r a  (T = 2-3 sec) of compounds with X = O, S, Se have s im i l a r  s t r u c t u r e s  that a re  d e t e r -  
mined p r i m a r i l y  by the ident ical  v ibra t ions  in this s e r i e s  of molecules .  The v ibra t ions  a re  divided into two 
dis t inct ly  different  groups.  The f i r s t  group of v ibra t ions  is associa ted  with the he te ror ing ,  and the i r  f requen-  
cies  d e c r e a s e  in the o rde r  O, S, Se; this is assoc ia ted  with the inc rease  in this o rder  of the mass  of the he te ro -  
a tom and the po la r izab i l i ty  of the unshared  pa i r s ,  as well as with the d e c r e a s e  in the e lec t ronegat iv i ty  of the X 
atom. The second group of v ib ra t ions ,  the f requencies  of which a re  p rac t i ca l ly  independent of a tom X, is 
cha r ac t e r i s t i c  for  a romat i c  molecules  that  contain one r ing less  than the cor responding  azole molecules .  Hence 
the authors conclude that  the r ing adjacent  to the he te ror ing  has an o-quinoid s t ruc tu re .  The or igin of the d i s -  
t inctly exp res sed  mult ipl ic i ty  in the Shpol 'ski i  spec t r a ,  which depends substant ia l ly  on the solvent (hexane, 
heptane, and octane),  has not been ascer ta ined .  

A pecul ia r i ty  of the s t ruc tu res  of benzoxazoles  and naphthoxazoles (VI and VIIa, c,  where  X = O, R = Ph, 
C6Ha-Ph , and C H = C H - P h )  is the exis tence  of an oxazole r ing that  includes a C = N group and a bridge oxygen 
a tom,  which ensures  the p lanar  s t ruc tu re  of the molecule  and its l r - i soelec t ronic  c h a r a c t e r  with r e s p e c t  to the 
cor responding  ary le thylenes ,  in this connection, the oxazole r ing plays a subs tant ia l  role  in the format ion  of 
the e l ec t ron ic -v ib ra t iona l  s p e c t r a  of molecules  of the type under cons idera t ion  [103-105]. This is manifes ted  
in the p r e sence  in the f luorescence  s p e c t r u m  of intense quas i - l ines  [103, 104] that  f o rm a p r o g r e s s i o n  a s s o -  
ciated with the v ibra t ions  of the C = N group, which de te rmines  the contr ibution of the oxazole r ing to the 
s y s t e m  of the molecule .  In addition, f requencies  of s t re tching v ibra t ions  (for example ,  of the C = C group in the 
compound with R = C H =  CH--Ph) and of the deformat ion  and s t re tch ing  (C-H)  v ibra t ions  of phenyl r ings appear  
in the spec t r a .  The grea t  s i m i l a r i t y  in the s p e c t r a  of phenylbenzoxazoles  and ary le thylenes  conf i rms  the i so-  
e lec t ronic  c h a r a c t e r  of the i r  ~ s y s t e m s  [106]. The v ibra t ions  of the naphthalene ring (9 1405 c m  -1) show up 
m o r e  ac t ive ly  in the s pec t r a  of naphthoxazoles VIIIa, c, and the lines assoc ia ted  with the v ibra t ions  of the 
oxazole r ing (9 ~ 1550 and 1610 cm -1) a re  weakened; this provides  evidence for substant ia l  local izat ion of the 
e lec t ron  t rans i t ion  in the naphthalene f ragment .  

Vibrat ional  analysis  of the quas i - l ine  f luorescence  s p e c t r a  of VI (R = Ph, X= O, S) [105] shows that 
act ivi ty of the s a m e  vibra t ion  as in the t rans i t ion  that  de te rmines  the f luorescence  (S~ ~r*--* S ~ [103] is displayed 
in the T1 v~*--*S O e lec t ron  t rans i t ion  (to which Olszowski and c o - w o r k e r s  [103] a sc r ibe  the phosphorescence  
with ~=0.1 sec).  This provides  evidence for  identical  par t ic ipa t ion  of the s ame  mo lecu l a r  f r a g m e n t s  in both 
t rans i t ions .  
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C h e m i l u m i n e s c e n c e  

Chemiluminescence (CL) is low-intensi ty luminescence that develops as a resul t  of convers ion of a po r -  
tion of the chemical  energy to energy of electronic excitation of the molecules of the react ion products and their  
subsequent deactivation by the emiss ion of light. 

