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Introduction
Luminescence phenomena, such as the aurora borealis, 

phosphorescence of the sea, luminescence of living organisms, 
phosphorescent wood or phosphor have fascinated man since 
ancient times. Aristotle was the first one who described “cold light” 
in dead fish, fungi and the luminous fireflies [1].

The term of luminescence was introduced in 1888 
by E. Wiedemann. He stated that certain compounds are capable 
of emitting light without previous heating. Wawiłow generalized 
this definition and stated that luminescence is the excess of the 
molecule light radiation over thermal radiation of the same molecule 
in the given spectral region and temperature. Luminescence is 
characterized by limited duration (do not stop immediately after  
excitation decay) [2].

Chemiluminescence is observed among aromatic and heterocyclic 
compounds including dyes (fluorescein, eozyn), biological compounds 
(chlorofil, carotenoid, certain vitamins and hormones) [3].

The current classification of luminescence phenomena is based on 
the categorization proposed by Wiedemann and depends on excitation 
mechanisms of molecule [4]. Luminescence phenomena are classified 
as follows:

Photoluminescence•	  – emission produced by the absorption 
of ultraviolet, visible or infrared radiation. Based on duration 
between absorption and emission of photons, fluorescence and 
phosphorescence are distinguished. The fluorescence occurs 
when time between absorption and emission of light is no longer 
than 10–8 s. If the time between absorption and emission of light 
is longer than 10–8 s the phosphorescence occurs
Thermoluminescence•	  – emission from solids induced 
by heating
Candoluminescence•	  – emission from incandescent solids
Triboluminescence•	  – emission induced by shaking, rubbing or 
crushing substance
Crystalloluminescence•	  – emission from crystallization
Electroluminescence•	  – emission from electrical discharges
Sonoluminescence•	  – emission from exposure to ultrasonic waves 
in solution
Bioluminescence•	  – emission from living organisms or biological 
systems (glowworm, bacteria, fungi, crustaceans)
Oxyluminescence•	  – emission from polymers induced 
by oxidation
Electrogenerated chemiluminescence•	  – emission produced at 
an electrode surface
Chemiluminescence•	  – emission of the ultraviolet, visible or near 
infrared radiation by molecules or atoms resulting from chemical 
reactions. Chemiluminescence takes place at room temperature in 
gas, liquid and solid phase [3].
In 1877 Polish scientist Radziszewski reported the 

chemiluminescence which was exhibited by the synthetic organic 
compound lophine (2,4,5-triphenylimidazole). He found that lophine 
emitted green light upon reaction with oxygen in the presence of 
strong base [5].

In general, two types of chemiluminescence mechanisms are 
distinguished (Fig. 1).

Fig. 1. Types of chemiluminescent reactions

In a direct reaction a substrate (A) and an oxidant (B) in the presence 
of cofactors react to form an intermediate product in an electronically 
excited state which relax to the ground state with photon emission.

An alternative for compounds producing ultraweak 
chemiluminescence is indirect sensitized chemiluminescence based 
on an effective energy transfer process from the excited species (P*) 
to a fluorophore (F) that after excitation is released to its ground state 
with photon emission.

Therefore the substrate (A) is responsible for light emission or acts 
as the energy transfer donor. The catalysts, enzymes or metal ions, 
reduce the activation energy and update chemiluminescence efficiency. 
Cofactors convert the substrates into a form capable of reacting and 
interacting with the catalyst to provide efficient leaving groups.

The excitation is a decisive step in chemiluminescent processes. 
Spontaneous light emission during reaction requires the presence of 
the following conditions. First, the reaction must be highly exothermic 
(40–70 kcal/mol) in order that the chemiluminescence occurred in 
the visible region (400–750 nm). This condition is related with redox 
reactions in the presence of oxygen and hydrogen peroxide or similar 
oxidants. Some of the energy produced must be channeled into 
a reaction pathway in which at least one of the upper vibrational levels 
of the reactants (probably corresponding to the transition state of the 
initial reaction) has the same energy and a comparable geometrical 
structure as an upper vibrational level of the lowest excited singlet state 
of a emissive product of the reaction. Second, chemiluminescence will 
occur when ΔH*a ≤ ΔHa, in which ΔHa is the enthalpy of activation for 
“dark” reaction competing with the chemiluminescent pathway, whose 
enthalpy of activation is ΔHa*. Additionally, the lowest excited singlet 
state of the fluorophore has the same geometrical configuration as the 
ground electronic state of the reactant.

