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Abstract 

The spectral behaviour of the sterically hindered, substantially non-planar molecules of the ortho analogues of POPOP was studied by 
steady state absorption and fluorescence methods, time-resolved fluorescence methods and quantum chemical calculations, it wag shown that 
the investigated molecules undergo noticeable flattening in their excited state, which leads to the essential lowering of the energy of the 
fluorescent term and, in turn, enlargement of the Stokes shift of the fluorescence. The flattening of the ortho analogues of POPOP in the 
excited state is a very effective process (estimated rate constants are of the order of 10s-10 9 s- i ); it has a low activation energy and mainly 
intramolecular nature with a minor influence of the environment. The replacement of one of the oxazole rings in the ortho-POPOP molecule 
by an oxadiazole ,ing causes a near doubling of the flattening activation energy. 

lfeywords: Spectral properties; Dynamics; Excited state structural relaxation; Ortho analogues of POPOP 

1. Introduction 

The aryl derivatives of oxazole and oxadiazole are widely 
used as activating agents in liquid and plastic scintillators 
[ I ]. However, the small fluorescence Stokes shift values, 
typical of such systems, cause the significant loss of emitted 
light due to self-absorption and the extremely undesirable 
absorption of various short-lived and/or stable products of 
the radiation-induced decay of the plastic or liquid base of 
the scintillator. Thus the development of new activating 
agents with larger fluorescence Stokes shifts is urgent [2]. 
In addition, the determination of the primary photophysical 
or photochemical processes, which "any lead to the enlarge- 
ment of the Stokes shift of  organic dyes in the non-polar or 
slightly polar media of a scintillator, is also very important. 
In our opinion, organic fluorophores, capable of undergoing 
adiabatic reversible geometry changes in their excited state, 
can act more effectively as activating agents in organic 
scintillators. 

In this paper, we study the spectral properties and dynamics 
of the photoprocesses responsible for the abnormally large 
fluorescence Stokes shift values of the three ortho analogues 
of POPOP. 
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Here, I is 1,2-bis-(5-phcnyl-oxazolyl-2)-benzene, I1 is 
2-(5-phenyl-l,3,4-oxadiazolyl-2)-benzene and I l l  is 2-[5- 
(furyl.2)-l,3,4-oxadiazolyl-2]-benzene. In previous work 
[ 3], we studied the structure of these molecules by X-ray 
analysis. The presence of considerable steric hindrance in the 
.molecules of the ortho analogues of POPOP leads to the 
formation of significantly non-planar and non-symmetric 
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conformations. The latter are manifested by the different 
dihedral angles between the plane of the central phenylene 
ring and the planes of the oxazole/oxadiazole rings attached 
to it [3]. 

experimental spectra in comparison with the spectroscopic 
versions of the full-valent electron semiempirical methods 
(CNDO, MADe, MINDO, etc.); it is also faster and has a 
lower cost. 

2. Experimental details 

The electron absorption spectra were measured on an IBM 
PC AT computer-controlled Specord M40 spectrophotome- 
ter. The fluorescence spectra and quantum yields ( ~ )  were 
determined on a Hitachi F4010 spectrofluorimeter. The quan- 
tum efficiency was calculated by the equation 

• S ~ ( I - 1 0  =°°) 

where Oo is the fluorescence quantum yield of the widely 
used standard quinine sulphate in ! N sulphuric acid 
(Oo,=0.546 [4] ), S~ and So are the integrated fluorescence 
intensities of the corrected emission spectra of the sample 
and the reference, solution respectively measured under the 
same conditions and D,, and Do are the corresponding optical 
densities at the excitation wavelengths (D values did not 
exceed 0.15). All spectra were measured at a temperature of 
20 + 0.1 °C. The absorption and emission spectra of come 
pound I t~ the crystalline state were measured in thin films, 
obtained by the evaporation of a concentrated solution in 
isopropyl alcohol onto a quartz plate. 

The fluorescence decay dependences and time-resolved 
emission spectra (TRES) were obtained on a nanosecond 
pulse fluorometer, containing the following main parts: ( I ) 
an airofilled, nonoregulated, spark pulse lamp [5] (decay 
times of the pulse, depending on the adjustment of the ¢1¢co 
trodes, were in the range I.i-1,4 as); (2) a glass and liquid 
filter system (transmittance region 300=360 nm): (3) a ther- 
mostatically controlled cell holder (accuracy of the temper- 
ature + ! eC); (4) an MDR~I2 grating monoehromator; (5) 

photomultiplier FI~U~?9; (6) a time-amplitude amplifier 
VAPo5 (N,N. Sevchenko Institute of Applied Physical Prob. 
Ictus, Byelomssian University, Minsk [6]); (7) a pulse 
amplitude analyser AI. 1024; (8) an interface to the IBM PC 
AT computer. The fluorescence decay data obtained were 
wocessed by the Demas and Adamson phase plane method 
[7], the iterative nondinear least-squares method [ 8,9] and 
by the procedure described below. 

