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Low Temperature Spectra of the ortho-POPOP Molecule:
Additional Arguments of Its Flattening in the Excited
State
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Low temperature absorption and fluorescence spectra were measured for 1,2-bis-(5-phenyl-oxazolyl-
2)-benzene (ortho-POPOP), a sterically hindered molecule, substantially non-planar in its ground
state. Quantum-chemical calculations with the optimization of molecular geometry were made using
the semiempirical AM1 method. The observed spectral changes, together with the obtained theoretical
results, evidenced in favor of our previously made assumption about the considerable flattening of
ortho-POPOP in the lowest singlet excited state. The data of spin-orbit coupling between singlet
and triplet terms, which has been estimated in CNDO/S scheme, were used to calculate the efficiency
of intersystem crossing in the studied molecule.

KEY WORDS: ortho-POPOP; absorption and fluorescence low temperature spectra; primary photophysical
processes; spin-orbit coupling; excited state structural relaxation.

INTRODUCTION the present time is limited, and most of them can not
be used in scientific and technical applications, which

Organic luminophores, which can emit fluorescence demand considerable increase in light output. The main
with abnormally high Stokes shift, seem to have more requirement to such photophysical or photochemical pro-
advantages in comparison with the traditional ones. This cess, is the low level of radiationless losses, which are
is because of the noticeable decrease of light losses due induced by it. The best-known intramolecular processes,
to reabsorption and/or with absorption of environment which result in the emission of fluorescence with abnor-
and also with absorption of probable photoproducts, mally high Stokes shift, are the excited state proton trans-
which formed under conditions of continuous ultraviolet fer reaction (ESIPT) [4–10] and structural relaxation,
irradiation [1–3]. which leads to the formation of highly polar excited states

The main reason for the appearance of the abnor- with the considerable separation of charges (TICT states)
mally high Stokes shift in luminescene is due to photo- [11–15]. Unfortunately, in these cases a noticeable frac-
physical, or, more likely, photochemical processes, which tion of the initially excited molecules returns to their
lead to the considerable lowering of the energy of the ground state via radiationless channels: fluorescence
excited state. The number of such processes known to quantum yields of the most of ESIPT or TICT molecules

rarely exceed 0.1.
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tine [23] and allows to evaluate spin-orbit coupling
between singlet and triplet excited states. The overlap
correction factors for the resonance integrals were intro-
duced according to the recommendations of [23]. Cou-
lomb integrals gmn were calculated by Mataga-Nishimoto
formulae [24]. Up to 100 singly excited configurations
were usually taken into account during the CI calculations
(10 occupied and 10 vacant MOs were taken into consid-
eration). The matrix elements of spin-orbit coupling oper-
ator (bij ) were estimated according to [25] (single- and

Scheme 1. two-electron contributions, single-, two- and three-cen-
tered integrals were taken into account [25]). The bij

values were further used for the calculation of the rate
constants of intersystem crossing (kISC ) by the scheme,zole - analogues of 1,2-bis-(5-phenyl-oxazolyl-2)-ben-

zene (ortho-POPOP) [16–20]. Two bulky hetaryl groups, in which the interaction of fluorescent state (S*1 ) with all
the lower lying triplet states was considered to calculatewhich are introduced into the ortho-positions of the cen-

tral phenylene nucleus, result in the formation of highly the total value of kISC 5 (
j 5 1,n

k1j. The primary intersys-
unplanar and asymmetric molecular configuration, in

tem crossing rate constants for the above summation werewhich angles u1 and u2 differ considerably one from
estimated by the empirical Robinson and Frosch equationanother (Scheme 1).
[26]: k1j 5 0.71 ? 1012 ? b1j

2 ? exp(20.25?DE 0.4
1j ), inIn our previous articles we have investigated the

which indices 1 and j are related correspondingly to S*1X-ray molecular structure of the title compounds, their
and any lower lying T*j states, DE1j (cm21) is the energyspectral properties and dynamics of the excited state struc-
difference between these singlet and triplet levels. Thetural relaxation process, which is the reason for the
fluorescence radiative rate constants were calculated fromobserved high fluorescence Stokes shift. Basing on the
the energy and oscillator strength values for S0-S*1 transi-results of our experiments, we made the assumption, that
tions, obtained from CNDO/S CI calculations.the substantially non-planar molecules of ortho-POPOP

class undergo considerable flattening in their excited
state.

