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Results of experimental and theoretical studies are considered concerning the processes
running during a molecule relaxation from a high-excited state obtained both under a

single-quantum (S,—S,) and a two-stage (S, —hl/> S; - Tl—hX> T,) excitation. Polymeric
layers containing dyes (resazurin, methylene blue, and brilliant green) have been used as
the study objects. It has been established that in high-excited states the systems may live
during several vibrations characterizing the specified states. The dissociative states have
been shown to exist among the high-excited ones. This causes the quasi-equilibrium
molecular dissociation processes, electron transfer between the high-excited molecule and
its surrounding (matrix), etc., proceeding from those states. Such processes cause the dye
fading on textiles, the dye instability in the course of laser radiation, etc. The dye
photo-induced instability has been proposed to make use for information storage.

HaH AaHaJIn3 O9KCIIEPUMEHTAJIBHBIX U TeOPeTUuYeCKUuX I/ICCJIEHOBaHI/IfI IIpoIleccoB, IIPOTEKalo-
X IIPpU peJjlakCalluu MOJIEKYJIBI U3 BI)ICOROBOBGY}KEEHHOI‘O COCTOAHUS, IIOJIYUYEHHOI'0 KaK IIpU

omHOKBaHTOBOM (S;—S,), Tak u AByxcrymerdaToMm (S, —hX> S, - Tl—h—v> T,) BO3OYKIEHWUHU.

B rauecTtBe 00bEKTA MCCIELOBAHUS KCIIOJbL30BAHLI IIOJHUMEPHBIE CJIOU C KpacureasMu (pesa-
3yPUH, METUJIEHOBBII roay6oii um OpUIANAHTOBBIN 3eseHbIl). OTMEUYEeHO, UTO B BBICOKOBO3-
Oy KIEHHBIX 9JI€KTPOHHBIX COCTOSHHSX CHCTEMbI MOTYT KUTh B T€UEHNE HECKOJbKMUX Kojeba-
HHUI, XapakTepuayoIuX HJaHHbIE COCTOAHHSA. IlokasaHo, UTO cpeaud BBICOKOBO3OYIKIEHHBIX
COCTOSIHUM MOJIEKYJIBI MMEIOTCS IHCCOIMATUBHBLIE COCTOSHUS. OTO OOYyCJIOBIMBAET IIPOTEKA-
HUe U3 dTUX COCTOSAHUI KBa3MPABHOBECHBIX IIPOIIECCOB IMCCOIMAIIMN MOJIEKYJbI, IIPOIECCOB
IIepeHoca 9JeKTPOHA MEeXKIy BBEICOKOBO30OYIKIEHHON MOJIEKYJION M OKpy:KeHueM (marpuriieil) u
np. Takue mpoileccsl OOBACHAIOT IMPUYMHY BBIIBETAHUS KPACHUTENs HA TKAHSIX, HEYCTONUH-
BOCTh KpacHTeJIell B Ipoliecce JIa3epHOU reHepamuu u T.1. IIpeaioKeHo MCIOJIb30BaTh (POTO-
HecTabUIBHOCTh KpacuTeseil nis 1eseil sanucu MHMPOPMAIIUN.

Organic dyes are used widely. In this work, we shall be interested in the problem of high-excited
state physics of dye molecules (the excitation relaxation mechanisms into S, or T, state, the possibil-
ity of electron photoinduced transfer and the photochemical processes running in the high-excited
states) that are used as the working substances in dye lasers [1] and, on the other hand, as photosen-
sitive compounds in data recording processes [2]. In literature, there are evidences that photochemi-
cal processes are possible in high-excited molecular states [2-7]. In particular, the radiation-chemical
molecular transformations have been described [4] and the general problem of the dyed material fad-
ing under solar UV irradiation is considered [5]. In [6], the molecular relaxation from a high-excited
state is considered and those processes are shown to constitute a superposition of non-equilibrium
processes (in vibrational states) and quasi-equilibrium ones (in purely electron states).

392 Functional materials, 15, 3, 2008



P.A.Kondratenko et al. / Excited states ...

Dr DI
16
12
Y=1.5
08
3
04}
0,0 1 ! Ny 1y ] ] ! ] ]
400 450 500 550 600 650 700 A,nm 1.5 20 25 3.0 lg(lot)

Fig. 1. Absorption spectra of resazurin in water (I) Fig. 2. Characteristic curve of a layer photographic
and acetone (2) and methylene blue in water (3). sensitivity (D is optical density).

