
in its transparency. This process results in a decrease in the efficiency of small-diameter 
lamps and an increase in their heat losses (Fig. I). 

In conclusion, the authors wish to thank V. M. Usova for helping with the calorimeteric 
measurements. 
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FLUORESCENCE OF VAPORS OF COMPLEX MOLECULES IN THE ULTRAVIOLET 

REGION OF THE SPECTRUM 

L. A. Barkova, V. V. Gruzinskii, 
P. I. Petrovich, and E. Yu. Shishkina 

UDC 535.337:621.378 

Intensely fluorescent, stable, polyatomic organic compounds having a high absorption 
coefficient at the maximum of the long-wave band emax (or a high probability of a radiative 
transition A) have not been found previously for the shortwave region of the spectrum. Ac- 

fl = 
cording to various sources p-terphenyl with Imax 340 nm [I] has a quantum fluorescence yield 
of y = 0.2 [2] and 1.0 [3]. In the vapor the shortest-wave generation of radiation has been 

gen = 350 nm [4] The reasons for the absence of obtained for quaterphenyl vapor having Imax 

generation in para-terphenyl vapor are discussed in [5]. 

In this investigation we studied the spectral properties of a new class of organic com- 
pound, viz., derivatives of monobenzoxazole. The dibenzoxazoles have been studied previously 
[6, 7]. 

Benzoxazole has a comparatively high value of ema x = 3600 liter-mole-~-cm -~ (viz., the 
strongly fluorescent derivatives of phthalimide) but it scarcely fluoresces at all in the gas 
phase, owing to the appreciable value of the intercombination conversion constants kST. The 

excited electronic state S~nn, is lower (the X*A' § A~A' (~*) transition with a 0-0 band 
at ~ = 274 nm [8]). 

Translated from Zhurnal Prikladnoi Spektroskopii, Vol. 31, No. 4, pp. 651-658, October, 
1979. Original article submitted May 14, 1979. 
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Extension of the chain conjugate bonds led to an intense fluorescence of the vapors of 
dibenzoxazoles [7]. According to experimental and theoretical data [7, 9] phenyl derivatives 
of benzoxazole also have a system of low electronlc states T~,, S~*, Tn~, , Sn~ (group 5 
according to the system in [i0]), caused by the more rapid decrease in the energy of the S~* 
state with respect to Tn~, with the extension in the chain of conjugate bonds. This promotes 
their intense fluorescence. The above considerations and preliminary experiments [ii] enable 
us to suggest that there is a large group of benzoxazole derivatives which may fluoresce in 
the gas phase 

R~ 

R~-~N 

R1 

(i) 

where R:, R2, R3, and R~ are H, CI, F, cycloalkyl, alkenyl, alkoxyl, arylalkyl, alkaryl, aryl, 
NH2 (or possibly the replacement of hydrogen by an alkyl or acyl group), OH, alkoxycarbonyl, 
heteryl, etc., and A is H, alkyl, cycloalkyl, alkenyl, aralkyl, arethenyl, arbutenyl, alkaryl, 
aryl, heteryl. 

Substituted or unsubstituted phenyl, biphenyl, naphthyl, anthryl, etc. may be used as 
the aromatic radicals and the ~eterocyclic radicals may be furyl, thienyl, thiazolyl, oxa- 
zolyl, oxadiazolyl,imidazolyl, triazolyl, coumarinyl and other nitrogen-,oxygen-, and sul- 
fur-containing heteryls. 

For comparison we studied the vapors of compounds having different positions of the 
heterocyclic and phenyl rings: 

2,5-diphenyloxazole (PPO), 

1,4-di[2-(5-phenyloxazolyl)]benzene (POPOP), 

1,4-di[benzoxazole-2V-yl]benzene (BoPBo), 

2-phenylbenzoxazole (BOP), 2-phenyl-5-methylbenzoxazole (5-methyl-BoP), and 2-phenyl-5-tert- 
butylbenzoxazole (5-tert-butyl-BoP). 