The quantum chemical calculations were carried out by 
the M e  LCAO PPP CI (using 4,9 singly occupied configu- 
rations) method, upgraded by the calculation of the following 
special indices: electronic excitation localization numbers 
(L~,) and numbers of interfr0graent (1^.,) and intrafrogment 
(IA-~,) charge transfer [ 10].Thecalculation parameters were 
taken from Ref. [ ! ! ]. It should be noted that the PPP method 
was chosen due to its high accuracy in the calculation of ~r- 
~¢trcr~tions (energies and intensities in the electronic spectra 
of conjugated organic compounds). This method shows a 
more satisfactory correspondence between the calculated and 

3. Time-resolved fluorescence kinetic methods 

Fluorescence kinetics become complicated in the case of 
excited state chemical interactions and the traditional tech- 
nique of treating such fluorescence decay data involves their 
approximation by a sum of two or more exponents, The expo- 
nent indices and pre-exponential terms exhibit a complex 
dependence on the kinetic constants of the primary photo- 
physical and photochemical processes. Therefore, when it is 
necessary to evaluate the primary kinetic constants, the 
method presented below is used. t 

Let us consider the following kinetic scheme 

A* kale fc 

A B* 

where A, B and C are the fluorescing components, the aster- 
isks denote the excited states, W is the rate of excitation, kr is 
the fluorescence rate constant, kd is the sum of the rate con- 
stauts of various radiationless processes (intersystem 
crossing, internal conversion Sl* "*So, etc.) and k^_x and 
kxo^ are the rate constants of the photochemical reactions 
A* ~,X* and X* -~A* (they may be complex for second. 
order processes: k ,= k' [ H + ], k = k' [ H20 ], k = k' [ Q], etc.). 

The concentration of the excited molecules A* obeys the 
following differential equation 

d[A*] 
0----7- =w+ E  x_^tx*l 

X - A .  a,C,,, 

i We call this method the multi-dimensional fluorescence phase plane 
method (MDFPPM), because its main calculating formula in the absence 
of excited stale interactions is equivalent to that proposed by Demas and 
Adatnson [7] (phase plane method). The idea of MDFPPM was proposed 
by Kuzmia and Sadovski [12] in 1975. Later, they used this concept for 
particular ¢o~ses [ i 3,14]. Our testing of MDFPPM applied to the classical 
system of 2-n~phthol in slightly acidic media shows its applicability and 
satisfactory accuracy. We have re-formulated MDFPPM in Ref. [ 1511. We 
have successfully tested this method for the complex (both static and 
dynamic) system of 8-aminophenanthridone in aqueous sulphuric acid solu- 
tions, including up to four fluorescing components. 
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Let us integrate Eq. (2) within the limits from t: to t2, and 
make the following substitutions, [A*]=F^(t)lk~, 
W= bE(t) and ~'̂  = 1 / (kr A + kd ̂  + Ek^_x), where E(t) is the 
exciting pulse intensity, b is the apparatus constant, F^(t) is 
the integrated fluorescence of A at time t, and r^ is the excited 
state A* lifetime. After dividing each term by the integral of 
excitation (~E(t)dt), we obtain 

t2 

F^(h)  - F^(tt) 
t~ 

f E(t)dt 
t l  

f Fx( t )dt 

=bk, + E kx_^ 
x-n,c.., kX fE(t)dt 

t l  

12 

f F^(t)dt 
- . !  ,, (3) ¢~ 

~'̂  fE(t)dt 
fl  

'raking into accou,,t that the total fluorescence F can be 
expressed as the product of the peak intensity and the area 
under the normalized spectral curve (F= IS), we obtain the 
final formula 

l^(t2) - / ^ ( i t )  =b  krA 
ta "~A + 

f E(t)dt 
t l  

(Dependent variable) 

12 t2 

kf^S^_ I ,/~ 
x'~'c"kx-^ kXSx ~E(t)dt *  ̂fE(t)dt (4) 

t l  t l  

(Independent variables) 

Treating the data (the corresponding ratios, using them as 
dependent and independent variables in the calculation 
scheme) for all components A-X in this slatic and dynamic 
system at every time moment between tt and t2 according to 
Eq. (4) by the linear least-squares method (LSM), we obtain 
not only the lifetimes of all the excited states involved, but 
also the kinetic constants for all the primary photochemical 
processes. The calculated values of some kinetic constants 
may be close to zero (taking into account the error level of 
the approximation). This indicates the absence of photo- 
chemical interaction between the corresponding excited com- 
ponents. Thus the independent variables, responsible for the 
above-mentioned interaction, must be excluded from the 
LSM calculation scheme. The limits of integration (t: and 
t2) are chosen such that the upper limit (t2) is above the level 
of the apparatus noise (in our case, up to 10 counts in a 

channel) and the lower limit (t:) yields the maximum value 
of the LSM correlation coefficient. 