This work continues the studies of processes taking place under relaxation of dye molecules from
high-excited states. The studies include both experimental and theoretical ones. The experiments
on photochemical processes have been carried out using irradiation of the dye-containing layers by
a He-Cd laser (\=441.6 nm) or by a mercury arc lamp (250 W) through light filters. The absorp-
tion spectra during the photochemical reactions were recorded using Specord UV/VIS and Specord
M40 spectrophotometers. To examine the photoconductivity kinetics, the samples were placed in a
measuring cell positioned at the input of a VK2-16 charge amplifier. The theoretical studies were
concerned the photochemical and photoelectric process kinetics as well as the quantum-chemical
calculations carried out using MNDO/d and AM1 programs [8, 9].

To solve the stated problem, the dyes of various classes were used as the study objects: thiazine
(methylene blue, I), diphenyl methane (brilliant green, IT) and oxazurin (resazurin, I1I).
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The absorption spectra of dyes I and I1I are presented in Fig. 1. The fluorescence spectra thereof
are mirror-symmetrical to the long-wavelength band of the absorption spectrum. Note that only
resazurin shows a rather intense fluorescence in liquid solutions (the fluorescence quantum yield in
ethanol is 0.22) that makes it possible to use those solutions in dye lasers as a working substance.
In dark and under daylight, the dye solid solution in polyvinyl alcohol is stable. At the same time,
under laser irradiation (or mercury lamp irradiation through an interference light filter) of a power
P>0.5 W/em? (3\>330 nm), the two-stage (two-quantum) processes are running [1] resulting in an
irreversible discoloration of resazurin and methylene blue (MB). The brilliant green solutions re-
main stable. The MB discoloration products do not absorb appreciably in the visible spectral region,
while the resazurin reaction products show a faint orange hue that provides favorable conditions to
observe image against the initial blue background. Under UV irradiation (A\<330 nm), single-quan-
tum discoloration processes are observed in all the dyes studied.

As to the possibility to record data in layers contaming resazurin or MB, we have found that the record
using laser radiation is possible if the focused laser beam energy exceeds (10® em? < 0.5 W/em?) = 5-10° W
that is easy to realize in practice. Here, we have taken into account that the resolution of a material
consisting of a dye solid solution in a polymeric matrix exceeds 1000 lines per mm. The character-
istic curve of photographic sensitivity for layers containing resazurin and MB in two-stage process
is shown in Fig. 2.

A detailed study of photochemical processes and energy structure for resazurin shows that the
reaction scheme describing the photochemical activity of resazurin (R) is as follows:

I

Functional materials, 15, 3, 2008 393



P.A.Kondratenko et al. / Excited states ...

hv

R — R" —the dye excitation into S, state (1)
R ., R —fluorescence and internal conversion 2
R e, *R — interconversion (3)
°R v, *R* — the dye additional excitation up to higher triplet state “)
°R L R — phosphorescence ®)
SR* —H R’ —relaxation to the S, state (6)
5R” e °R —internal conversion into T, state (7N
R h—v> R™ —the dye excitation into S_state (8
R™ s R" —internal conversion into S, state @)
R™ e R — relaxation to the T, state (10)
R™ L. Rf + O — the dye molecule dissociation 11
3R* e, Rf+ O — the dye molecule dissociation (12)

In the quasi-stationary approximation, the processes (1) through (12) are described by the sys-
tem of equations:

d[R*)/dt =& [R]L, + k,[PR] + k,[R™] — [R7](1/r+k, ) = 0, - (13)
dPRY/dt = k_[R]+ kPR + k,[R™] - FR] @, I, + 1/7) =0, (14)
dPRVdt = PRI, T, — PR'] (k,h,tky) = 0, - (15)
dIR™V/dt = &,[RIT, — [R™|(k,+k +k,) = 0, (16)
-d[R)/dt = d[Rf)/dt = k JR"| + k,[’R'], amn

In Eq. (13)-(15), I, is the intensity of light corresponding to the long-wavelength band of the dye
absorption: I *, the UV light intensity. If thin layers of low optical density are used, the light inten-
sity decrease due to passing the layer can be neglected, what is reflected in those equations. Other-
wise, I exp(-s, [R]x) should be written instead of I, for S, — S, absorption and similar dependences
for other electron transitions. To simplify the problem solution, let the contributions from reactions
described using k, and k, constants be insignificant. In that case, the full solution has the form

el + k3 ol
ks [k Rise Oy ks 2O
. /dt = R\ + I |R
dIRVde= 3= = Rl +| = | oo ]gﬂ+ ks _, (18)
T k2+k6t0

For a single-quantum process (I, = 0), taking into account the light distribution over the sample
thickness, we get the equation for the sample optical density at the irradiation wavelength:

_ ks D\ y
(wm_%+%%@e ﬁo (19)

with solution

D=In l—i-(eDO —l)exp

_ kseo I(')t]]

ks + ks 20)
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Fig. 3. Characteristic curves of photographic process Fig. 4. Energy diagram of resazurin anion at elonga-
for single-stage (Eq. (19)) and two-stage (Kq. (23)) tion of the dissociating N-O bond.
photolysis of resazurin.