Chemiluminescence quantum yield is the parameter which 
determines the intensity of emission of light. In order the efficiency of 
the chemical energy transfer into chemiluminescence reaction (φ) was 
significant, the equation1 must be preserved:

φ = φC × φE × φF	 	 (1)

where:
φC – the chemical yield of excited product formation
φE – the excitation yield
φF – the quantum yield of fluorescence of the light-emitting species
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The quantum yield of chemiluminescence depends on the 
efficiency of the particular intermediate processes leading to the 
emission of light. Chemiluminescence emission is influenced by factors 
such as: the chemical structure of the chemiluminescent precursor, 
the nature and concentration of other substrates affecting the process 
and favoring other irradiative competition processes, the selected 
catalyst, the presence of metal ions, especially transition metals 
involved in the processing of the oxidant, the presence of energy 
transfer acceptors, temperature, pH, ionic strength and the type 
of the solvent. Molecules that are involved in chemiluminescence 
reactions (luminogenic compounds) are generally reduced species, 
such as molecules containing amino and hydroxyl groups and 
polycyclic aromatic ring systems [3].

Liquid-phase chemiluminescence reactions
There are known numerous chemical reactions in which emission 

of light occurs. The most known are oxidation reactions by oxygen 
or hydrogen peroxide usually in the presence of catalyst – enzyme. 
The representative example is oxidation of luminol (5-amino-2,3-
dihydro-1,4-phthalazinedione) in basic solution and in the presence 
of catalyst (Fig. 2).

Fig. 2. Oxidation of luminol in the presence of hydrogen peroxide 	
and catalyst

The oxidation of luminol often occurs in the presence of hydrogen 
peroxide and catalysts such as (Fe(CN)63-, Cu(II) or Co(II)) in basic 
solution. A dianion of luminol is formed as a key intermediate. It reacts 
with oxygen or an alternative oxidizing agent to yield an excited state 
of the aminophthalate ion that is responsible for the emission of blue 
light in water and yellow-green in DMSO [6, 7]. The oxidation of 
luminol in basic solution is one of the best known and most efficient 
chemiluminescent reaction. A quantum yield of chemiluminescence in 
water and DMSO is of about 1–1.5% and up to 5%, respectively [8, 
9]. The luminol reaction is used in direct assays for the determination 
of different oxidizing agents such as H2O2, O2, I2 and in indirect assays 
for determination of glucose in the presence of enzymes such as 
peroxidase; metal ions and their complexes (Cu (II), Co(II), Fe (III) 
etc.) and inhibitors (Ag(I), Ce(IV), Ti(IV) etc.) [3].

Direct chemiluminescence is observed among limited group of 
organic compounds. These include indoles I [10], polydimethylamino-
ethylenes II [11] and Schiff’s bases III [12] (Fig. 3).

Fig. 3. Structure of direct chemiluminescent compounds

Another group of the most efficient chemiluminescence 
systems are peroxyoxalate derivatives (PO-CL) first reported in 
1963 by Chandross [13]. The oxidation of oxalic acid derivatives 
with hydrogen peroxide in the presence of a fluorophore 
(9,10-diphenylanthracene) gave bright, long-lasting emission of 
blue light. The most frequently used oxalate derivatives are bis 
(2,4-dinitrophenyl) oxalate (DNPO) and bis (2,4,6-trichlorophenyl) 
oxalate (TCPO). A typical PO-CL system consists of the oxalate 
derivatives, hydrogen peroxide as oxidant and catalyst. The 

intermediate products obtained in chemiluminescence are capable of 
producing an excited state of fluorophore responsible for emission of 
light. The example of sensitized peroxyoxalate chemiluminescence 
in the presence of berberine is presented in Figure 4.

where: B- sodium salicylate

Fig. 4. Mechanism of sensitized peroxyoxalate chemiluminescence in 
the presence of berberine

In chemiluminescence reaction the high-energy cyclic interme-
diates (dioxetane species A, B) are suggested. Excited molecule of 
fluorophore (berberine) emits intense yellow light via the chemically 
initiated electron exchange luminescence (CIEEL) mechanism [14].

