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ELECTRON STRUCTURE AND RELAXATION PROCESSES IN RESAZURIN

INAHIGHLY EXCITED STATE

It has been performed the theoretical studying the electron structure and relaxation
processes in resazurin with using the quantum-chemical calculation methods (MNDO/d

and AM1). It is shown that that the quantum transition So ”

S (00 *) is characterized

by rather intense absorption band in contrast to the quantum transitions in S (no *) or S
(on *) state, which corresponds to the oscillator strength close to 0. Dissociation of the
C-O bond in the highly excited molecule of the resazurin occurs with high efficiency
(no potential barrier in the triplet state). Calculations show that the absorption band that
corresponds So ™ S (00 *) quantum transition is in the range from 292 to 317 nm, which
is consistent with experimental data on the photochemical activity.

The behavior of molecules in the highly
excited states is relevant fundamental problem of
modern physics, chemistry and engineering [1-
12]. By this time, the relaxation process of ex-
citation of molecules has been given very little
attention. It was believed that the laws are strictly
photochemistry and, in particular, the fourth law,
which states that the vast majority of photochemi-
cal processes occurring in solutions of organic
molecules involved only excited in S1 or T1 state
of the molecule [1]. It was long thought that it
should be so, since relaxation processes are most-
ly fast and non-equilibrium and equilibrium all
possible processes can take place only with the
S1 or T1 states of the molecule. And not despite
the fact that the fading of dyes on fabrics under
the influence of solar radiation known.

Later there appeared numerous experimen-
tal data showing that the excitation relaxation
processes do not prevent leakage of important
science and practice processes in the highly ex-
cited states such as generation of carriers, pho-
tochemical and radiation-chemical processes.
For example, studying a photoconductivity of the
polyacene linear crystals (anthracene, tetracene,

pentatsen) [2] showed that its high quantum ef-
ficiency is observed only under irradiation of the
highly excited molecules when there is possible a
birth of holes and free electrons. During the pro-
cess of relaxation from the highly excited state
a molecule can stay at an intermediate state cor-
responding to electron transfer between the mol-
ecule and the crystal. Let us remind that the pro-
cesses of charge separation in the non-equilibrium
relaxation of highly excited state are theoretically
considered already in the works by Onsager [3].
Another group of the known processes ac-
companying a relaxation of molecule from the
highly excited state is a fluorescence of the S2 »
SO type in a solutions of the azulene molecules
and polymethine dyes [8]. The specificity of the
energy structure of these molecules is that they
are characterized by high power distance between
states S2 and S1, which makes non-competitive
channel of the non-radiative relaxation. There is
the third group of processes that appeared in the
study of spectral sensitivity of the photo-dissoci-
ation processes in the azides dyes [ 224 ]. In this
case, it appears that during exposure of the azides
solution by a monochromatic light with a wave-
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length region of the absorption band, the photo-
dissociation quantum yield did not exceed 0.01 ,
while irradiating with light of X< (X =350 nm
- the critical value ofthe wavelength of radiation )
the quantum yield increases significantly (almost
to unity at low temperatures). Similarly, the study
of photochemical processes in the methylene blue
[4,5] showed that the dye has not the photochemi-
cal activity in the long-wave absorption band (X=
667 nm) at low excitation intensity, but it has the
photochemical activity at high intensities (two-
quantum processes) of the visible light range, or
at arbitrary intensities in the ultraviolet region of
the spectrum (X< 330 nm). It lead to that the pho-
tochemical conversion of molecules is realized
in the highly excited state. This work is devoted
to theoretical studying the electron structure and
relaxation processes in resazurin with using the
quantum-chemical calculation methods: methods
MNDO/d and AM1.