In the general ease, the spectra of compounds A, B ..... X 
are considerably overlapped. Therefore, before using Eq. (4) 
every peak intensity value (Ix) should be calculated by solu- 
tion of the system of linear equations of the type 

t~= 5". Cx(X)Zx (5) 
X = A ,  El. C. . .  

where !^ is the total fluorescence intensity at wavelength A 
and Cx(A) is the fluorescence intensity in the emission spec- 
trum of pure compound X, normalized to the maximum. In 
our case, we solved the over-determined systems of linear 
equations of type (5) by LSM, covering all the available 
spectral region. Thus the method used involves the treatment 
of all of the fluorescence decay surface, as proposed in Refs. 
[16,17]. 

4. The nature of the electronic transitions in the 
absorption spectra of the ortho analogues of POPOP 

The electronic absorption spectra of compounds I-III con- 
sist of two significantly overlapping bands in the range 
25 000-45 000 cm- t. The long-wavelength band appears as 
a shoulder on the low-frequency wing of the more intense 
short-wavelength band (Fig. 1, Table 1). The absorption 
spectra of the investigated compounds, in contrast with 
POPOP, are located in a shorter wavelength region ~,:d have 
no vibrational structure. 

The results of the spectral calculation presented in Table 2 
show that two different types of electronic transition are 
observed in the calculated absorption spectra of POPOP and 
la in the region 29 000-40 000 cm- t: all.molecular transi- 
tions with localization mainly on the oxazolyl-phenyl frag- 
ment ( We-* W:, We "~' 1P2) and local transitions with a higher 
contribution on excitation of the central phenylene ring or 
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Fig. I, Absorption spectra  in octane;  I, 2.nwthyloS.phgnyloxazole ( MPO) ' ,  
2, 2 ,5 .d ipheny loxazo l¢  ( P P O ) ;  3, P O P O P ;  4,  c o m p o u n d  l. 



lA A.O. Doroshenko et aL / Joun~al of PhotochemLvtry and Photobiology A: Chemistry 94 (1996) 15-26 

Table I 
Spectral characteristics of  the investigated and model compounds 

Compound ua(2) Fa( I ) V[ A VST 

! * 35560 32120 23460 8660 0.550 
II  a 37200 32140 24480 7660 0.572 
I l l "  36380 32140 24260 7880 0.549 
MPO ~ - 36500 31970 4530 - 
PPO ~ - 32340 28060 4280 0.607 
MPD a _ 40600 3M20 7180 - 
PPD" - 35260 28960 6300 - 
POPOP" - 27920 24420 3500 0,854 

l "  35020 (31000) 22000 9000 - 

! ~ .. 31560 23080 8480 0,492 
i t  ~ ,. 31640 23820 7820 0,454 
I I I  '~ oo 31660 23640 8020 0.463 

I d - 31~40 22820 8720 0.558 
I t  ~ ~ 31880 22860 9020 0.576 
I l l  '~ ~ 31900 22720 9180 0.570 

l ~ 3~900 32300 22900 9400 0,566 

I t "  37440 31920 22980 8940 0,561 
l i t  ~ 36120 32380 22900 9480 0 ,610  

P l ~ ) "  ~ 32940 27660 5280 0 ,754  

POI~)P e ~ 27800 23920 3880 0.796 

! ~ 35640 (31640) 22680 8960 0,319 
I t  r 36560 ( 31560) 22660 8900 0.321 
!!1 r 35600 ( 31480) 21940 9540 0.410 

Octane, 
t, Crys ta l l ine  slat~. 

Toluene, 
d Dimethylformamide, 
"tsopropyi alcohol, 
r Glycerol, 
l,. ~ ~ 0trld ~,R ~ ~ ale the absorption b~nd maxinla (cm ~ i ), a,~ is the fluole,%'e,ce band i n ~ i m u m  (cm ° ~ ), A v.,~ is Ih~ fluorescence Stokes shift ( c m -  J ) and 
is the fluorescence qu,~tum yield, MPD, 2.methyl.5.ph~yloxt~dt~ol~'. PPD, 2,5.diphenyloxadiazole, 

one of the terminal ben;r.ene radicals. The most significant 
discrepancies in the electronic excitation characteristics of 
POPOP and la are observed tbr the all-nlol¢cular transitions 
apd the ~ ,  ~ transition, localized mainly on the central 
phenylen¢ fragment. 

