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The work is devoted to the investigation of the physical processes
of the relaxation of excitation in the molecules of peroxide and, in
particular, of mechanisms of the dissociation of a molecule from
the basic and excited states. The theoretical and experimental
investigations of the processes proceeding in the luminescent
materials on the basis of anthracene (the solid polymeric solutions
and the polycrystalline layers of anthracene) show that the
primary process of recording of the information is the process
of oxidation with the formation of anthracene peroxide. Then,
in solid solutions, the dissociation of peroxide on the initial
products occurs, while the further transformation of peroxide into
anthraquinone is carried out in polycrystalline layers. The study
of the properties of peroxide in the basic and excited states has
shown that its thermal dissociation results in the detachment of
the oxygen molecule overcoming the barrier  1.2 eV. Lengthening
the CO-bond above 0.25 nm is accompanied by the crossing of
the basic singlet state with the triplet one located on the same
bond. As a result of the dissociation, an anthracene molecule in
the singlet state and a molecule of oxygen in the triplet state are
formed. The excitation of a peroxide molecule by capture of an
exciton with the subsequent relaxation of excitation results in its
localization in the triplet dissociative state located on the OObond. At lengthening the bond up to 0.2 nm, the triplet state
becomes the basic state of the molecule, of which anthraquinone is
formed after the detachment of two atoms of hydrogen. The last,
interacting with the excited molecules of anthracene, forms the
charge-transfer complexes that efficiently extinguish the exciton
fluorescence.

The study of the anthracene photooxidation
processes in the crystalline state [1] and in a
solid polymeric matrix [24] has shown that,
in the presence of oxygen, the excitation of
an anthracene molecule is accompanied by the
intermolecular interaction which leads to the
formation of anthracene photooxide (peroxide
compound).

The investigations have shown that the formed
peroxide compound in the solid polymeric matrix is
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unstable at room temperature [24] and dissociates into
the initial components within several hours (or days).
At the same time, in the polycrystalline anthracene, the
transformation of peroxide into anthraquinone actively
quenching the exciton luminescence [5] occurs.
The presence of such a process promotes the
creation of luminescent materials for the recording of
information [2] and materials for the registration of
phase holograms [5].
In the present work, the results of the experimental
(the literary and original results) and theoretical
researches on the physics of the excited states of
molecules, explaining the mechanisms of specified
processes, are stated. The theoretical results are
obtained with the use of quantum-chemical calculations
(the analytical calculations and calculations within the
computing methods AM1 [6] and PM3 [7, 8] with
the configuration interaction). Experimental researches
included the study of the luminescent spectra and the
absorption ones of the solid solutions and polycrystalline
layers of anthracene (An).
In the calculations of the peroxide molecule and
products of its dissociation, we took into account 78
electrons occupying 39 energy levels. For the correct
determination of the energy of quantum transitions
and the oscillator forces of appropriate transitions, the
configuration interaction between 8 upper occupied and
8 bottom free states was taken into account. From the
occupied states, 4 upper ones are represented by levels and the following 4 states  by -levels. Seven
bottom free states (from N40 to N46) are represented
by -levels, and vacant level N44 is a hybrid one and
consists of the molecular -orbital (-MO) located on
phenyl rings and -MO located on the group COOC. We
especially mark this MO, inasmuch as the localization
of an electron on it will lead to the break of O
O-bond and give opportunities for the formation of
anthraquinone.
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The investigation of the mechanisms of formation of
peroxide has shown that the binding energy of atoms
in a peroxide molecule ( 128:7 eV) is much less than
the sum of binding energies of atoms in the molecules
of anthracene and oxygen ( 129:9 eV), which causes
the instability of the peroxide molecule. On the other
hand, it is necessary for the formation of peroxide
(AnO2) that the energy state of the excited pair of
molecules anthracene + oxygen lie above the basic state
of peroxide.
Two ways of the formation of AnO2 through the
interaction of Àn and O2 are possible. At that, both
molecules should be in the singlet or triplet state,
inasmuch as the basic state of AnO2 is a singlet. It
turned out that the excitation of the oxygen molecule
into the singlet (1 g ) or the 1+g -state yields the
energy of the specified pair of molecules which is
equal to, respectively, 129:1 or 128:7 eV. Hence,
the peroxide molecule practically is not formed from
these states of the excited pair. For its formation, it
is necessary that the anthracene molecule be excited
into the T1-state (from the experiment at =670 nm,
the energy of the pair is 128:0 eV). The transfer of
the triplet excitation on the oxygen molecule will be
a competing process proceeding, as a rule, with high
efficiency. This fact also yields a low quantum yield
of the formation of peroxide. A very large rate of
formation of peroxide is possible in the case where the
anthracene molecule is in the excited S1-state, and the
oxygen molecule is not excited or excited into the singlet
1 +g -state. Only the small life-time of the anthracene
molecule in the S1-state can be the obstacle for such a
reaction.
Under the irradiation of a solid solution of anthracene
( = 365 nm, 250 W-mercury lamp), the absorption
spectrum of anthracene disappears and is replaced
by other spectrum (Fig. 1). In all transformations
(photochemical ones and in dark), two points are kept
invariable (isobestical) in the spectrum: at 31600 cm 1
(316 nm) and 38290 cm 1 (261 nm). This testifies to that
there are only two compounds in the solid solution, one
of which is the product of transformation of the second
one.
There are the quantum transitions into the triplet
and singlet states in the excitation spectrum of the
peroxide molecule (Table). There are the (S0 ! S1)absorption band in the range of 395 nm and the quantum
transitions into the upper triplet states (425 and 400 nm)
in the excitation spectrum of the anthracene molecule.
We mark just these triplet states, inasmuch as they lie
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Fig. 1. Absorption spectra of anthracene in polyethylene after
irradiation (1), in 6 hours (2), and in 18 hours after irradiation
(3). On the insert: the kinetics of restoration of the optical density
of anthracene at 295 K

