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The purpose of the present work is to characterize the induction period in 
the kinetics of the formation of luminescent dissipative spatial temporal 
structures in solutions of anthraquinone. Such structures are formed under 
ultraviolet illumination in isopropyl alcohol solutions and silicone polymeric 
films. The structures exhibit three distinctive stages in time, induction, “fast”, 
and “slow”. During the induction period, no luminescence is observed, and 
the “fast” and “slow” stages are characterized by the appearance of bright 
luminescent products. Although similar luminescent structures have been 
previously reported in literature, no study has been conducted on the 
characterization of their induction periods. In our work, the observed 
luminescence is attributed to ketyl radicals while the formation of the 
structures requires heat and mass (oxygen and solvent radicals) transfer to 
and from the reaction zones. The induction period appears to be highly 
sensitive to the intensity of illumination, oxygen and solvent radicals 
concentrations. 
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1. Introduction 

*Self-organization is the wide spread 
phenomenon occurring in many fields (Haken, 
2008). In physics and chemistry, when system is 
open to energy and matter transfer, it results in the 
formation of complex dissipative spatial temporal 
structures (STS). They can be oscillating and 
repetitive, are characterized by so-called induction 
period (Cadena et al., 2005), and can appear in 
numerous forms and shapes such as solutions 
changing color (nonlinear chemical oscillator by the 
Belousov–Zhabotinsky reaction) or patterned 
convection cells (Benard cells) which are developed 
by heat transfer gradients in the system (Schneider 
and Sagan, 2005). In 1990s, in the former Soviet 
Union, there was reported a special type of such STS, 
fluorescent or luminescent (Vinogradov et al., 1990). 
These luminescent STS are formed in air-saturated 
solutions of organic dyes in organic solvents and 
polymeric films where ultraviolet radiation (UV) 
initiates the corresponding photochemical reactions 
accompanied by heat-and-mass transfer in the form 
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of redistribution of concentration of the reagents 
and photoreaction products. In particular, we have 
discovered a very pronounced and brightly 
luminescent STS in alcohol solutions of 
anthraquinone (Karitskaya, 2003; Akylbaev et al., 
2003). It was shown that the luminescent 
photoproduct, ketyl radical of anthraquinone, is 
responsible for the formation of the structures. In 
addition, the studies concluded that such 
luminescent STS could find useful applications in 
modeling chemical reactions in micelles (as nano-
scale chemical reactors) and developing remote non-
linear sensors for detection of oxygen and also 
residual solvents in paints and coatings. In this 
publication, we describe one of the features of 
luminescent STS, the induction period, its variables 
and non-linear character that can be used in sensor 
applications.  

2. Materials and methods 

The detailed description of the experimental 
materials and methods are given in (Karitskaya, 
2003; Akylbaev et al., 2003). In this section, we 
would like to present the following technical details 
needed for the purpose of this paper: 

 
 Anthraquinone was dissolved in isopropyl alcohol 

and its concentrations varied from 10-11 to 10-3 
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mole/l. The solutions were tested in a thick quartz 
cell with the dimensions 24x11x34 mm and thin 
quartz round cells 0.2–1 mm thick. 

 Anthraquinone (10-3 mole/l) was also tested in 
RTV silicone rubber films with thickness about 25 
– 50 microns. 

 
UV N2 laser (337 nm) with 100kW pulses, the 

pulse repetition rates of 100 Hz, and the pulse 
duration about 10 nanoseconds was used to 
illuminate the anthraquinone solutions. 

3. Results and discussion 

Fig. 1 presents a photo of a typical STS formed in 
3·10-5 mole/l solution of anthraquinone along with 
the graph showing time modes of the STS formation.  

The formation of the STS can be describes as 
follows. 

The time from 0 to t1 is the induction period 
when the UV illumination is on and no visible 
luminescence is observed. All the UV light is 
completely absorbed and no luminescence 
photoproduct is formed. At t1, a bright luminescent 
spot rapidly, in a matter of 1 – 2 seconds, appears 
and is located on the cell’s surface facing the UV light. 
Afterwards, a second luminescent zone is 
progressively formed during next a few seconds (t2). 
The zone looks like a luminescent cone positioned 
along the UV laser beam and it stops growing until 
the time t3. In about 60 seconds after the cone is 
formed, at t3, next (third) luminescent zone appears, 
either in the form of cone or ball-like. The ball 
luminescent zone is formed at higher (10-4 ÷ 10-3 
mole/l) concentrations.  During next 20 – 30 seconds 
of the illumination either second or third zones begin 
diffusing towards the upper level of the solution 
open to the air. Once they disappear from the laser 
beam, the second and third stages of the formation of 
the luminescent cones and balls are repeated 
creating the appearance of oscillating structures. 

 

 
Fig. 1: Typical STS of anthraquinone in isopropyl alcohol 
solution (3·10-5 mole/l), photograph and time modes of 

the formation 
 

Fig. 2 shows typical absorbance and 
luminescence spectra of the anthraquinone 
solutions. The bright green luminescence is observed 
at around 490 nm and it is attributed to the ketyl 
radical of anthraquinone as it is shown in 
(Karitskaya, 2003; Akylbaev et al., 2003).  