The single~configurational, long-wavelength, la transition 
~o ~' ~1, for which the contribution of the ~i ~ ~bl. config- 
uration is about 88%, takes place between the HOMO and 
LUMO, whose localization is close to the corresponding 
POPOP orbitals. Thus, we can conclude that the ~'o'-* ~1 
transitions of la and POPOP have the same nature. Signifi- 
cantly higher HOMO localization on the central phenylene 
ring in comparison with LUMO localization is responsible 
for the obsexved interfragment charge transfer with a sub- 
stantial contribution from the phenylene ring, which is typical 
of these transitions. 

The essential eherge transfer between the ortho.phenylen¢ 
fragment and the heterocyclic radicals bonded to it is also 
typical of the following two transitions in the Ill molecule, 
nanvely the all-molecular qto~ ~ and mainly "benzene- 
type" ~ ~ ~ ~transition (see corresponding values I^_,e 
for these transitions listed in Table 2). The charge transfer 
type of the mentioned transitions is caused by the significant 

difference in localization of the spectrally important molec- 
ular orbitals of ia: high localization on the phenylene ring of 
the vacant ~v and ~z° orbitals, and low localization on the 
occupied ~l and ~ orbitals in this fragment. The difference 
in intensity of the two long-wavelength transitions in the [a 
and POPOP absorption spectra is caused by the more signif- 
icant extension of the ~electron system of POPOP along the 
X axis and the more significant extension of the ~--eloctron 
system of la along the Y axis. 

A comparison of the experimental and calculated absorp- 
tion spectra of la shows inadequate agreement (see So--', Si 
and So--* $2 energies and their intensity relationship in the la 
spectrum, Tables I and 2). A set of calculations was per- 
formed, and an essential dependence of the theoretical spec- 
trum of compound [ on the mutual orientation of its two 
oxazole cycles was found. The spectrum of structure Ib is the 
closest to the experimental spectrum. However, even in this 
case, the correspondence between the theoretical and exper- 
imental spectra is not completely satisfactory. The non-planar 
conformation of the Ib molecule in solution is assumed to be 
responsible for the above-mentioned inadequate agreement. 
It should be noted that X-ray crystal structure analysis [3] 
showed essential non-planarity of molecule L One oxazolyl- 
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Fig, 2, Correspondence between the experimental absorption spectrum in 
octane and the"theoretical" absorption spectrum of compound I, calculated 
for torsion angles Ot and 02 in the range 00-90 o (see Table 2. structure k) .  
The difference between the isolines is equal to 0.05. 

phenyl fragment was rotated out of the central phenylene ring 
plane to an angle of approximately 67 ° and the other to an 
angle of ! 1 °. We assume that the non-planar conformation of 
molecule I remains the same in solution. The absence of 
vibrational structure in the absorption spectrum of I (Fig. i ) 
also confirms this. 

A set of calculations was carried out to determine the influ- 
ence of non-planarity on the electronic spectrum of lb. The 
rotation of the oxazole-pbenyl fragments was simulated by 
decreasing the absolute value of the resonance integral ~u of 
the corresponding chemical bonds proportionally to the 
cosine of the torsion angle (/30 =/3o ° cos 0). The correlation 
coefficient (r) between the calculated and experimental spec- 
tra in the range 25 000-38 000 cm- ' was chosen as a measure 
of the correspondence. (To obtain the full shape of the cal- 
culated spectrum, the log-normal function [ 18] was used as 
a shape function of the individual band. The positions and 
intensities of the latter were taken from the quantum chemical 
calculation; the other parameters were as follows: bandwidth, 
5000 cm-~; band skewness factor, 1.2.) The most satisfac- 
tory agreement (r ~ 0.96, Fig. 2) between the calculated and 
experimental spectra was achieved for the torsion angles 
0t =60 ° and 02=300 (see Table 2). This fact and the simi- 
larry between the electronic absorption spectra in the solid 
state and in solution (Table I ) allow us to assume that the 
geometry of molecule I is approximately the same in the 
crystalline and dissolved states. 

The calculated spectrum of molecule Ib, with one oxa- 
zolyl-phenyl fragment rotated to an angle of 60 ° and the other 
to an angle of 30 ° relative to the central phenylene ring, is 
given in Table 2. According to these results, the experimental 
spectrum of compound I in the range 25 000-40 000 cm- 1 
can be represented as a definite superposition of two bands 
of electronic transitions. The first ( ~o -~ q'l) is localized on 
the "quasi-planar" diphenyl-oxazolyl fragment, and the sec- 
ond ( qt o --, ~2) is localized on the oxazolyl-phenyl fragment, 
rotated out of the main plane of the molecule. The long- 
wavelength transitions of compound I and the model 
2,5-diphenyloxazole (PPO) are expected to be simila," on 
the basis of a comparison of the corresponding excitation 
parameters. 