between the singlet and the triplet excitation of
peroxide.
It follows from Table that the absorption spectrum
of peroxide develops since 315 nm and reaches the
maximum in the range of 222 nm, which corresponds
mainly to the quantum transitions in phenyl rings.
The quantum transition in the range of 315 nm
corresponds to the electron transition from hybrid MO
N35 containing the delocated -MO and the -MO
located on group COOC onto MO N44. The oscillator
force of such quantum transition is lower by 5 times,
than that of the (S0 ! S1)-absorption of the anthracene
molecule.
Using the calculation procedure MOPAC [9], we
succeeded to optimize the geometry of the peroxide
molecule during its dissociation at all intermediate
lengths of the dissociating bond and to find channels
of the thermal dissociation of peroxide into the initial
products and the photochemical one with the formation
of anthraquinone.
It turned out that the equilibrium geometry of the
peroxide molecule is provided by the sp3-hybrid atom
orbitals of the carbon atoms in positions 9 and 10 of the
Excited states of a peroxide molecule

Quantum Wavelength Oscillator
transition , nm
force f
S0 ! T1
437
0
S0 ! T3
380
0
S0 ! S1
316
0.004
S0 ! S2
315
0.021
S0 ! Sn
222
0.734

Assignment

4 ! 5 ; 1 ! 7
Ph CO ! Ph COOC
4 ! 6 ; 3 ! 5
Ph CO ! Ph COOC
4 + Ph CO ! 5
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Fig. 2. Diagram of the energy states of peroxide depending on the Fig. 3. Diagram of the energy states of peroxide depending on the
OO-bond length
CO-bond length

anthracene main body. Such a hybridization causes the
break of the anthracene main body onto the specified
atoms of carbon, so that the angle equal to 118Æ is formed
between planes, in which two halves of the molecule lie.
Lengthening the dissociating bond results in a gradual
increase in the angle. The angle 180Æ is reached at the
lengthening of OO-bond and CO-bond up to 0.4 nm
and 0.26 nm, respectively.
As follows from the diagram of energy states of
peroxide depending on the length of CO-bond (Fig.
2), the molecule of peroxide cannot dissociate from the
equilibrium excited state though the photodissociation
from the nonequilibrium state is not excluded. However,
it turned out that the binding energy of the group
of two atoms of oxygen with a deformed molecule of
anthracene does not exceed 1.31.5 eV that provides
the thermal instability of a molecule, as follows from
experiment. At the lengthening of CO-bond above 0.25
nm, the triplet state becomes the basic state of the
intermediate product. It is necessary to note that, at
such a lengthening, the dissociation rate considerably
exceeds the interconversion rate, and the molecule
dissociates with the formation of two molecules in
the triplet state. And only then the relaxation of the
anthracene molecule into the basic state occurs. Hence,
at the specified lengthening of the bond, the peroxide
molecule dissociates irreversibly.
The calculations show that the probability of the
thermal formation of anthraquinone from peroxide is
neglibly small, inasmuch as the interconversion into the
triplet dissociative state should occur after the thermal
excitation of the peroxide molecule (the same energy is
required as that for the dissociation of peroxide with the
A12