The CL of azoles was detected in 1877 [107] in the case of the I I  (1={ 2 = R 4 = R  5 = Ph) molecule (lophine) by 
oxidation with molecular  oxygen in 1 N ethanolic KOH solution at room tempera ture .  

However,  it was established only recent ly  [108, 109] that in this reaction,  the chemiluminescence,  the 
spec t rum of which is a broad band at 465-660 nm (2,ma x 545 nm), develops during deactivation of the excited 
peroxide molecules  formed in the react ion of lophine free radicals  with molecular  oxygen. The e lec t rochemi-  

l u m i n e s c e n c e  (ECL) that develops in a var iable  high-frequency (up to 105Hz) e lec t r ica l  field during t r ans fe r  of 
an electron f rom the anion radical  of the PPD (IV, R2=R 5 = Ph) molecule to the thianthrene (TH) cation radical  
in acetoni tr i le  has been investigated [110]. The ECL mechamism includes not only electron t r ans fe r  but also 
possibly  the formation of exciplexes (PPD and TH), as well as T - T  annihilation. The ECL yield is no more  
than 10 -4 of a photon per  e lectron t r ans fe r  act. 

The pecul iar  sensi t izat ion of CLhas  been studied in the react ion of dicyclohexylperoxydicarbonate with 
N,N-dimethylaniline (DMA) [111]. The CL yield (2`max 400 rim) increases  as compared with PMA by a factor  
of 103 when azole substituents a re  included in the pa ra  position of the DMA molecule [PPO-N(CH3) 2 and PPD-- 
N(CH3)2]. Comparat ive studies have shown that the increase  in the CL yield occurs  as a resu l t  of t r ans fe r  of 
the react ion energy to the f luorescent  f ragment  of the product molecule, evidently at the instant that it is 
formed.  

P h o t o c h e m i c a l  R e a c t i o n s  o f  A z o l e s  

The planar cycl ic  s t ruc ture  of s imple azoles and benzazoles as compared with their  analogs that contain 
an exocyclic C = N group leads to a substantial  decrease  in the S 1--* Tt intercombination convers ion and exclu- 
sion of t r a n s - c i s  i somer iza t ion  relat ive to the C = N bond, which takes place p r imar i ly  in the triplet  state [112, 
113]. Although these factors  also promote  an increase  in the luminescence yield, they never theless  reduce the 
photostabili ty of the molecules,  increas ing their  react ivi t ies  through p r imar i ly  in termolecular  photoreact ions.  
The photochemical  stabilit ies of these luminophores depend substantially on the external  conditions and the 
concentrat ions of the solutions. Thus i r radia t ion of PPO, PPD, and POPOP in solutions and par t icu lar ly  in 
polymeric  mat r ices  leads to a substantial attenuation of the luminescence following a law that differs f rom 
exponential attenuation [114-117]. In this case i r radiat ion for 30 min leads to a 70% decrease  in the f luores-  
cence intensity, and the band o f - C - O - C - s t r e t c h i n g  vibrat ions (1300 cm -i) that is cha rac te r i s t i c  for the 
oxazole r ing vanishes in the IR spectra .  The rate of the photoreact ion depends on the number of heteror ings  
in the molecule. In their totality, these data lead to the assumption of the formation of nonluminescing photo- 
d imers  at a ra te  that is determined substantially by the external  conditions. 

The kinetics of the photoconversion of PPO and PPD derivatives in PMMA have been investigated by 
phosphorescence spec t roscopy  [118, 119]. An intermediate  photoelectr ical ly  unstable product,  which is con- 
ver ted af ter  absorption of a quantum of light to the final product with charac te r i s t i c  phosphorescence (2`max 
520 nm, Tp 0.4 sec),  is formed as a resu l t  of a photoreact ion proceeding through the triplet  state of the s tar t ing 
molecule. 

Dimer IIa, which has photochromic proper t ies ,  was obtained by oxidation of 2 ,4,5- tr iphenylimidazole in 
the p resence  of sodium ferr icyanide [120, 121] : 

C6H 5 C6H 5 C6H s 

NA N N/~N hv N+/~N --- ~ e: 2. 