BoP, 5-methyl-BoP, and 5-tert-butyl-BoP were obtained under the preparation conditions 
given in [12] by condensing benzoic acid with 2-aminophenol, 3-amino-4-hydroxytoluene, and 
2-amino-4-tert-butylphenol in the presence of boric acid and in an atmosphere of nitrogen. 
The benzoxazoles were purified by repeated recrystallization from ethanol and vacuum distil- 
lation. 

Figure 1 shows the absorption and fluorescence spectral of the vapors and solutions of 
the phenyl derivatives of benzoxazole. Compared with the solutions in cyclohexane the maxima 
of the spectra of the vapors for BoP are displaced in the shortwave direction by 1300 and 
1650 cm -~, respectively, i.e., by approximately i000 cm-: less than for BoPBo [6] (for com- 
parison, the 0,0 band of the absorption spectrum of benzoxazole is displaced by 400 cm-~). 
In the gas phase virtually total coincidence of the 0,0 bands is observed in the absorption 
and fluorescence spectra, while in solution the difference is 200 cm -~. Common to the mono- 
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Fig .  1. Absorp t ion  s p e c t r a  (1, 1 ' )  and f l u o r e s -  
cence s p e c t r a  (LB = 296.7 nm) (2, 2 ~) o f  vapors  
and s o l u t i o n s  o f  pheny lbenzoxazo les :  a) BoP, va-  
por at T -- 360~ (i, 2), solution in cyclohexane 
(i', 2'); b) BoP, T -- 430~ (i) and 565~ (i'), 
5-methyl-BoP (2), 5-tert-butyl-BoP (2'), T = 
373~ The arrows indicate the pumping wavelength 
in ELm. 

benzoxazoles and dibenzoxazoles is only a slight diffuseness of the vibrational structure of 
the vapors compared with the solutions (Fig. la), this being large for, e.g.,the arylderiva- 
rives of oxazole [6]. With an increase in temperature the absorption spectrum is diffused 
appreciably (Fig. la, spectrum i and Fig. ib, spectra i and I'). The presence of the CHs 
substituent in the 5 position of the benzoxazole ring leads to a slight shift in the spectra 
in the long-wave direction (Fig. ib, spectrum2) and the fluorescence intensity Wg,qu corre- 
sponds approximately to that for BoP. Replacing CHs by C(CH~)s does not lead to a marked 
shift of the spectra but causes an appreciable decrease in Wv,qu of the vapors. For example, 
in spite of the low temperature Tm = 357~ the fluorescence spectra 2 (Fig. ib) are obtained 
with an appreciably higher temperature of the lower branch of the cuvette containing a sub- 
stance which gives a vapor pressure (T n = 380~ than for the vapor of BoP (T n = 350~ al- 
though s is increased somewhat by IB owing to the shift in the absorption spectrum in the 
long-wave direction; in this case W~,qu is lower by a factor ~ 5 for identical parameters of 
the recording system. 

The low evaporation temperature of the phenylbenzoxazoles is noteworthy. This is par- 
ticularly important for their use in a discharge, the intrinsic temperature of which is 
higher than the experimental temperature. For the compounds used previously, which evaporate 
at high temperature, the stability of the intramolecular bonds is close to the maximum for 
high excitation powers [i]. 

With an increase in vapor pressure p the optical density D increases rapidly for BoP (at 
a rate AD/AT ~ 0.4 deg-Z), while in the region of the melting point (T m = 377.6-378.2~ 
it decreases sharply (AD/AT ~ 0.007 deg-Z). For comparison, T m = 350-352~ for BoPBo and 
and higher p values are achieved up to Tm with a monotonic increase in D. The absorption 
coefficient of the vapor of BoP measured for complete evaporation of a definite amount of 
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Fig. 2. Dependence of the fluorescence spectra of the vapors of BoP (a-c), 
POPOP (d, f), BoPBo (e) on the wavelength of the stimulating radiation, 
temperature, and vapor pressure: I) kB = 334 (i), 313 (2), 302 (3), 296.7 
(4), and 289.3 (5), T = 380~ and T n = 362~ (a), T= 460~ Tn= 443~ (d): 
II) T = 385 (i), 470 (2), 480 (3), and 580~ (4), %B = 302 (b) and 313 nm 
(e), T n = 345 (b), and 450~ (e); III) T n = 345 (i) and 415~ (2), T=435~ 
%B = 302 nm (c); T n = 450 (i) and 540~ (2), T = 605~ XB = 313 nm (f). 