detachment of oxygen). The necessity of such a process
lowers the reaction rate approximately by 4 orders of
magnitude.
Our investigations have shown that the sensitization
of peroxide by anthracene (transport of energy into the
triplet state of peroxide) promotes the break of OObond (Fig. 3). At the lengthening of OO-bond by more
than 0.2 nm, the triplet state is the basic state of the
molecule. The relaxation from the triplet intermediate
state to a flat structure should be carried out during the
half-period of vibrations of the anthracene main body,
that is, for the time t  10  12 s. Therefore, it would
be improbable that, during such a relaxation of the
molecule, it interacts with the oxygen molecule, whose
final result would be the formation of the anthracene
molecule.
It turned out that the creation of anthraquinone
from the triplet intermediate state is connected to some
difficulties. It is caused by that the singlet state is
the basic state of a molecule of anthraquinone. Besides
that in order to receive a molecule of anthraquinone
from a transient state, it is necessary to provide the
separation of atoms of hydrogen which remain strongly
removed from each other at all geometric changes of the
transient state. At the lengthening of OO-bond on a
distance about 0.4 nm, the molecule appeared unstable
concerning the localization of atoms of hydrogen. It
is more favorable to remove them on the next atoms
of carbon in the molecule. We have found the single
opportunity for the separation of both atoms of hydrogen
simultaneously with the help of a free molecule of
oxygen. It turned out that the transport of atoms
of hydrogen onto an oxygen molecule is energetically
favorable. At that, the molecule of anthraquinone and
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the molecule of hydrogen peroxide are formed. For both
molecules, the singlet state is basic.
Thus, the experimental and theoretical researches of
the processes of interaction of an excited anthracene
molecule with a molecular oxygen and of the processes of
relaxation of the excited state in the peroxide molecule
have shown that
 interaction of the anthracene molecule excited into
the triplet or singlet state and the oxygen molecule
causes the formation of the stable product  peroxide;
 in the polycrystalline anthracene layers, the
transfer of the exciton excitation on peroxide promotes
the formation of an anthraquinone molecule in the
presence of an oxygen molecule and of a number of other
products in its absence;
 anthraquinone with an anthracene molecule forms
a charge-transfer complex [5] effectively quenching the
exciton luminescence; the last provides the creation of a
luminescent image;
 the processes of formation of peroxide and
anthraquinone in polycrystalline anthracene layers
occur in parallel. The efficiency of the formation of
anthraquinone rises owing to the capture of the exciton
excitation from a rather large volume of anthracene
determined by the length of a diffusive displacement of
singlet excitons [10];
 at room temperature in the absence of excitation,
peroxide slowly dissociates into the initial products
(anthracene and oxygen molecule). The dissociation of
peroxide from a nonequilibrium excited state is also
probable. In this case, the process of dissociation into the
initial products will compete to the process of formation
of anthraquinone.
1.

// Information
Recording Means on Silverless Media.  1974.  Iss. 5. 
P.8194 (in Russian).
2. Bogdan L.S., Kachan A.A., Kondratenko P.A. et al. // Ibid.
 1976.  Iss. 7.  P.4654 (in Russian).
3. Lashkov G.I., Sukhanov V.I. //Opt. Spektr.  1978.  44,
Iss. 5.  P.10081015.
4. Lashkov G.I. // Silverless Photoprocesses.  Leningrad:
Khimiya, 1984 (in Russian).  P.130146.
Kondratenko P.A., Kurik M.V., Sandul G.A.

ISSN 0503-1265. Ukr. J. Phys. 2004. V. 49, N 12A

5.

Kondratenko P.A., Lopatkin Yu.M.

6.

Dewar M.J.S., Zoebisch E.G., Healy E.F., Stewart J.J.P.

7.
8.
9.
10.

1990.  52, N5.  P.758763.

//Zh. Prikl. Spektr. 

//J. Amer. Chem. Soc.  1985.  107, N13.  Ð.39023909.
Stewart J.J.P.// J. Comput. Chem.  1989.  10.  Ð.209
220.
Stewart J.J.P.// Ibid. 1989.  10.  Ð.221264.
Stewart J.J.P. MOPAC 5.0: A General Molecular Orbital
Package. Quantum Chemistry Program Exchange 1989.
Kondratenko P.A., Kurik M.V. //Fiz. Tverd. Tela.  1973.
 15, N 10.  P.30913093.

