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ELECTRON STRUCTURE AND RELAXATION PROCESSES IN RESAZURIN 
IN A HIGHLY 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 (oo *) 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 (oo *) 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 ^  
S0 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< ( Xk = 350 nm
- the critical value of the 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 o-MO and all un-filled n*- and o*-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 10-11 ^ 10-13 
s), and the energy difference En-E1=25,000 cm- 
1, then the uniform filling the gap by vibrational 
states with hw=100 cm-1 (vibration period T = 3 
• 10-13 s) is m = 250 and average time of excited 
vibrational state will be near At = 2 • 10-14 s, i.e. 
in 15 times less than the period of oscillation. Us
ing the uncertainty relation ship it is easily to find

that AE=270cm-1, 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 S -excitation rund atn
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 E - E is filled by the vibra-n 1
tional states with hw=1000 cm-1 (T = 3 • 10-14 
s), then there are only 25 states with an averaged 
time of the molecule in the single state At = 2-10' 
13s 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 
S1-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^-Sl 
can occur only through iso-energetic transition 
from Sn(0) to S1(m) 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 = |JVsnPV*dv\ .
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It was found that for the equilibrium con
figuration of the anion resazurin there are two ful
ly occupied delocalized o-MO (Fig.1: № 33 and 
№ 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:

№33

№36

Fig.1. Two fully occupied delocalized o-MO of 
theanion resazurin

AmongunonnuyiedMO i s a o  r -M 0 (№ 40) and 
oneo *-M(° (№47),which contain conlnibutione 
due antibondin0 NO ( Note d̂iat і n tie  dicsociation 
of <e °rMO eomi^iet̂ elh i ocahacO on tiie N04) onO( 
Oni crlPupation hat sdoweO tii^t tCc quantnm 
tcaneidion from tt- MX namb er s e or Che at- IU n 
t  - Мх  number 43 and о n  MO number 40 can 
not cause dircociatian oa NO- bondi sinee Che coo 
respondin0 po-entia1 shOpae har keen ^o'lentiol 
Oerrier. гГ1іе onty qupnltum fransition whted man1 
eouse d^soctation of The mzlecule is n Chicnsitioo 
from at- MO numOer 36 an the cr *- itl[0 pumber 
01.
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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 rosazuri n and Fig .4 -  a case of the 
neutrnl moleoule.

Fig. 3. Energjrdiagdamof toea ation resazurin 
(calcu!atedby tl̂ uMtndtl̂ ctdî ]̂ !̂ )

R N-O, n m

Fig.4. Energy diagram of neutral form of the 
resazurin (calculated by the method AM1)

1,3  1,4 1,5 1,6 1,7  1,8 r  1,9 2,0  2,1
CO

Fig. 5 Ene rgy diagram for the resazurin anion 
for a сase 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 w i t h F o * -  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 Є.ігііє̂  )he excitation into S 
(on *) ntate, tine dissobirtion oo rhe molecule can 
beinhibited due presence of a small barrier. 
Only tiie quantum transition into .he T (oo*) state 
lead3 to dissociation of JVC)- It ond without barrier 
Іо ґо їт  nxygen atominrhe triplet state and mol- 
e<̂ T̂ld ofczszaerin.
ti])dc îefd iî î e sliê l)l aoul d lfauence the disso- 
dntionwitii u ^easin g  ісє̂ єє-п̂ гє in the con
densed state. In the normd conditions (say, the 
room taiei) êî afu e f  rlurine teifxation of excitation 
)hareatetw a affecte thaz negate the presence 
of this barrier. On the one hand, the process of 
dissociation can occur from the non-thermalized 
state S (oo *) or T (oo *) 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 a wide range (eg ± 1 
eV). Therefore, there is always a finite probability 
that the dissociation of S (oo *) or T (oo *) 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).
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Table 1. Quantum transitions in the sym
metrized anion of the resazurin (AM1)

№

Quantum
transition

Calculation + 
corection oscillator

strength
X,nm v,

cm-1

1 42 і  43 
(п іп * ) 635 15737 0.7358

2 36 і  43
(0NO 1п*)

453 22072 0.0000

3 42 і  47
(п 1  0NO*)

445 22463 0,0000

4 38 і  43 
(п іп * ) 444 22498 0,0000

5
42 і  47 
36 і  43
(0NO іп*)

436 22957 0,0000

6
42 і  44 
42 і  45 
(п іп * )

421 23770 0.0682

7
42 і  46, 
41 і  44 
(п іп * )

398 25102 0.0101

8 41 і  43, 
(п іп * ) 379 26393 0.1049

9
41 і  47 
40 і  47
( п і о  *)

365 27388 0.0042

10
42 і  N4/ 
42 і  45 
(п іп * )

345 29014 0.0758

11 40 і  43 
(п іп * ) 321 31174 0.3329

12 36 і 4 7
(0NO^0NO*)

317 31546 0.1709

13 42 і  48 
(п іп * ) 313 31942 0.2129

14
40 і  44, 
37 і 4 3  
(п іп * )

299 33469 0.2128

15
41 і  44, 
37 і 4 3  
(п іп * )

274 36524 0.7375

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. If to 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 (oo *) 
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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ЭЛЕКТРОННАЯ СТРУКТУРА И ПРОЦЕССЫ РЕЛАКСАЦИИ В РЕЗАЗУРИНЕ В 
ВЫСОКО ВОЗБУЖДЕННОМ с о с т о я н и и  

Резюме
Выполнено теоретическое изучение электронной структуры и релаксационных процессов 

в резазурине с использованием квантово-химических методов расчета (MNDO / d и АМ1). По
казано, что, что квантовый переход So і  S (oo *) характеризуется достаточно интенсивной по
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лосой поглощения в отличие от квантовых переходов в S ^ o  *) или S ^ п  *) состояния, которым 
соответствует сила осциллятора близкая к 0. Диссоциации связи СО в сильно возбужденных 
молекулах резазурина происходит с высокой эффективностью. Расчеты показывают, что полоса 
поглощения, соответствующая квантовому переходу So^S(oo*) находится в диапазоне от 292 
до 317 нм, что согласуется с экспериментальными данными по фотохимической активности.

Ключевые слова: электронная структура, процессы релаксации, молекулы в высоко воз
бужденном состоянии
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Резюме
Виконано теоретичне вивчення електронної структури та релаксаційних процесів у резазу- 

рині з використанням квантово-хімічних методів розрахунку (MNDO/d і АМ1). Показано, що 
квантовий перехід So і  S ( oo * ) характеризується досить інтенсивною смугою поглинання 
на відміну від квантових переходів в S ( пo * ) або S ( oп * ) стани , яким відповідає сила осци
лятора близька до 0. Дисоціації зв’язку СО у сильно збуджених молекулах резазуріна відбу
вається з високою ефективністю. Розрахунки показують, що смуга поглинання, що відповідає 
квантовому переходу So^S(oo*) знаходиться у діапазоні від 292 до 317 нм, що узгоджується з 
експериментальними даними по фотохімічної активності .

Ключові слова: електронна структура, процеси релаксації, молекули у високо збудженому 
стані
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