In order to carry out the theoretical study of
the energy structure of the resazurin we have ap-
plied the quantum calculation methods (methods
MNDO / d and AM1 [6,7]). In quantum-chemi-
cal calculation there are included 42 fully filled
n- and 0-MO and all un-filled n*- and 0*-MO.
In order to optimize the structure, there are firstly
used the methods of molecular mechanics and
then the methods MNDO/d or AM1 with configu-
ration interaction (counted 12 occupied and 12
unoccupied MO). Such a calculation procedure
allowed to find the geometric structure of the
anion resazurin with minimal energy. Anion re-
sazurin has the plain structure, symmetry C2v. As
photo-dissociation processes occur in the highly
excited state it should be understood why the ex-
citation of the higher states does not relaxes into
the S1-state by non-equilibrium way. If the total
time of relaxation of the excitation from Sn(n> 1)
into S1-state is equal to 5 ps (usually this value
for different molecules is in the range 101" 10-13
s), and the energy difference EnE%25,000 cm-
1, then the uniform filling the gap by vibrational
states with hw=100 cm-l (vibration period T = 3
» 1013 s) is m = 250 and average time of excited
vibrational state will be near At = 2 « 10-4 5, i.e.
in 15 times less than the period of oscillation. Us-
ing the uncertainty relation ship it is easily to find
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that AE=270cm-], i.e. the instantaneous state is
spreading in the scale of energies. Obviously, the
relaxation process can not be an equilibrium one
for such proportions of AE and energy of a single
oscillation.

Excitation will not feel the discrete energy
structure and quickly relaxes to the the lower ex-
cited state. It is remained the only requirement
that the conversion of the Sexcitation rund at
once into the vibrational state S(1,m). Low-ener-
gy vibrations are usually delocalized throughout
the molecule. In this case, the wave functions of
the same vibrational state of different molecules
overlap significantly. Therefore, fluctuations be-
tween the neighboring molecules will experience
a strong bond that will lead to a small relaxation
time. If the interval Ej,-£ is filled by the vibra-
tional states with hw=1000 cm-1 (T = 3 « 10-4
s), then there are only 25 states with an averaged
time of the molecule in the single state At = 2-10'
13 and the uncertainty of energy will be AE=27
cm-1 This process will not be non-equilibrium,
since the system in each state is able to make
about 7 complete oscillations before transmit-
ting the energy because of the collision with a
neighboring molecule. So now one will deal with
a quasi-equilibrium relaxation process.

The relatively long residence time in the vi-
brational state is due to the fact that high-frequen-
cy vibrations are localized on individual bonds
in the molecule, resulting vibrational wave func-
tions of different molecules weakly overlap and
the probability of energy transfer fluctuations is
reduced.

We suppose that the n-th excited electronic
state of the molecule can not relax directly to the
Sl-state. This follows from the fact that such large
difference in energy between S1 and S2-states of
internal conversion is less likely, because there is
always S2 ~ SO-fluorescence [8]. On the other
hand, relaxation (internal conversion) Sn”-Sli
can occur only through iso-energetic transition
from Sn0) to SIm) state (m - number of vibra-
tional states). The conversion probability p can be
found if it is known the perturbation operator that
causes the conversion:

P = (N\pv+O
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It was found that for the equilibrium con-
figuration of the anion resazurin there are two ful-
ly occupied delocalized 0-MO (Fig.1: Ne 33 and
Ne 36), the first of which contains a small contri-
bution to binding connection NO, and the second
- is localized mainly due to NO and is loosening:
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Fig.1. Two fully occupied delocalized o-MO of
theanion resazurin
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Fig.2. The unoccupied MO of the anionresazurin

The corresponding energy diagram for NO- bond
is shown in Fig. 3,4 and for the CO- bond - in
Fig 5. Fig.3 shows the dissociation of NO- bond
in cation of rosazurin and Fig .4 - a case of the
neutrnl moleoule.