RESULTS AND DISCUSSIONIn the present paper we will make an attempt to find
out both experimental and theoretical evidence in favor
of this assumption. As it was shown in our previous articles [16–20],

a substantial sterical hindrance is typical for the molecule
of ortho-POPOP. The introduction of two oxazolic cycles
into the ortho-positions of central phenylene ring resultsEXPERIMENTAL
in formation of considerably nonplanar and asymmetric
structure. The angles between the planes of the two het-Synthesis, identification and purification of the

investigated compound, ortho-analog of POPOP, were erocycles and the central phenylene moiety noticeably
differ one from another: X-ray structural analysis reporteddescribed in our previous articles [16–20].

Low temperature electronic absorption spectra in their values of ,258 and ,708 [16,17]. Our study of
vibrational (both infrared and Raman spectra) as well aspropanol-1 were measured on Shimadzu UV 3100 spec-

trophotometer, while the emission spectra were recorded electronic absorption spectra allowed us to conclude, that
the conformation of the ortho-POPOP molecule remainson Jasny spectrofluorimeter [21], both equipped with low

temperature accessories. nearly the same on going from crystalline state to solu-
tions [16–20].Quantum-chemical calculations by the AM1 sem-

iempirical method [22] were made with the use of The results of our quantum-chemical calculations
with the optimization of molecular geometry are agreedMOPAC 6.0 program. Optimization of molecular geome-

try in the ground and in the lowest excited singlet states with the above assumption. The final “optimal” structure
was practically independent from the initial conformationwas made by the ‘eigenvector following’ routine. Excited

states energies and properties were calculated for the on the first step of optimization process. We used various
starting points in the optimization: the planar molecule,AM1-optimized structures by the specially developed

program, which realizes the traditional CNDO/S CI rou- the molecule with orthogonal heterocycles, or the X-ray
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geometry. In all these cases the optimization resulted cm21). Analogous behavior could be expected for the
para isomer of the title compound—1,4-bis-(5-phenyl-in the non-planar asymmetric structure with the angles

between the planes of the heterocyclic rings and the plane oxazolyl-2)-benzene (POPOP). The Stokes shift values
for these two compounds were low at room temperature,of central phenylene ring equal to 338 and 598 (Fig. 1).

Thus, molecules, which belong to the class of ortho- and no significant changes in positions of their emission
bands might be expected at decreasing of temperature.POPOP derivatives, can be considered in their ground

state as bichromophoric systems with two weakly inter- In one of our previous articles [18] we made a series
of calculations of hypothetical ortho-POPOP conformers,acting chromophoric fragments: diphenyloxazolyl and

oxazolylphenyl. Conjugation between these fragments is which differ one from another by the mutual orientation
of their two oxazole cycles (to obtain all the moleculardecreased due to sterical reasons. In our previous articles

we reported several facts in favor of this bichromophoric geometries for that calculations the oxazole cycles were
rotated around the ordinary bonds, which connect themapproach [18–20], the most important of which was the

insensitivity of the absorption bands, belonging to one to the central phenylene in the range from 0 to 180 degrees
with the step of 108). The considerable dependence ofof the chromophoric fragments, to the introduction of

substituents into another fragment. the electronic absorption spectra of the ortho POPOP
from the mutual orientation of its two oxazole cycles wasThe low temperature absorption spectra of the ortho-