Fig. 3. Variation in the fluorescence spectra of vapors of POPOP (a) and 
BoPBo (b) under the action of laser radiation, a) %B = 334 (i) and 337 nm 
(2-4, 4'); T = 430 (2), 460 (i, 3), and 510~ (4, 4'); p = 2.3.10 -~ (2), 
4.4-10-3(1,3), and2"10 -2 mmHg (4,4'); b)%B =337 nm;T =470 (1) and 573~ 
(2, 3, 3'); p = 2.3-10 -4 (2), 1.2"10 -3 (i), and i0 -= mm Hg (3, 3'); the in- 
tensity of the excitation radiation is lowered ten-fold (3', 4'). 

substance in the cuvette at the maximum of the long-wave band emax = 27,000 liters.mole-l-cm -~ 
and is close to Smax = 28,480 liters-mole -~ in cyclohexane, which indicates that the con- 
figuration of the molecule is preserved in the gas phase. The natural lifetime configuration 
of the molecule is preserved in the gas phase. The natural lifetime of the BoP molecules in 
the excited state, calculated from the absorption spectrum is To ~ 1.8 nsec, and A = 5.5.10 s 

--i see . 

The quantum yield of the vapors of the phenylbenzoxazoles is fairly high. Thus, for 
BoP y = 0.73 (T = 380~ X B = 302 nm) measured with respect to y = 0.78 in cyclohexane [13]. 
From y and To, r ~ 1.3 nsec. Estimated from these data, assuming nonradiative conversion 
only through the ~iplet state, we have kST = 2-i0 s sec -I 

The fluorescence spectra of the phenylbenzoxazoles depend on the reserve of vibrational 
energy communicated to the molecule by an optical (XB) or a thermal (T) path (Fig. 2a, b). 
An increase in T, like a decrease in %B, causes diffusion of the vibrational structure. The 
introduction of substituents leads to a shift in the spectra in the long-wave direction 
(Fig. i). 

The effects of %B, T, and p on the fluorescence spectra of BoP, BoPBo, and POPOP are 
compared in Fig. 2. With a change in p by more than two orders of magnitude the fluorescence 
spectra of BoPBo and POPOP are unchanged, except for reabsorption on the long-wave wing, 
over the limits T n = 420-485~ and 440-495~ respectively. However, the spectra of BoP are 
unaltered over the range T = 345-385~ while an increase in T n to 415~ (Fig. 2c) causes 
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(in the region T n > Tm) a growth of the long-wave wing in the spectrum and a sharp decrease 
in the fluorescence intensity (hobs = %fmalx ) ' In the region of %~x' e is small for BoP (Fig. 
i), while for POPOP (Fig. 2f) the spectrum is unchanged even with appreciable reabsorption 
of the long-wave wing. We observed a similar variation in the fluorescence spectrum with an 
increase in T n > T m for the vapor of PPO, for which the formation of fluorescent excimers 
takes place in solutions at high concentrations with the interaction of~excited and unexcited 
molecules [14] as well as a decrease in the total luminescence intensity [15]. In the ab- 
sorption spectra of BoP and PPO additional absorption bands are not observed with a change 
in T n within the limits 350-425 and 373-415~ respectively. It can be supposed that excimers 
are also formed both in BoP and PPO vapors with an increase in p. 