The qto ~ ~2 transition in the calculated spectrum of struc- 
ture Ie is similar to the ~o -~ qtt transition in the spectrum of 
the model molecule 2-methyl-5-phenyloxazole (MPO). 
Both transitions exhibit a large contribution from the oxazole 
cycle in the intrafi-agmental and interfragmental charge trans- 
fer ( io~ ~ 48%, 1o~ ~, ph ~ 29%). 

The satisfactory correlation between the energies of graph- 
ically separated absorption bands in the experimental spec- 
trum of compound I ( Vm~ = 32 000 and 37 000 cm- t ) and 
the corresponding model molecules PPO (vm~=32 340 
cm- 1) and MPO ( Vmax = 36 500 cm- ~) supports our 
assumption that the spectrum of compound li may be repre- 
sented as superposition of the spectra of the model molecules. 

It is interesting to note that the long-wavelength band posi- 
tion in the spectra of compound I-III are close to each other 
and also to the corresponding long-wavelength band position 
in the PPO spectrum. Thus we can suppose that the common 
structural fragment, which determines the nature of the lowest 
excited state of all three investigated ortho analogues of 
POPOP, is 2,5-diphenyl-oxazolyl. The absorption of the 5- 
phenyl-oxadiazolyl fragment (compound II) aad the 5.furylo 
oxadiazolyl fragment (compound lll),  rotated out of the 
main plane of the molecules, appears in the absorption regions 
of the model structures 2-methyi-5-phenyl° and 2-methyl-5- 
furyl.oxadiazole respectively. This determines the observed 
difference between the absorption spectra of compounds I-  
lII. 

Therefore, the electronic absorption spectra of the steri- 
tally hindered, substantially non-planar molecules of the 
ortho analogues of POPOP can be represented as a superpos- 
ition of the spectra of their quasi.isolated fragments. The 
conjugation between the latter is considerably disrupted due 
to steric effects. 

5. Stationary fluorescence spectra of the ortho analogues 
of POPOP 

The fluorescence spectra of the compounds under study 
(Table 1, Fig. 3) are located in a longer wavelength region 
with respect to the emission spectra of POPOP. The fluores- 
cence Stokes shift values exceed those typical of oxazole and 
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Pig, 3, Fluorescence ~pectra in octane: I, 2.methyl.5.phenyloxtt¢ole 
(MPO);  2, 2.S~lipheaylo~azole (PPO); 3, POPOP; 4, compound I, 

oxadiazole aryl derivatives and vary within the range 8000- 
10 000 cm",  depending on the nature of the solvent. The 
large A v~  value cannot be explained only by the universal 
and specific interactions with the solvent: on going from non- 
polar oc~ne (e B 1.95) to strongly polar dimethyl formamide 
(e e, 36.7), the magnitude of the fluorescence Stokes shift of 
compound ! shows practically no change (Table i). The 
other investigated compounds under identical conditions 
show A i'ST increases ofonly ! 360 cm- ~ (!1) and 1300 cm - 
(111). The Stokes shift increase on going from octane to 
hydroxyl-containing solvents is of the same order. In general, 
the formation of H.bonded complexes with alcohol molecules 
is m~dnly exhibited as a slight broadening of the emission 
bands (upto 1000 cm'*), 

According to the results given above, we assume that the 
observed abnormally large fluorescence Stokes shift values 
are the result of the flattening of the investigated molecules 
in the excited state, In such a case, the conjugation betwecn 
the quasi-isolated fralpments of the investigated molecules is 
restored. This causes an essential lowering of the fluorescent 
state enertty. It should be noted that the Stokes shift value, 
estimated as the difference between the calculated energy of 
the ~o"* ~t transition of molecule I with torsion angles of 
I0 ° (the full.planar structure is not probable because of steric 
reasons) and the , , ~  value of the experimental fluorescence 
spe~'-~m in octane, is about 5000 cm-1  Such a value is 
typical of the ~ of oxazole polyaryl derivatives. 

It it interesting t ~  the flattening process of molecules I -  
Ul in the excited state also t~'es place in the crystalline phase. 
The c o r ' - n ~ l i n g  A *'st value for the crystals of compound 
| i~t high (qq~roxin~tely 9000 cut" I ), 

The fluorescence quantum yields ( ~ )  of compounds i -  
n l  me reasonably high and vary from 0.5 to 0.6 depending 
on the solvent. The fact that they are only slightly lower than 
the quaaZum yields of PPO and POPOP indicates that the 
flaUeaing of the investigated molecules in the excited state 

occurs without significant radiationless loss of the excitation 
energy. 