POPOP molecule in propanol-1 (its melting point is near found in those calculations. Three electronic transitions
were situated in the range of 26000–40000 cm21. Their146K) are presented in Fig. 2. Numerous attempts of

measuring the analogous spectra in the inert hydrocarbon positions and relative intensity were strongly determined
by the molecular conformation (only a few examples:solvent, 3-methylpentane, were failed due to the precipita-

tion of the investigated compound at temperatures lower S0–S1 transition changes its position from ,27000 cm21

for the flatten molecule to the ,34000 cm21 for thethan 100K. The increased level of light scattering made
the measurement of absorption spectra practically impos- “fully-orthogonal” structure. Its intensity decreases more

than 2–3 times on such conditions. S0-S3 transition, whichsible below this temperature.
Practically very little changes in position of long- is well resolved in the flatten symmetric structure, became

forbidden at the increase of non-planarity. The S0–S2wavelength absorption band of the model compound 2,5-
diphenyloxazole (PPO) were observed at low tempera- transition behaves similarly to S0–S1 one). In [18] we

have built three-dimensional surface, which displayedtures. The main temperature effect on the absorption spec-
trum of PPO was quite trivial: sharpening of vibrational the existed connection between the correlation function,

calculated on the base of theoretical and experimentalstructure and slight long-wavelength shift (up to 500

Fig. 1. Optimized ground state structure of ortho-POPOP molecule (in two projections). Angles between the planes of benzene- and
hetero-cycles are shown near the correspondent single bonds.



44 Doroshenko, Kyrychenko, and Waluk

Fig. 2. Low temperature absorption spectra of ortho-POPOP in propanol-1 at the following tempera-
tures: 298, 263, 228, 209, 203, 193, 183, 173, 163, 153, 143, 133, 123, 113, 103, 93, 88, and 77 K.

spectra, from the conformation of the ortho-POPOP mole- of ortho-POPOP molecule does not change considerably
with the decrease of temperature down to that of liquidcule. Two points of the maximal correspondence between

the theoretical and the experimental spectra, which belong nitrogen. Low temperature absorption spectra of ortho-
POPOP in solidified propanol-1 reveal a little better pro-to two possible optical isomers of the ortho-POPOP mole-

cule, were found on that surface. Both of them were nounced vibrational structure, which reflects the decrease
of probability of intramolecular vibrations. However, theclosely correspond to the X-ray conformation.

Based on the data presented in Fig. 2 and also taking energies and relative intensities of two resolved long-
wavelength electronic transitions, which depend consid-into account the results reported in [18], we can make a

conclusion, that non-planar and asymmetric conformation erably on the mutual orientation of the two heterocycles

Fig. 3. Low temperature fluorescence spectra of ortho-POPOP in propanol-1 at the following
temperatures: 298, 263, 253, 233, 223, 213, 183, 173, 163, 153, 143, 133, 123, 113 and 77 K.
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of ortho-POPOP molecule [18], remain nearly the same donor ability [18–20]. Thus any deviations in fluores-
cence properties at low temperature may be connectedas in liquid solutions at room temperature. In accordance

with the conclusions of [18], this fact can be attributed mainly with the changes of molecular geometry.
It is clearly seen, that the emission band of ortho-to the peculiar fixing of non-planar asymmetric conforma-

tion of ortho-POPOP molecule in glassy propanol-1 at POPOP shifts to the blue spectral region with the decreas-
ing of temperature. The maximal blue shift, which waslow temperatures.

The abnormally high fluorescence Stokes shift, typi- reached at liquid nitrogen temperature, was found to be
near 2000–2500 cm21. If we subtract this value from thecal for the ortho-analogues of POPOP, was interpreted

in our previous papers [18–20] in terms of excited state observed for the room temperature Stokes shifts and also
take into acount definite red shift of long-wavelengthflattening of the studied molecules. Such an assumption

was made on the base of comparison of the absorption absorption band, we would obtain “nearly normal” values
of 4500–5500 cm21. The sigmoid-like dependence ofand emission spectra of ortho-POPOP with those of its

planar model compounds—2,5-diphenyl-oxazole (PPO) the position of emission maxima on temperature has its
inflection point near the melting point of the solventand 1,4-bis-(5-phenyl-oxazolyl-2)-benzene (POPOP)