C6H 5 C6H 5 C6H 5 C6H 5 C6H 5 C6H 5 
Ila IIb 

Photocolorat ion is a consequence of a decrease  in the intensity of the absorption band with 2`maz 277 nm 
and the formation of  new absorption bands in liquid solutions with 2,ma x 345, 526, and 551 nm and in f rozen 
solutions with 2`max 352, 540, and 575 nm [121]. It has been shown by ESR spec t roscopy that the colorat ion is 
associated with the formation of cation radicals  IIb; the kinetics of the r eve r se  dark react ion of recombinat ion 
of the radicals  have been studied [122, 123]. This dark react ion of decolorizat ion in liquid solutions proceeds 
with an activation energy of ~14  kcal /mole [120] and is a second-orde r  react ion [122, 124] only at low IIa 
concentrat ions (<10 -4 M). When the concentrat ion is increased to 10 -~ M, the react ion o rder  changes to 3/2; this 
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probably  const i tutes  evidence for  the p re sence  of complexing between the d imer  molecules  and the radica ls  
[124]. Decolor izat ion,  i .e . ,  recombina t ion  of the rad ica l s ,  also p roceeds  photolyt ical ly in f rozen alcohol so lu-  
tions (77 deg K) with an e x t r e m e l y  low quantum yield [125]. The r e su l t s  obtained during a study of the photo- 
chromic  reac t ion  in solutions and in the c rys ta l l ine  s ta te  at r o o m  t e m p e r a t u r e  and low t e m p e r a t u r e s  [121,123,  
126, 127], toge ther  with the r e su l t s  obtained in [128], a r e  explained on the bas is  of an equi l ibr ium scheme  that 
depends substant ia l ly  on the t e m p e r a t u r e  [126, 127]; in this s cheme  the nonphotochromic d imer s ,  which give 
colora t ion  without i r r ad ia t ion  (R2t), t r iphenyl imidazole  rad ica l s  {R'), which a re  respons ib le  for  the color ,  and 
the photochromic  d i m er s  (R~), which give colora t ion only during i r rad ia t ion ,  exis t  in equi l ibr ium. Decompos i -  
t ion to give R" rad ica l s  with a quantum yield (e) of ~ 0.9-1.0 [127] occurs  p r i m a r i l y  in the singlet  excited s ta te  
(R21.) of the d i m e r  [124]. 

R ~  2R --.--~ R; 

In this case  Maeda and Hayshi  [126] and Prokhoda and Krongauz [127] a s sume  that the R 2 and R~ d imers  
have substant ia l ly  different  s t ruc tu re s .  To explain the long-wave shift of the absorpt ion  bands of the colored 
fo rm at low t e m p e r a t u r e s  [121, 126] it has been proposed that the " l o w - t e m p e r a t u r e "  (< 150 deg C) photoradi -  
cals  (S') differ  f r o m  the "h i gh - t em pe ra t u r e "  ( > - 2 0  deg C) photoradicals  (R') with r e spec t  to the i r  more  near ly  
p lanar  conformat ion.  Different  rad ica l s  (R" and S') a re  fo rmed  in the c rys ta l l ine  s ta te ,  as in solut ions,  at 
var ious  t e m p e r a t u r e s ;  however ,  in con t ras t  to the solut ions,  the fo rmat ion  of nonphotochromic d imer s  R 2 is 
not observed.  It has been shown that in p ro ton-donor  solutions the exczted molecules  and r adma l s  (Rv2 and R'*) 
a re  capable  of detaching hydrogen f r o m  the solvent ,  which leads to the i r r e v e r s i b l e  fo rmat ion  of 2 ,4 ,5 - t r i -  
phenyl imidazole  [124, 125]. This photoreact ion and other  p r o c e s s e s  assoc ia ted  with the high reac t iv i ty  of the 
rad ica l s  [129-131] const i tute  the r eason  for the s t rongly expres sed  photochemical  instabi l i ty  of photochromes  
of this type. 

Yet another  d ive rs i ty  is observed  in the case  of a compound of the II type in aqueous solutions ("aquo 
pho tochromism")  [132, 133] and is assoc ia ted  with proton t r a n s f e r  with the par t ic ipa t ion  of water  molecules :  

H:3C~/C H 3 Id 3C~_~H3 :H'o/H 
, , ..J : 

N%,/N',o.." H'~O/H hv N~ N,,O ~ H - . "  

L-J'c.~ ".'-A'c.~ 
IIc tl d 

Photoproduet  IId absorbs  at 600-700 nm and is conver ted  to IIc when it is heated to 105 deg C for  a long 
t ime  or is subjected to IR i r radia t ion .  