Fig. 3. Energjrdiagdamof toeaation resazurin
(calcu'atedby t™uMmdti~ctdinyN7

RN-O, nm

Fig.4. Energy diagram of neutral form of the
resazurin (calculated by the method AM1)
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Fig. 5 Energy diagram for the resazurin anion
for a case of dissociation of the C-O-bond in
the molecule (calculated by the method AM1)

From these figures it follows that there is very
signiFcana patentihl barriea for dissociation of
moiecnlea withFo*- mfter :the cation (for the
mripletstaae 0.54 eV forsinglet - 0.73 eV ) and
a neutral molecule (respectively , 0, 69 and 0.93
eV). Ir ir implfod twst E.iriie” )he excitation into S
(on *) ntate, tine dissobirtion oorhe molecule can
beinhibited due presence of a small barrier.
Only tiie quantum transition into .he T (00*) state
lead3 to dissociation of MC)- Itond without barrier
loroiT nxygen atominrhe triplet state and mol-
e<"\d ofczszaerin.

ti))dciefd iiveslieM)l aould Ifauence the disso-
dntionwitii u”easing ice® e re in the con-
densed state. In the normd conditions (say, the
room taiei)e"sfu e f rlurine teifxation of excitation
)hareatetwa affecte thaz negate the presence
of this barrier. On the one hand, the process of
dissociation can occur from the non-thermalized
state S (00 *) or T (00 *) where the barrier is not
essential , and the second - the geometry of the
molecule in the process of relaxation of excitation
may be far from optimal structure . The latter, as
shown by calculations leads to the fact that the
site threshold may vary over awide range (eg + 1
eV). Therefore, there is always a finite probability
that the dissociation of S (oo *) or T (00 *) state
will in any structure of the resazurin.

One could draw attention to the fact that the
quantum transition So * S (oo *) is character-
ized by rather intense absorption band in contrasi
to the quantum transitions in S (no *) or S (on *)
state, which corresponds to the oscillator strength
close to 0 ( look Table 1).



Table 1 Quantum transitions in the sym-
metrized anion of the resazurin (AM1)

Quantum Calculation + _

No  transition  corection oscillator

) Vv strength

xXnm 7’

_ cm-l

p ¥ w 635 15737  0.7358
(nin*)

, /148 453 22072 0.0000
(OND 1)

g 24 445 22463  0,0000
(n1 ONOY

g B 444 22498  0,0000
(nin*)
4210 47

5 36i 43 436 22957  0,0000
(OND in*)
420 44

6 420 45 421 23770  0.0682
(nin*)
420 46,

7 410 44 398 25102  0.0101
(nin*)

g M1 4 379 26393  0.1049
(nin*)
410 47

9 40§ 47 365 27388  0.0042
1 *'
491047

10 42§ 45 345 29014  0.0758
(nin*)

n 01 4 321 31174  0.3329
(nin*)

pp 36147 317 31546  0.1709
(ONO~ONDY

13 A1 48 313 31942  0.2129
(nin*)
400 44,

14 37i43 209 33469  0.2128
(nin¥*)
417 44,

15 37i43 274 36524  0.7375
(nin¥*)

Dissociation of the C-O bond in the highly ex-
cited molecule of the resazurin (look Fig.5) also
occurs with high efficiency (in the triplet state no
potential barrier). However, in this study the dis-
sociation of the molecule requires significantly
more energy quanta of light. 1fto explore the state
of the molecule at higher excitation energies, one
can find states from which dissociation occur from
other possible bonds. Calculations show that the
absorption band that corresponds So 1 S (00 *)
quantum transition is in the range from 292 to 317
nm, which is consistent with experimental data on
the photochemical activity for the resazurin.
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ELECTRON STRUCTURE AND RELAXATION PROCESSES IN RESAZURIN
INAHIGHLY EXCITED STATE

Abstract

It has been performed the theoretical studying the electron structure and relaxation processes in
resazurin with using the quantum-chemical calculation methods (MNDO/d and AM1). It is shown
that that the quantum transition Soi S (00 *) is characterized by rather intense absorption band in
contrast to the quantum transitions in S (no *) or S (on *) state, which corresponds to the oscillator
strength close to 0. Dissociation of the C-O bond in the highly excited molecule of the resazurin oc-
curs with high efficiency (no potential barrier in the triplet state). Calculations show that the absorp-
tion band that corresponds So i S (00 *) quantum transition is in the range from 292 to 317 nm,
which is consistent with experimental data on the photochemical activity
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M. A. KongpaTeHko, KO. M. JlonaTkuH, T. H. CakyH