[18,20]. Indeed, the ortho-POPOP molecule has the used (146K). Thus, the excited state structural relaxation
process of the ortho-analogues of POPOP can be consid-energy of the long-wavelength transition in the absorption

spectrum close to that of PPO, while as its fluorescence erably “freezed down” in glassy solvents at low tempera-
ture (it is interesting to note, that abnormally highspectrum lies in the emission region of POPOP. Thus,

we assumed that the excited state flattening results in fluorescence Stokes shifts are typical to the studied com-
pound in polymer media, expressing the presence of par-partial restoration of conjugation between the two above

discussed chromophoric fragments of the molecule of ticular free volume in the examined polymers). The above
facts also indicate, that the structural relaxation of theortho-POPOP. This leads to the decrease of the energy

of the fluorescent state, and, correspondingly, to the ortho-POPOP molecule is connected with the high-ampli-
tude intramolecular motion, which can be stopped onlyincrease of the Stokes shift. However, until the present

moment, no more or less direct experimental evidence in solidified solutions. The position of the fluorescence
band of ortho-POPOP at 77K is closer to that of PPO,in favor of this statement was presented yet.

The low temperature fluorescence spectra of ortho- rather than to that of POPOP at room temperature. Ana-
lyzing all the facts, we can conclude, that they correspondPOPOP, measured at the conditions analogous to the

above-discussed absorption spectra, are shown in Fig. 3. to our model of the excited state flattening of the molecule
of ortho-POPOP.Here we would like to note that very low solvatofluoroch-

romic effects are typical to the unsubstituted molecule of To elucidate the degree of such flattening we made
calculations of the investigated molecule with the optimi-ortho-POPOP in solvents of different polarity and proton

Fig. 4. Flattened structure of ortho-POPOP molecule in S*1 -state. See legend to Fig. 1.
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zation of its geometry in the lowest singlet excited state and the excited state optimized molecular conformation),
was found to be near 2900 cm21, expressing the notice-by the AM1 method. The resulting molecular structure

is presented in Fig. 4. We would like to note, that definite able driving force of the excited state structural relaxation
(Fig. 5). Let us note that much better correspondenceexcited state flattening is typical to both oxazole cycles

of the investigated molecule. One of them, which was between the calculated and the experimental excited states
energies could be obtained by any of the specially parame-initially more coplanar with the central phenylene moiety,

rotates by a small angle, about 38, towards a more flatten terized semiempirical methods, for example, CNDO/S
(see discussion below).structure. However, as it could be expected, the most

considerable changes occur in the other fragment. The It was interesting to find out how the non-planarity
of molecules and the excited state partial flattening influ-initially out-of-plane oxazole cycle rotates by the angle

of nearly 408 around the single bond, which connects it ence the fluorescence properties of the ortho-analogues
of POPOP. It is well known that disruption of planaritywith the central phenylene ring.

These intramolecular rotations must result in a con- in many cases may result in the decreasing of the emission
quantum yield of conjugated organic compounds. For thissiderable increase of sterical hindrance in the excited

molecule of ortho-POPOP. However, the increasing strain purpose, we made CNDO/S CI calculations of both initial
and flattened conformations of ortho-POPOP, trying alsois partially relieved by the distortion of planarity of the

central phenylene nucleus: mean deviation of its atoms to evaluate spin-orbit coupling of their lowest singlet
excited state with all the lower-lying triplet levels. Thefrom the “least square” plane increases from 0.004 A

˚
in

the ground state to 0.054 A
˚

in the excited state. Moreover, correspondent results are presented in Table I. The ex-
pected increase in the probability of intersystem crossingin the relaxed excited molecule of ortho-POPOP the dihe-

dral angle between the bonds, which connect the central was found for the initial non-planar molecule of ortho-
POPOP. According to our estimation with the use of thephenylene nucleus to the heterocycles, was found to

increase to 248 from ,38 in the ground state. Thus, the rate constants of primary photophysical processes, which
are listed in Table I, the fluorescence quantum yield atmolecule of ortho-POPOP become considerably more

flatten and also a little more symmetric in the excited the absence of structural relaxation (w8 5 kf/(kf 1 kISC ))
must not exceed 0.44. The analogous evaluation for thestate, compared to the ground state. The gain in energy

due to the formation of flattened structure in the lowest hypothetical flatten structure gives its hypothetical quan-
tum yield value near 0.99.singlet excited state, estimated by AM1 method (differ-

ence in energy between the excited Franc-Condon state, The total fluorescence quantum yield of ortho-
POPOP may be evaluated, basing on the proposed andwhich correspond to the optimal ground state geometry