I r r e v e r s i b l e  photochemical  r eac t ions  play a significant ro le  in the pho tochemis t ry  of azoles .  The photo- 
c h e m i s t r y  of imidaz01es and pyrazo les  [134, 135], pa r t i cu l a r ly  the photooxidation of alcohol solutions of IIe, 
which leads to the fo rmat ion  of Z and E i s o m e r s  through in te rmedia te  d i radica l  s t r uc tu r e s ,  has been examined:  

- 5 0 

R 3 R' hV ~ N C  ~ R '  ~ N . ,  /R 3 S 

t R" "0 r ' NO~ 0 O 

X 8r Z E 
X=H ; R3=RS--CH3 ; R 4=H 

Photo i r rad ia t ion  of 1 ,2 ,3- thiadiazole  2-oxide leads to the format ion  of 1 ,2,3- thiadiazole  3-oxide [60]. 

Products  containing an ~-cyanoe thy l  group are  formed through an e lec t ron ica l ly  excited complex as a 
resu l t  of photoaddition [136] of ae ry lon i t r i l e  to an N-unsubst i tuted imidazole  (II, R 1 = H). An adduct - a t e t r a -  
hydrofuro [2 ,3-b]aze t id ino[2 ,1-b] - l ,3 ,4-oxadiazole  d e r i v a t i v e -  is formed in the d i rec t  and benzophenone-  
sens i t ized  photoreact ions  [127] of 2 ,5-disubst i tu ted molecules  IV with furan.  Finally,  the somewhat  unusual 
photodimer iza t ion  of benz imidazole  to give d imers  XVII and XVIII, p robably  through in te rmedia te  excited rad i -  
ca l s ,  has been obse rved  [138]. 

H H 
N N H 

N ~  N 

XVII ~ XVIII 
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The photocyclizat ion of 4,5-diphenyl-  (IIi) and 2 ,4 ,5- t r iphenyl-subst i tu ted imidazoles  (IIg) [139] to 9,10- 
phenyl t r i imidazole  (FIM) and its 2-phenyl der ivat ive,  ~respectively, gives the products  in low quantum yields 
(~ 10 -3); the yields dec r ea se  when the solutions a re  degassed.  Both photoreaetion possibly include steps involvingthe 
addition of a hydrogen atom f rom the solvent,  cycl izat ion p rope r ,  and the loss of a hydrogen atom by the 
cycl izat ion product;  the react ion I I f - -F IM proceeds  through the S~ 7r* s ta te  of the IIf molecule.  Photocycl iza-  
tion has also been used for the prepara t ion  of a number  of azoles f rom aromat ic  aminoni t r i les ,  re la ted sys tems 
[140], and o-subst i tuted benzalanil ines [141]. 

A number  of pho to rea r rangements ,  for example,  I ~ I I ,  XVII~XVIII ,  XIX--~XX, XXI~XXII  [142], and 
2 ~ 4 r e a r r a nge me n t  in phenyloxazoles [143], and r ea r r an g em en t  of benzisoxazole to benzoxazole,  have been 

s t ud i ed :  

R 3 

hv R~,/~N/N 2 hv N . 

~, ~, R 

I II XIX XX 

AF 

~'~/~Nd CH3 C6H $ " 0 "  hr  

xxa xxll xxm xxlv 

The mechanism of the photorem:rangements of indazoles, benzotriazoles, and benzisoxazoles has also 
been studied [145, 146] by ESR, ]R, fluorescence, and pulse spectroscopy, and the mechanism of the photo- 
transformations of 2-aryloxybenzazoles to 2-[2- and(or)-4-hydroxyphenyl]benzazoles was investigated in [147]. 
It has been shown that all of  the descr ibed  react ions  take place p r imar i l y  in the f i r s t  singlet excited state of 
the s tar t ing  molecule through different  in te rmedia te  s t ruc tu res  (for example,  az i r ine  [143], the isoni t r i le  [144], 
radica ls  [145], and other  s t ruc tu res  [147]). 

Decomposit ion products  have been detected in the photolysis of 1,2,3-thiadiazole [148], and ni t robenzene,  
which is formed through a diradical  s t ruc tu re  in which a proton is t r a n s f e r r e d  in t ramolecu la r ly  f rom the 
hydroxyl  group, has been obtained by photolysis of 1 -hydroxy- l ,2 ,3 -benzo t r i azo le  [149]. 