ANEKTPOHHAA CTPYKTYPA N NMPOLIECCbHI PETAKCAL VI B PESA3YPUHE B
BbICOKO BO3BY )X XAEHHOM cocTtosiHum

Pestome

BbINONHEHO TEOPETUYECKOE U3YUeHUe 3/IEKTPOHHONM CTPYKTYPbl U penakcalMoHHbIX NpoLLEeccoB
B pe3a3ypuHe C UCMob30BaHMEM KBAHTOBO-XMMMYecknx MeTogos pacyeta (MNDO / d n AM1). Mo-
Ka3aHo, YTO, YTO KBaHTOBbIV nepexof Soi S (00 *) xapakTepu3yeTcs JOCTATOYHO MHTEHCUBHOM No-
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NOCO MOrNOLLeHMS B OT/IMYME OT KBAHTOBbIX NEPEXOA0B B SN0 *) uam SN *) COCTOAHUSA, KOTOPbIM
COOTBETCTBYeT cuia ocumnnsatopa 6amskas K 0. Auccoumaumm cssasm CO B CUIbHO BO3BY>XKAEHHbIX
MOJIeKy/iax pe3asypurHa nponuCcXoaunT ¢ BbICOKOW 3(PGeKTUBHOCTLIO. PacuyeTbl NOKasbIBatoT, UTO Mosioca
MorsoWeHNs, COOTBETCTBYIOLLLAA KBaHTOBOMY nepexody So”S(00*) HaxoguTcs B AmanasoHe oT 292
[0 317 HM, YTO COrNIacyeTcs € 3KCNePUMEHTANIbHLIMU JaHHbIMW N0 POTOXUMUYECKOW aKTUBHOCTW.

KntoueBble €noBa: 3/1eKTPOHHAaA CTPYKTYypa, MPOLECChl penakcalmu, MOJeKy bl B BbICOKO BO3-
OY>X,eHHOM COCTOSIHUK

Y[IK 539.184

M. O. KoHgpaTeHko, KO. M. JlonaTkiH, T. M. CakyH

ENNEKTPOHHA CTPYKTYPA TA PEJIAKCALIVHI MPOLIECU Y PE3A3YPUHI Y
BNCOKO 3bY>KEHOMY CTAHI

Pe3tome

ByKOHaHO TeopeTUYHE BUBYEHHS €/IEKTPOHHOT CTPYKTYPU Ta pefiakcaliiHuX npoLeciB y pesasy-
PUHI 3 BUKOPUCTAHHAM KBaHTOBO-XiMi4YHUX MeTOLiB po3paxyHKy (MNDO/d i AM1). [MokasaHo, Lo
KBaHTOBMI nepexig So i S (00 * ) XapakTepusyeTbC AOCUTb IHTEHCUBHOIO CMYTOK MOT/IMHAHHSA
Ha BiMiHY Bifi KBAHTOBMX MnepexoAis B S (no *) abo S (on *) cTtaHu , AKMM BIANOBILaE cuna ocum-
naTopa 6nusbka go 0. Aucouiauii 38’a3ky CO y cuibHO 30Y[KeHUX MOMeKynax pesasypiHa Bifoy-
BAETLCA 3 BUCOKOK e(PeKTUBHICTIO. PO3paxyHKM NOKa3ytoTb, WO CMyra NorinHaHHS, LWo Bignosijae
KBaHTOBOMY nepexody So”S(00*) 3HaxoauTbCs y AianasoHi Bif 292 Ao 317 HM, L0 Y3roapKyeTbCs 3
eKCnepvMeHTaNIbHUMU JaHUMW N0 (POTOXIMIYHOT aKTUBHOCTI .

Kno4yoBi cnosa: enekTpoHHa CTPYKTYpa, NPoLecn penakcalii, MoeKynun y BUCOKO 36y IKeHOMY
CTaHi
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