In the case of two-stage process (I," = 0):

-D
dDide= a2 l=¢ 1 4| 18T @1
Bth 1+ BTtefD
where
A= kg Hise 481, — &1
k2+k6 1/T+klsc k2+k6
M M
Since B<<1/r, according to the experimental data, Eq. (21) becomes simplified considerably:
ATtIg —2D
dDlde =—EL(1-e7P), (22)

wherefrom

D= lln[l + (eZDO — l)exp (—ATtlgt)].
2 (23)

In Fig. 3, presented are the calculated data corresponding to (19-23). In the calculations, D =2.3
has been used (if decimal logarithm would be used as is adopted in photography, then D = 1 should
be taken). Moreover, when calculating, it was taken ¢, =¢,=¢ = 1-10* t = 10°. The quantum yield
values for the product formation form high-excited states were assumed to be unity. Since in two-
stage processes the result depends on 1 %t, i.e., the mutual substitution law is not met, only depen-
dences on In(I ) are presented in Fig. 3, the exposure time values are indicated at the corresponding
curves. To show the photographic curve for a single-quantum process in the same coordinates, it
must be presented for t = 1. As the mutual substitution law is valid in that case, the same curve will
characterize the process in D-In(lt) coordinates, too.

In parallel with the photochemical transformations of dyes, the electron photo-transfer between
the high-excited dye molecule and the matrix occurs [10]. The studies have shown that the photo-
current strength depends on the light intensity linearly under irradiation at x<330 nm and qua-
dratically at X>330 nm. Therefore, the reaction scheme proceeding from high-excited resazurin
states will be more complex. Nevertheless, the account for that fact will influence the quantum
yield value only and will not effect the kinetics type of photochemical processes. The photoconduc-
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tivity current value decreases in every next irradiation cycle. A decrease of optical density in the
dye absorption band is observed in parallel. The optical density decrease is in a close correlation
with the decreasing photoconductivity current maximum value.

Taking into account the fact that the excitation of arbitrary molecules (in particular, dyes) can
be accompanied by electron transfer onto an antibonding ¢* molecular orbital (MO) localized pre-
dominantly on a specific bond, it is easy to understand that the molecule excitation into correspond-
ing states must result in the dissociation thereof at the same bond. The molecule excitation to a
dissociative state (co® or no®) requires certainly a high energy. The excitation relaxation to a lower
excited state (=™ or nn®) may cause a considerable decrease of the molecular photodissociation
quantum yield. Nevertheless, the photodissociation (i.e., discoloration) of the dye molecule should
occur necessarily, although at a low quantum yield. That is why the colored textiles are subjected to
fading. The quantum-chemical calculation (Fig. 4) has shown that the dissociative oo™ or no™ state
exists in fact in the molecules under study. Since that state is a high-excited one, it is clear that the
dissociation process should occur starting immediately from that state. Otherwise, the dissociation
would be suppressed by relaxation to the S, state.

Unlike resazurin, the relaxation processes from a high-excited state in the MB molecule are not
restricted by reaction (1)-(12). Depending on the way to attain a high-excited state in MB (namely, by
absorption of a single quantum or two quanta sequentially), the absorption spectrum of the dye and
its phototransformation products in a polymeric matrix changes in different manners [2]. Under the
single-quantum excitation (UV), the optical density of the initial band (\ =667 nm) decreases while a
new band at 740 nm appears. The \_=740 nm band arises also in acidified aqueous MB solutions due to
the reversible transformation of an MB molecule into protonated one according to reaction MB + H* <>
MBH?. This reaction may run under UV irradiation if the electron phototransfer occurs from MB to the
matrix followed by hydrogen atom trapping from the matrix onto an MB** cation radical.