ÔIÇÈ×ÍI ÏÐÎÖÅÑÈ ÔÎÐÌÓÂÀÍÍß ÇÎÁÐÀÆÅÍÍß
Â ËÞÌIÍÅÑÖÅÍÒÍÈÕ ÌÀÒÅÐIÀËÀÕ ÍÀ ÎÑÍÎÂI
ÀÍÒÐÀÖÅÍÓ
Ï.Î. Êîíäðàòåíêî, Þ.Ì. Ëîïàòêií

Ðåçþìå
Ðîáîòà ïðèñâÿ÷åíà äîñëiäæåííþ ôiçè÷íèõ ïðîöåñiâ ðåëàêñàöi¨
çáóäæåííÿ â ìîëåêóëàõ ïåðîêñèäó i, çîêðåìà, ìåõàíiçìiâ äèñîöiàöi¨ ìîëåêóëè ç îñíîâíîãî i çáóäæåíîãî ñòàíiâ. Òåîðåòè÷íi é åêñïåðèìåíòàëüíi äîñëiäæåííÿ ïðîöåñiâ, ùî ïðîòiêàþòü ó ëþìiíåñöåíòíèõ ìàòåðiàëàõ íà îñíîâi àíòðàöåíó (òâåðäi ïîëiìåðíi ðîç÷èíè i ïîëiêðèñòàëi÷íi øàðè àíòðàöåíó) ïîêàçóþòü, ùî ïåðâèííèì ïðîöåñîì çàïèñó iíôîðìàöi¨ ¹ ïðîöåñ îêèñëþâàííÿ ç óòâîðåííÿì ïåðåêèñó àíòðàöåíó (ïåðîêñèäó). Ïîòiì ó òâåðäèõ ðîç÷èíàõ çäiéñíþ¹òüñÿ äèñîöiàöiÿ ïåðîêñèäó íà âèõiäíi ïðîäóêòè, ó òîé ÷àñ ÿê ó ïîëiêðèñòàëi÷íèõ
øàðàõ âiäáóâà¹òüñÿ ïîäàëüøå ïåðåòâîðåííÿ ïåðîêñèäó â àíòðàõiíîí. Âèâ÷åííÿ âëàñòèâîñòåé ïåðîêñèäó â îñíîâíîìó i çáóäæåíîìó ñòàíi ïîêàçàëî, ùî éîãî òåðìi÷íà äèñîöiàöiÿ ïðèâîäèòü äî âiäùåïëåííÿ ìîëåêóëè êèñíþ, ÿêà ïðè öüîìó äîëà¹
áàð'¹ð áëèçüêî 1,2 åÂ. Â ðåçóëüòàòi ïîäîâæåííÿ ÑÎ-çâ'ÿçêó
ïîíàä 0,25 íì âèíèêà¹ ïåðåòèí îñíîâíîãî ñèíãëåòíîãî ñòàíó
ç òðèïëåòíèì, ëîêàëiçîâàíèì íà öüîìó æ çâ'ÿçêó. Ó ðåçóëüòàòi äèñîöiàöi¨ óòâîðþ¹òüñÿ ìîëåêóëà àíòðàöåíó â ñèíãëåòíîìó ñòàíi i ìîëåêóëà êèñíþ ó òðèïëåòíîìó ñòàíi. Çáóäæåííÿ
ìîëåêóëè ïåðîêñèäó øëÿõîì çàõîïëåííÿ åêñèòîíà ç íàñòóïíîþ ðåëàêñàöi¹þ çáóäæåííÿ ïðèâîäèòü äî éîãî ëîêàëiçàöi¨ â
òðèïëåòíîìó äèñîöiàòèâíîìó ñòàíi, ëîêàëiçîâàíîìó íà ÎÎçâ'ÿçêó. Ïðè ïîäîâæåííi öüîãî çâ'ÿçêó äî 0,2 íì òðèïëåòíèé
ñòàí ñòà¹ îñíîâíèì ñòàíîì ìîëåêóëè, ç ÿêîãî ïiñëÿ âiäùåïëåííÿ äâîõ àòîìiâ âîäíþ é óòâîðþ¹òüñÿ àíòðàõiíîí. Îñòàííié,
âçà¹ìîäiþ÷è çi çáóäæåíèìè ìîëåêóëàìè àíòðàöåíó, óòâîðþ¹
êîìïëåêñè ç ïåðåíîñîì çàðÿäó, ùî åôåêòèâíî ãàñÿòü åêñèòîííó
ôëóîðåñöåíöiþ.
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