The photoreact ions of complexes of var ious  metals  with molecules  of the VIII type [where X= NH, R = H ,  
Y= O(L1) , or  N-Ts(L2)]  have been studied [66-69]. These  photoreact ions and r ev e r s ib l e  dark  reac t ions ,  
pa r t i cu la r ly  in the case  of L2, have in te rmolecu la r  cha rac t e r ,  as evidenced by the concentra t ion dependences of 
the reac t ion  ra tes  and the spec t ra l - luminescence  data. 

The above-descr ibed  photochemical  p roper t i es  of azoles make it possible to work out new methods for  the 
prepara t ion  of prac t ica l ly  useful compounds [148, 149] as well as new promis ing  photochromic prepara t ions  
[126, 127, 133]. 
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SYNTHESIS OF 3,4,6-TRIARYL-2-PYRONES 

N. N. Magdesieva, N. M. Koloskova, 
and Le Nguyen Ngi 

UDC 547.812.5'739 

A p r e p a r a t i v e  method was worked out for the synthes is  of 3 , 4 , 6 - t r i a r y l - 2 - p y r o n e s  by 1,3- 
dipolar  cycloaddit ion of se len ium a ry lacy lmethy l ides  to diphenylcyclopropenone.  

It is known that the reac t ion  of s table  se lenonium ylides with ace ty lenedicarboxyl ic  acid e s t e r s  is a con- 
venient  p r e p a r a t i v e  method for  the synthes is  of t e t rasubs t i tu ted  furans [1]. In the p resen t  r e s e a r c h  se len ium 
yl ides  were  used in the synthesis  of c~-pyrones. It is shown that 1 ,3-dipolar  cycloaddit ion of r eac t i ve  se len ium 
carbonylyl ides  to an act ive dipolarophi le  - diPhenylcyclopropenone [2] - i s  a convenient p r e p a r a t i v e  method for  
the synthes is  of 3 , 4 , 6 - t r i a r y l - 2 - p y r o n e s .  

Since se len ium monocarbonylyl ides  a r e  unstable under ord inary  conditions and decompose  read i ly  to give 
ca rbenes  and, subsequent ly,  the cor responding  cyc lopropanes  [3], s table  se lenonium sal ts  - a r a c y l d i m e t h y l -  
se lenonium bromides  - were  used as the s ta r t ing  compounds for the synthesis  of the 2 -pyrones .  These  sa l t s  
were  deprotonated by a methanol ic  solution of po ta s s ium hydroxide and underwent smooth convers ion  to the 
co r respond ing  monocarbonyly l ides ,  which were  subjected,  without isolation,  to reac t ion  with diphenylcyclo-  
propene.  

1 ,3-Dipolar  cycloaddit ion may  begin with a t tack by the dipolarophile  e i ther  at the ylide ca rbon  a tom or  
the oxygen atom. Since it is known [4] that the negat ive cha rge  in phenacylmethyl ides  is shifted to a cons ide r -  
able extent  to the oxygen a tom,  it may  be a s sumed  that  a t tack by the dipolarophile at the oxygen a tom with 
subsequent  r ing c losure  will be the mos t  l ikely pathway: 

__~.3\+ -,B, c.3\,_ 1 ~/~"~ " % .  
o L 'o' j 

l a - e  

CsH $ C61t ~ C6Hs 

CH~\+e.S--ell ~ \  I ---(CH312Se H ' ~  %lls 
C H 3 / A r ~  O . / x / ~  o -  Ar / ~ .0  f xO 

C 6 H 5 

CH3NH2 ~6H5 
Ar F ~.N / ~0  

I 
CH~ 

I l l a - e  Ila-e 
1 

C6Hsjl/CoH ~ . ~ ~C~H~ 
CH.,\ .~ ~,~ ~ ,  ~ ' ,~ ,~C6H 5 "~s~-c,,--~ II -(c.~)~s~ I. II C H 3 /  ] 

At/C%0 \0- Ar"~O C~'o 

I, II, Ilia Ar=CoHs; b Ar=2=thienyl;c Ar=2-selenienyl~ d Ar= 2=furyl; e Ar= 
= 1-rnethyl-2-pyrrolyl 
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