Fig. 5. Four-level energetic diagram, obtained by the AM1 calculations with the optimization of molecular
geometry in the ground (“S0, non planar”; see Fig. 1) and in the excited state (“S*1 , relaxed”; see Fig. 4).
Two other energetic levels correspond to the Franc-Condon states, calculated for the above-mentioned
optimized geometries.
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Table I. Calculated Spectral and Photophysical Parameters, Spin-Orbit Coupling of the Fluorescent State for the Initial Non-Planar and Flattened
Conformations of ortho-POPOP with All the Lower Lying Triplet Statesa

E l n kf E l n bij kISC

Level (eV) (nm) (cm21) f (s21) Level (eV) (nm) (cm21) (cm21) (s21)

Initial non-planar confirmation (Fig. 1)
S1 3.49 356 28,130 0.33 3.9?108 T3 3.37 368 27,210 0.277 4.9?108

T2 2.56 484 20,670 0.156 1.6?105

T1 2.47 502 19,920 0.167 1.2?105

Total 4.9?108

Structurally relaxed flattened conformation (Fig. 4)
S1 2.72 456 21,930 0.41 3.0?108 T2 2.16 575 17,380 0.155 1.5?106

T1 1.91 650 15,370 0.101 1.3?105

Total 1.6?106

a E—the energies of singlet and triplet excited states; l and n—wavelength and wavenumber of calculated electronic transitions; f—oscillator
strength for the long-wavelength transition in the electronic absorption spectra: kf—fluorescence radiative rate constant; bij—values of the matrix
elements of the operator of spin-orbit coupling of S*1 -state with the correspondent lower lying triplet levels; kISC—radiationless rate constant for
intersystem crossing, evaluated according to Robinson and Frosch [26].

grounded by us in [18] discrete model of the excited high fluorescence Stokes shifts of these molecules makes
them more favorable from the point of total fluorescencestate structural relaxation process in this molecule. Our

estimation of the rate constant of the excited state flat- losses, which can be even lower in most of their possible
applications owing to the practical absence of overlaptening, which was determined to be near 3.7?108 s21[18],

must be also taken into account. Thus, for the conditions between the absorption and emission spectra.
of photostationarity, one can obtain the following equa-
tion (here NP denotes the initial non planar structure,
EF—excited state flattened conformation, Rel— CONCLUSION
relaxation process, kf—radiative rate constant, kISC—
intersystem crossing rate constant): Low temperature absorption and fluorescence spec-

tra measurements, together with quantum chemical calcu-
w( 5 wNP 1 wRel ? wEF 5

kf
NP

kf
NP 1 k Rel 1 k isc

NP

1 lations with optimization of molecular geometry in the
ground and in the lowest singlet excited states showed
the considerable flattening of ortho-POPOP in the S1*-kRel

k f
NP 1 k Rel 1 k isc

NP

?
k f

EF

k f
EF 1 k isc

EF
state, which caused typical for it abnormally high fluores-
cence Stokes shift.

The resulting theoretical value w( 5 0.61 is close within It was shown, that ground state non-planarity and
the experimental error to the experimental data, obtained the excited state flattening of the ortho-analogues of
by us earlier [18,20] for various solvents at room tempera- POPOP do not result in significant increase of spin-orbit
ture (for example, 0.55 for octane and 0.57 for propanol- coupling, so fluorescence quantum yields of compounds,
2 [18]). Thus, the excited state structural relaxation mani- which belong to this class, must remain relatively high.
fests itself as a factor of increase of fluorescence quantum
yield. The faster is the excited state flattening, the closer
is the total quantum yield to the higher values typical to REFERENCES
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