It has been found that the intensity of the long-wave wing of the fluorescence spectra 
of BoPBo and POPOP increases when the vapors are excited by laser radiation %B = 337 nm com- 
pared with the close ~B = 334 nm of a mercury lamp [16]; The broadening of the spectrum de- 
pends on the power of the excitation radiation, temperature, and vapor pressure. An LGI-21 
nitrogen laser created a radiation power density U B = 43 kW/cm 2 (a single rotating mirror was 
also used to increase UB). Such an excitation power enabled the fluorescence spectra to be 
measured for p an order of magnitude lower than the usual pressures and for low temperatures. 
The deformation of the spectral increases with an increase in U B (Fig. 3a, curves 4, 4' and 
Fig. 3b, curves 3, 3'). For POPOP vapor the changes in the fluorescence spectrum are more 
substantial than for BoPBo vapor. In contrast to the first compound, they appear appreciable 
for the second only at T > 470~ For laser excitation the fluorescence intensity of POPOP 
was decreased after 30 min by approximately 10%, while for BoPBo it remained constant for a 
given U B. 

The appreciable changes in the fluorescence spectra of the compounds POPOP and BoPBo on 
laser excitation may arise from their being superheated on multiple absorption, decomposition, 
changes in the configuration of the molecules in the excited state, the action of powerful 
radiation on the molecule, etc.; the probability of induced radiation B is only an order of 
magnitude lower than A for such an excitation power. In [17, 18] a cleavage of the intra- 
molecular hydrogen bond in the l-aminoanthraquinone molecule was observed even under the ac- 
tion of the radiation from a mercury lamp under steady-state conditions. Instead of the 
luminescence spectrum of l-aminoanthraquinone, this led to the appearance of a spectrum dis- 
placed into the shortwave region and similar to the spectrum of anthraquinone. Here the ex- 
cess of vibrational energy in the excited state above the equilibrium reserve necessary for 
the cleavage of the weak hydrogen by an optical means was E ~ = 6000 cm-:, which corresponds 
to the excess of temperature above the experimental temperature AT = 245~ for a value of the 
vibrational heat capacity Cvi b = 24.6 cm-~'deg -:. On laser excitation these values are low 
for POPOP and equal to E* = 1150 cm -I and AT = 25~ which is appreciably lower than the 
highest we used in the excitation of vapors by the radiation from a mercury lamp: %B = 296.7 
nm, E* = 5500 cm-!, AT = 124~ (Fig. 2d, curve 4) or %B = 334 nm, T = 773~ where such 
changes are not observed in the fluorescence spectra. After prolonged irradiation appreci- 
able amounts of decomposition products are not detected in the cuvette and the fluorescence 
spectrum of solutions of the irradiated substance is identical to that of the unirradiated 
substance. The fluorescence intensity of repeatedly irradiated (after the dark period) POPOP 
vapor was restored completely. Excitation by radiation from a mercury lamp after irradiation 
led to the normal fluorescence spectrum. Furthermore, in a discharge, where as a result of 
the interaction between molecules and a wide spectrum of electrons of various energies an 
intense decomposition of the substance takes place, the fluorescence spectrum of the princi- 
pal substance is observed. It should be noted that the position of the vibrational bands in 
the fluorescence spectrum coincides for the different methods of excitation, only their in- 
tensity being altered. The facts available at present indicate that the changes observed in 
the fluorescence spectra of POPOP and BoPBo may apparently be associated with the action of 
powerful excitation on the molecule. This is of undoubted theoretical and practical interest 
for a special investigation. 