From the data presented in Table 1. it can be seen that the 
polar and proton-donating properties of the solvent have prac- 
tically no influence on the ~ magnitude. There is one excep- 
tion to this rule: the fluorescence efficiency of l - l I I  in 
glycerol is somewhat lower than in the other solvents. 

6. Time-reselved fluorescence study of the ortho 
analogues of POPOP 

Our preliminary investigations show that the fluorescence 
of the ortho analogues of POPOP decays more slowly than 
that of the commonly used para isomer. The mean fluores- 
cence lifetimes, calculated according to the formula 
F~(~z2l(t)dO/(~tl(t)dt), are within the range 3-5 ns 
depending on the experimental conditions. Therefore nano- 
second pulse methods can be used to study the flattening of 
the ortho analogues of POPOP in the excited state. Most of 
our kinetic measurements were obtained in glycerol solutions 
to reduce the velocity of the investigated process to a maxi- 
mum extent. 

The excited state structural relaxation, i.e. flattening, of the 
studied compounds manifests itself in the essential spectral- 
time inhomogeneity and non-exponential nature of the fluo- 
rescence decay. The time-resolved fluorescence spectra of 
ortho@OPOP (Fig. 4) show a continuous long-wavelength 
shift in time (from about 23 500 cm-  i at 0.5 ns to approxi- 
mately 22 000 cm- ~ at 7 ns after the start of excitation of 
compound I in glycerol at 20 eC, Fig. 4). The initial fluores- 
cence Stokes shift value (approximately 6000 cm -!)  
exceeds slightly the typical value of aryl derivatives of oxa- 
zole. No time-resolved fluorescence spectra, located in the 
shorter wavelength region, were determined even with the 

Flttor~,~en~t, totot~tty 

1.0 

0 8  

0,6 

0.4, 

oo . . . . . . .  
26 25 24 23 22 21 20 19 18 
a{~5 400 417 435 455 476 500 526 556 

Wavenumber (thou~. rev. cm) 

Wavelength (nm) 

Fig, 4, Time.resolved fluorescence spectra of compound i in glycerol at 20 
(¢ut~es approximately 1.5, 2, 2.5. 3.4. 5.6.  7. 8 and 9 ns after excitation; 

to present spectra with comparable intensity, the areas under the spectral 
curves were assumed to be constant). 
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use of a picosecond fluorometer. Therefore if the slighdy 
enlarged Stokes shift value is due to ultrafast structural relax- 
ation (e.g. the initial flattening of the terminal benzene rings), 
this may be a subject for femtosecond kinetic investigations. 
Here, only the slower relaxation process, relating to the nan- 
osccond time region, is taken into account. 

Phenomenologically, the treatment of structural relaxation, 
as well as any other kind of relaxation, may be conducted 
according to two different models: continuous and discrete. 

In the case of the continuous relaxation model (for solvent 
relaxation, see the classical works by Bakhshiev et ai. [ 19- 
21 ]; for structural relaxation in organic heterocyclic cations, 
see ReL [ 22 ] ), the emission occurs from each possible inter- 
mediate state, starting from the initial Franck-Condon state 
to the final, fully relaxed state. According to Bakhshiev, the 
fluorescence band shape may remain unchanged and only the 
shift of the emission maximum may occur. 

In the case of the alternative, discrete model, the emission 
is observed only from the initial and final states. At any time 
moment aher excitation, the resulting emission spectrum may 
be considered as a superposition of the spectra of two inter- 
acting forms. Therefore the band shape depends strongly on 
time: the width of the time-resolved spectrum increases up to 
the point at which the contributions of the two forms become 
equal (maximum value) and then decreases to the value 
typical of the final form. 

It is very difficult to make a choice between the two relax- 
ation models, because of the non-ideal apparatus time and the 
spectral response functions. In the present case, the width of 
the time-resolved fluorescence spectrum passes through a 
maximum at about 2.4 ns (Fig. 5). However, negative pre- 
exponential terms are observed in the two-exponential fluo- 
rescence decay function in the long-wavelength region, 
which is typical of chemical interaction in the excited state 
(for example, for compound I in glycerol at 20°C and A == 500 
nm, the decay law is as follows: 0.16e -'/'~'°7 - 0.33e- azo.=o). 
These observations encourage us to use the discrete relaxation 
model for the excited state flattening of the ortho analogues 
of POPOP. Within the framework of the discrete relaxation 
model, all kinetic equations are formally similar to the cor- 
responding equations applied to a first-order chemical reac- 
tion, and the fluorescence kinetic treatment method described 
above can be employed to analyse the time-resolved fluores- 
cence data. 