Accordingly, the reaction scheme (1)-(12) should be supplemented in this case by additional re-
actions (let MB -Cl be denoted as B):

3B" 4ot . pe, (24)
B™ +e” L>B*'; —the electron transfer between the matrix and the dye (25)
B** LBJF' +e, (26)

B™+M L(BH )" —hydrogen atom transfer from the matrix to the dye cation-radical @20

B*—* .p_ the dissociation of the dye cation-radical (28)
Instead of (11) and (12), it should be written:

B LP — the dye molecule dissociation (29)
3" ks _.p _the dye molecule dissociation (30)

The calculations show that the reaction (27) is the only possible way of hydrogen (proton) transfer
from the matrix to MB*. This statement is confirmed by the fact that the binding energy between the
nitrogen atom in MB CI' and a hydrogen atom (5.25 eV) exceeds by 1.65 eV the energy of a similar
binding between MB -Cl and H (3.6 eV) and also exceeds the C-H binding energy in the polymeric ma-
trix that amounts 4.2 eV in the case of sp® hybridization of atomic orbitals [11]. As to brilliant green, it
is easy to understand under account for the above that the two-stage molecule excitation results in an
excited state that is lower than the photo-active one. Under a single-quantum excitation, the photo-
active state can be attained in all cases. This statement concerns all molecules without exception and
it explains the instability of dyes under daylight illumination of colored textiles.
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To conclude, the relaxation of excited molecules in the dyed studied involves all electron states
of the molecule lying between the S_and S, (T,) ones, where the relaxation in some areas occurs as
an equilibrium process while in others, as a non-equilibrium one. Between the S_and S, (T)) states
of a dye in a solid polymeric solution, the states with electron transfer between the matrix and
the dye molecules may be arranges as well as a dissociative state (or several ones) characteristic
for the specified molecule. In particular, the dissociative state is responsible for the N-O binding
dissociation in resazurin and for the S-C one in methylene blue. The excitation interception to the
indicated states breaks the chain of non-equilibrium relaxation processes in the molecule. Since the
dissociation from such a state occurs in a non-equilibrium manner, the quantum yield may attain
theoretically 100%. The dissociative state of a dye molecule corresponds to the quantum transfer of
an electron to o* MO. In particular, it is just the T(cc™) state that is a dissociative one for resazurin.
In this case, at the equilibrium molecular geometry, both o MOs are somewhat delocalized with a1
increased N-O bond contribution, and become completely localized on that bond as ins length in-
creases. For MB molecule, the T(ro™®) state is dissociative. The molecule excitation into dissociative
state is possible both in a single-quantum process and in a two-stage one. The occupation of a stage
with electron transfer between the dye molecule and the matrix in the course of a high-excited state
relaxation causes the photoconductivity and the photogalvanic effect. Depending on the exciting
wavelength, the photoconductivity will manifest itself in a two-stage process or in a single-quan-
tum one. The photo-instability of high-excited molecules is an universal one, thus, new problems
arise in various applications of dyes.
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30ym:keHi craHu y (PyHKIIIOHAJILHIX MaTepiajgax Ha
OCHOBI1 ODapBHHKIB

I1.0.Konopamemnko, IO.M.JIonamkin, T.M.CakyH

Ilogpano ana/is ekclepuMeHTAJALHUX TA TEOPETHYHUX AOC/IMEHD IPOIEciB, siki BiA0yBaloThCs
MpH peJsiakcarlii MOJIOKYJIH 3 BHCOKO30YIMEHOTO CTaHy, OJepKAHOTO SK MPH OJHOKBAHTOBOMY
(S,—~S,), Tar 1 npu nBocramiinomy (S hv 5 I hv T, ) 3b6ymxenmi. fdAr ob’exrn
JTOCJTIJ e HHS BHKOPHUCTAHO TOJIIMepHI Imapu 3 OapBHUKAMH (pe3asypUHOM, METHJICHOBUM
GJIaKUTHUM Ta OPUITBTHTOBUM 3eJIeHUM). 3 ICOBAHO, 10 ¥ BUCOKO30Y/IMKEHUX eJIeKTPOHHHUX CTAHAX
CHCTeMH 3JAaTHI KATH Ha IMPOTA3l KIJIbKOX KOJINBAHB, IMO XapAaKTepHayIOTh BIAIOBIAHI CTAHH.
Ilorkasano, mo cepen BUCOKO3OYIMceHUX CTAHIB € aucoriaTuBHl cranu. Lle symosiiioe mepebir 3
IIUX CTAHIB KBA31PIBHOBAMHUX IIPOIIECIB IUCOIIAIII MOJICKYJIH, IIPOIIECIB IIepeHeCeHH eJICKTPOHA
MI3K BHCOKO30YI3<eHOI0 MOJIEKYJIO Ta OTOUeHHSAM (MaTpuIieo) Tomo. Takl mpoliech MosiCHIITh
BUIBITAHHA (apBHHKA Ha TKAHHUHAX, HecTidKicTh OApBHHUKIB y Ipolecl JiazepHoi reHeparrii
TOIE. 3aIllpoIIOHOBAHO BUKOPHUCTOBYBAaTH oTOHecTablIbHICTL OapBHUKIB [T 3anncy 1Hdomarii.
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