In contrast to condensed aromatic compounds [19], y decreases appreciably with an in- 
crease in T for BoP. Figure 4 shows the dependence of the fluorescence intensity rel Wqu (T) 
of several compounds. The observation of the change Wqu was carried out in the band maxima 
which is scarcely shifted at all with a change in T (Fig. 2). Since in the Stokes region of 
excitation the absorption coefficient e usually decreases only slightly with an increase in 

T [19], to a first approximation it may be considered that the wrelCT) relationships pre- qu - " 

1260 



Wrel ] 

1 

0,5 

I I I | 

V 

crn-~ �9 deg "I 

g e 

28 

qO 

I I I I I , I 

qO0 500 600 700 800 T, OK 

Fig. 4. Variation in fluorescence in- 
tensity (a, b) and vibrational heat 
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T n = 372~ hob s = 315 nm, l B = 313 (i), 
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BoPBo (2), PPO (3), BoP (4). 

sented in the Stokes region correspond to the yrel(T) relationships in [19]. This is seen 
for POPOP vapor (curve 8 in Fig. 4 [20]). As was to be expected, with an increase in the 
total reserve of vibrational energy E* (a decrease in X B) in the excited state the rate of 
decrease in W~I(T) increases. The introduction of stabilizing pentane vapor (p = 460 mm ~u 
Hg) into the cuvette leads to a slight decrease in the drop in WfI(T ). Since for the com- 
pounds cited there is an equivalence between the optical and thermal methods of varying the 
vibrational energy, established from the change in the fluorescence spectra with l B and T, 
as for dibenzoxazoles [6] (in Fig. 2a and b the spectra 5 and 3 respectively are close for 
BoP) then an appreciable change in Y(XB) can also be expected. The y(T) obtained over a 
small range for POPOP (Fig. 3, curves 7-7" [21]) are in good agreement with our relationships 
and the relative changes in y(IB) agree with the conclusion presented above. Taking into 
account the good agreement between the vibrational heat capacities, as determined from spec- 
tral data and by calculation [22], the ~Cvib(T ) relationship have been calculated (Fig. 4b). 

The data obtained indicate the potential possibility of generating radiation for com- 
pounds of formula (1) in the gas phase with optical and nonoptical pumping. In solutions the 
generation of these compounds is effective [ii]. The absorption cross section at the maximum 
of the long-wave band for BoP o~3 = 1.04"10 -~6 cm 2, the cross section of induced emission is 
fairly high, o~: = 0.95-10 -16 cm 2. For a pumping power density P = 1.5 MW/cm 2, kabs = i0 cm -~ 
an estimate of the amplication coefficient for BoP vapor by the relationship presented in 
[23] gives the values kam p ~ i cm -~. According to the calculations in [9] the absorption 
cross section in the system of singlet excited states O3n is small in the generation region. 
For the pure vapors, pumping by radiation from well-known laser lines is limited by the strong 
y(T) relationship. For example, taking account of the vibrational heat capacity (Fig. 4c) 
and using l B =266 nmof the fourth harmonic of a neodymium laser, the superheating of mole- 
cules after one absorption--emission cycle is 330~ for less powerful pumping from an excimer 
laser having % = 281.8 nm, which lies approximately at the maximum of the absorption band 
(Fig. i), the superheating is also high, 205~ The most suitable is l B = 308 nm from an 
XeCI* excimer laser. This value of l B lies on the long-wave wing of the absorption band, 
Under such conditions, where l B occurred in the region of the 0,0 band, solutions of, e.g., 
PPO generated effectively [24]. In the case of l B = 308 nm the superheating temperature is 
already ~40~ while according to Fig. 4a y decreases to 0.7Yma x. Therefore, it is also 
desirable to use stabilizing gases. 

1261 



Phenylbenzoxazoles, like the other compounds studied, fluoresce intensely on excitation 
in an electric discharge, in which T is higher than Tex p [i], and for compounds having a 
high evaporation temperature the rate of thermal decomposition of the substance is increased. 
Owing to the 10W evaporation temperature and the high value of y, they are promising for the 
search for generation from excitation by electron impact. 

Thus a new class of organic compounds (phenylbenzoxazoles) has been found which fluor- 
esce efficiently in the ultraviolet region of the spectrum and which may provide very short- 
wave generation radiation t~fl = 315 nm for BoP) , max 
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