There are two serious circumstances that may affect the 
use of the MDFPP method. The first includes possible non- 
linear effects, e.g. reabsorption and non-stationary diffusion. 
In our experiments, we tried to avoid reabsorption by using 
dilute solutions. Non-stationary diffusion had no influence 
on our results, because the investigated process is first order. 
A second possibility involves inaccuracy in the spectral data 
of the pure components. The results obtained by MDFPPM 
(kinetic constants and lifetimes) depend strongly on the qual- 
ity of the spectral separation according to Eq. (5). For the 
relaxation process, the spectra of both the initial and final 
forms are not available. We can observe only the summarized 
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Fig. 5. The eenZrc of mass (upper curve) and width (square root from the 
second central moment) of the time-resolved speclrum (lower curve) vs. 
lime for compound I in glycerol at 20 °(3. 

spectrum and/or the low intensity spectrum, characterized 
by a poor signal-to-noise ratio (just after starting excitation, 
and after continuous delay when the relaxation is complete). 
To obtain the individual emission spectra of the interacting 
species, indirect methods must be used. The most satisfactory 
results can be obtained by the application of eigenvector 
analysis [23-25]. According to this method, our time- 
resolved fluorescence data at all experimental wavelengths 
(n^), covering the time interval from 0.4 to 12 ns (nt), were 
placed into a matrix D of dimensions n, × n~. Then the covar- 
iance matrix P = DTD (of  dimensions n,, × n^, D T denotes a 
transposed D matrix), its statistically valid eigenvalues L~ 
and the corresponding eigenvectors V~ were calculated. In all 
our experiments with the ortho analogues of POPOP, the 
number of valid eigenvalues (i.e. the rank of the covariance 
matrix P, or the number of interacting components in the 
system [26] ) is equal to two. Obtained in ~ueh a manner, 
eigenvectors V! and V~ represent the linear combination of 
the emission spectra of two emitting components in the sys- 
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tern studied. The individual spectra can be easily separated 
by a suitable selection of the at. = coefficients in the equation: 
spectmmt. ~ ~ Vt ~: ~t, =V= (following the requirement to 
obtain no negative emission intensities). As an example, two 
calculated eigenvectors and (separated with their help) the 

individual spectra of the initial and final forms, involved in 
the relaxation process of molecule I in glycerol at 20 °C, are 
presented in Fig. 6. 

There remains one important unresolved problem: the esti- 
mation of the value of the ratio (kf°so)/(kftSt) (superscripts 
0 and 1 denote the initial and final forms of the relaxation 
process). This ratio is necessary for the calculation of a true 
value of the relaxation rate constant. Although the kr ° value 
can be easily calculated from the experimental absorption 
spectrum, the value ofk~ t cannot be obtained from any exper- 
imental data, because the excited state relaxed form does not 
exist in the ground state. To solve this problem, the following 
assumptions were made: if the Franck-~ondon excited state 
of compound I is similar in nature to the excited state of PPO, 
then the k ° value of compound I may be similar to the cor- 
responding value of PPO (6.30× i0 ~ s~ t, calculated from 
the absorption spectrum). If, in the excited state ofcompound 
I, the conjugation between the quasi-isolated fragments of 
this molecule is considerably restored, then the k¢ t value may 
be close to the corresponding value of a fully conjugated 
molecule containing the same quantity of oxazole and phenyl 
cycles, i.e. POPOP (6.64× 10 ~ s ~t, calculated from the 
absorption spectrum). Taking into account the S o and S t 
values (the area under the curve in the normalized fluores- 
cence spectrum), obtained from the results of time-resolved 
spectral separation by eigenvector analysis, the ~stimation 
(k~SO)/(kt*St)~O~93 was calculated for compound I. 

Table 3 
The result, of MDPPPM treatment of the timeq~u~lved fluorescence data of the ortho-POPOP analogues in glycerol at different temperatures 

Compo~d Temperate ~ k o ~r, k + E,,,++, 

(N~) (ns) ( s+ '} (.,~) ( s "  ' )  (kcal mot-')  

I 20 1.80 + 4,42 2.69 ~ l0 B 4.92 ± 0.56 
20 1,34 ~ 4,61 2,80× 10 # 
20 1,51 ~ 4.57 2.64x 10 + 
30 l,S4 ~ 4,74 3,72 x I0 N 
40 t,~6 - 436 4,52 × I0 ~ 
SO I.$$ ~ 4,72 6.96X 10 a 
60 1,28 - 4,42 %68 x 10 x 
60 1,08 - 4,41 7.58× IO s 
60 1,31 - 4,40 ? . ~ x  I0 ~ 