 

 
Fig. 2: Absorbance and luminescence spectra of the 

anthraquinone solution in isopropyl alcohol, 3·10-5 mole/l: 
1 – before UV illumination; 2 – after 15 min of UV 

illumination; 3 – luminescence 

 
The formation of STS, on the other hand, is a 

macroscopic phenomenon and is determined by 
concentrations of oxygen and the radicals of 
isopropyl alcohol and anthraquinone in the zone of 
the reactions (Eqs. 1-5): 
 
𝐴3 + 𝑅𝐶𝐻 − 𝑂𝐻 ⟶ 𝐴𝐻∙ + 𝑅𝐶 − 𝑂𝐻∙,                   (1) 
𝐴𝐻∙ + 𝐴𝐻∙ ⟶ 𝐻𝐴 − 𝐴𝐻,                                                      (2) 

𝑅𝐶 − 𝑂𝐻∙ + 𝑂2 ⟶ 𝑅𝐶𝐻∖𝑂−𝑂∙

∕𝑂𝐻

   ,                                    (3) 

𝑅𝐶𝐻∖𝑂−𝑂∙

∕𝑂𝐻

+ 𝐴𝐻∙ ⟶ 𝑅𝐶𝐻∖𝑂−𝑂𝐻

∕𝑂𝐻

+ 𝐴0 ,                                    (4) 

𝑅𝐶𝐻∖𝑂−𝑂𝐻

∕𝑂𝐻

⟶ 𝑅𝐶 = 𝑂 + 𝐻2𝑂2,                                    (5) 

 

where, 𝐴0, 𝐴3 are singlet and triplet states of 
anthraquinone, respectively; 𝑅𝐶𝐻 − 𝑂𝐻 is isopropyl 
alcohol molecule; 𝐴𝐻∙ is anthraquinone ketyl radical, 
𝑅𝐶 − 𝑂𝐻∙ is isopropyl alcohol radical; and 𝐻𝐴 − 𝐴𝐻 
is anthraquinone pinacone. During the induction 
period (<t1), UV illumination leads to the formation 
of isopropyl alcohol and anthraquinone radicals (1) 
in the concentrations enough to bind all the oxygen 
in the reaction zone (3) and stimulate, by that, the 
reaction (1) in the absence of oxygen. As it is 
realized, the diffusion of oxygen and its absorption in 
the reaction zone are stabilized leading to the 
formation of the first bright luminescent spot at t1 
and then to the further second and third luminescent 
zones at t2 and t3, respectively. 

The appearance of the anthraquinone STS in the 
thin cells is shown in Fig. 3. The induction period 
was about 60 seconds resulting in the formation of a 
bright luminescent spot. During next 120 seconds 
(t2) the dot was growing to the middle size 
luminescent spot with diameter about 7 mm. By the 
time t2, the formation of the spot was slowing down 
and after t2, it began growing again (t3) to the 
maximum size about 15 mm in diameter. The period 
of time t3 was about 240 seconds. In the silicone 
films, the formation of the STS was very fast and took 
about 2 seconds. The STS were formed only once. 
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Fig. 3: Anthraquinone STS in thin cells of isopropyl alcohol 

 
Fig. 4 presents the representative dependences of 

the STS luminescence intensities, induction period t1 
and the times of t2 and t3 of the formation of the 
second and third luminescent zones (in relative units 
and averaged over the test samples in solutions and 
silicone films) in time. Over time, the luminescent 
zones formed during the “slow” stage exhibit spatial 
transformations in time (diffusion, breaks-up, 
consolidation and formation of “blurred” structures) 
that result in non-regular oscillations of the total 
luminescence intensity. These transformations and 
luminescence intensity oscillations depend of the 
solution concentrations and distance from the upper 
level of the solution (or proximity to the source of 
oxygen, air). The closer to the upper level, the more 
frequent luminescent oscillations and zone 
transformations are observed. 

 

 
Fig. 4: The averaged dependence of the intensity of the STS 

luminescence (relative units) on time for various 
concentrations of anthraquinone: 1, 2, 3, 4, 5 and 6 – 10-3, 

10-4, 310-5, 10-6, 10-8 and 10-11 mole/l, respectively 

4. Conclusion 

The formation of the anthraquinone STS in 
isopropyl alcohol solutions and luminescent zones in 
silicone films are highly sensitive to the presence of 
oxygen and alcohol molecules.  

In both types of the media, the luminescence 
appears after a certain induction period and is 
attributed to ketyl radicals. 

In polymeric silicone films, the STS are formed 
very rapidly, in a matter of seconds, the induction 
period is extremely short, and the reactions take 
place only once during the laser UV illumination.  

Such characteristics of the luminescent STS and 
zones show a possibility of using them for remote 
detection of residual alcohol in oxygen permeable 
coating formulations. 
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