I (Solid Mete) 1.88 1,75 x tO ~ 2.14 6,03 x I0 ~ 

i l  20 2.29 4,37 3.78 X 10 ~ 9.6 ± 3.1 
1,88 4,86× 10 ~ 3,61 6,39× 10 R 

30 I , l l  2 ,28x I0 ~ 4,30 7 .49x 10 a 
35 1,38 1,20× 10 ~ 3,66 13.7x l0 w 
40 0,68 8,46× 10 + 334  12.3 x 10 M 
45 0,74 4,87 x 10 + 2,32 19,5 x 10 a 
50 0,6? 1,50x l0 a i,81 22 .9x  10 R 

III 20 1,41 3,1 X 10 ~ 4.72 3.56 x 10 ~ 8,39 ± 0,49 
l , I i  1,2× i0 ~ 3,89 4 ,13x  10 ~ 

30 1,02 8,?X IO ~ 3,70 6.63x 10 ~ 
40 0,95 9,7× tO m 3,42 9.19x I0 ~ 
SO O,?l 9,1 × tO ~ 1,87 13,1 x I0 a 

end ¢1 are the initial l:ran~,4~:~d¢~ and t~lluted Slate lifetimes, k+ is the flattening kinetic tale constant, k_ is the kinetic rate constant for the ~vcrse 
process sul i~ ,  is the An, he.us ac~v~ i~  e t~ l~  or flmttcai~K. 
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Although our assumptions are rather approximate, the values 
of such ratios are almost unity within experimental error for 
all investigated compounds. 

The analysis of the time-resolved fluorescence data by 
MDFPPM is presented in Table 3. The data obtained show a 
high efficiency of the investigated photoprocess; the corre- 
sponding rate constants are of the order of 10s--10 9 s-•. It is 
interesting to note that the flattening of the ortho-POPOP 
analogues is practically irreversible in solution. A different 
behaviour is observed in the crystalline state. In this case, 
changes typical of the studied relaxation process are also 
revealed in the time-resolved fluorescence spectrum. How- 
ever, in contrast with solutions, the unflattening is approxi- 
mately doubly effective in the solid state. 

We have also investigated the influence of temperature on 
the structural relaxation of the ortho analogues of POPOP to 
estimate the height of the potential barrier between the 
Franck-Condon and relaxed states. (Our Moscow colleagues 
have reported the barrierless structural relaxation of some 
organic heterocyclic cations [ 22]. For the other case of struc- 
tural relaxation, the well-studied formation of twisted intra- 
molecular charge transfer (TICT) states, a noticeable 
potential barrier was found [ 27 ].) The temperature investi- 
gation carried out for glycerol solutions was also aimed at 
determining the influence of viscosity on the studied process. 
The corresponding Arrhenius activation energies are pre- 
sented in Table 3. It can be seen that, for compounds I-III, 
the flattening activation energies are considerably lower than 
the viscosity activation energy of glycerol ( 17.6 kcal reel- i ). 
This demonstrates that the medium viscosity does not have a 
determining effect on the investigated structural relaxation. 
An analogous conclusion can be made with respect to the 
polarity and proton-donating ability of the solvent by analysis 
of the steady state fluorescence data (Table 1 ). Therefore the 
excited state flattening of ortho-POPOP analogues is mainly 
an intramoleoular process, and the influence of the environ.. 
ment is of minor importance. 

It is interesting that the replacement of one of the oxazole 
rings in compound I by an oxadiazole ring causes a near 
doubling of the flattening activation energy. Further changes 
in structure (of. compounds It and Ill) have practically no 
effect on the i'~ight of the potential barrier of the relaxation. 
Therefore only structural changes in the neighbourhood of 
the chemical bond, around which intramolecular rotation 
occurs, have an influence on the investigated process. 

7. Conclusions 

The spectral and luminescence properties of the stericaily 
hindered, substantially non-planar, asymmetric molecules of 
the ortho analogues of POPOP were studied. It was found 
that, due to non-planarity, the conjugation between the 
dipbenyl-oxazolyi and oxazolyl(oxadiazolyl)aryl frag- 
ments of the molecules is noticeably disrupted, and the 
electronic absorption spectra of the investigated compounds 

can be represented as a superposition of the spectra of the 
quasi-isolated fragments 

It was shown that the molecules of the ortho analogues of 
POPOP undergo noticeable flattening in their excited singlet 
state. This process occurs without significant radiationless 
loss of excitation energy. The excited state flattening causes 
an essential lowering of the energy of the fluorescent state 
and is responsible for the observed abnormally large Stokes 
shift values. 

The excited state flattening of the ortho analogues of 
POPOP is a very effective process, which has a low activation 
energy and is mainly of intermolocular nature with a minor 
influence of the environment. Only structural changes in the 
neighbourhood of the chemical bond, around which intra- 
molecular rotation occurs, influence the magnitude of the 
flattening activation energy. 
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