The oxidation of oxalate esters in the presence of diluted anhydrous 
hydrogen peroxide, catalyst – sodium salicylate and sensitizers has 
practical application in Cyalume Technologies products known as 
chemical light sticks. High quantum yield of sensitizers lightening 
reached several dozen percent have essential influence on commercial 
success of the chemical light sticks. These products find several practical 
applications in military, police, emergency services but also in floats for 
fisherman, sports, tourism and entertainment.

Cyalume products are environmentally friendly, safe, non-toxic, 
non-flammable, non-breakable, weather conditions resistant and 
completely waterproof. Chemical light sticks are disposable, stop 
lightening after a determined time. The elastic tube flashlight filled 
with hydrogen peroxide and a breakable capsule with oxalate esters 
and sensitizers is subsequent practical development introduced 
by American Cyanamid Company. Chemiluminescence reaction is 
observed after snapping inner capsule and shaking the tube when 
the reagents are mixed together. Time of shining such flashlight 
depends on the composition and exploitation and last from 5 minutes  
to 12 hours [15].

Another efficient chemiluminescence compounds are acridine 
esters derivatives. Intense blue-green chemiluminescence during the 
oxidation of lucigenin (10,10′-dimethyl-9,9′-bisacridinium dinitrate) 
with hydrogen peroxide or oxygen in the presence of catalysts such as 
Co(II), Fe(II), Fe(III), Cu(II), Cr(III), or Ni(II), in alkaline solution, was first 
observed by Glue and Petsch in 1935. Mechanism of chemilumienscence 
of acridinium dimethylphenyl esters are presented in Figure 5.

Light emission from acridinium dimethylphenyl esters is 
generated in two steps. First, an initial treatment with acid rapidly 
converts the non-chemiluminescent pseudobase (A) to the 
chemiluminescent acridinum ester (B). Reaction of the acridinum 
ester (B) with alkaline hydrogen peroxide in the presence of 
cationic surfactant (cetyltrimethylammonium chloride) generates 
rapid chemiluminescence (< 5s). Excited state acridone (F) is 
belived to be the light emitting species in the chemiluminescence of 
acridinum phenyl esters. It is formed from decomposition of a high 
energy dioxetanone intermediate (E) or in direct formation from the 
dioxetane (D). Decomposition of the dioxetane intermediate (D) 
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or (E) is postulated to occur by electron transfer from the acridine 
nitrogen to the peroxide bond by a chemically initiated electron 
exchange luminescence (CIEEL) mechanism [16].

Fig. 5. Mechanism of chemilumienscence of acridinium 
dimethylphenyl esters

Chemiluminescence is widely applied in analytical chemistry due 
to some special advantages. It is characterized by high sensitivity 
(10–15 mol) and selectivity in comparison to other spectroscopic 
techniques. It is approximately 105 times more sensitive than 
absorption spectrophotometry and at least 103 times more sensitive 
than fluorimetry. Instrumentation used to measure chemiluminescence 
is relatively simple, because there is no necessity to use external light 
source compared to other measurement technique (photoluminescence 
processes). Then the problem related to scattering signals or 
instability of the external source is eliminated. Moreover, background 
photoluminescence signals are not observed as well. As opposed 
to photoluminescence processes this method do not cause nonlinearity 
or spectral interferences. In the case of low chemiluminescence 
quantum yield reactions it is possible to use more sophisticated 
instrumentation for the measurement of light intensity. Then, the use 
of special light detectors based on photon counting systems (PCS) 
or photomultiplier tube (PMT) systems, photodiodes or scintillation 
counters are required [17]. Because emission intensity is directly 
proportional to analyte concentration therefore chemiluminescence 
method enables to determine a wide variety of species that can 
participate in the process. Sensitized chemiluminescence allows 
to recognize of fluorophores and some substances which are not 
directly involved in the reaction but can generate products which are 
reactants in the chemiluminescence reaction. Molecule identification 
follows by determination of parameters such as excitation and emission 
spectra, decay times, polarization data. Chemiluminescence application 
opportunity with other techniques for example high-performance 
liquid chromatography (HPLC) [18, 19], capillary electrophoresis (CE) 
[20, 21] or flow injection analysis (FIA) [22, 23] provides qualitative 
and quantitative information of examined species in the gas, liquid 
and solid phases. Due to numerous advantages chemiluminescence is 
used as an analytical technique in many disciplines such as biomedical, 
pharmaceutical [24÷29], food analysis [30÷34], toxicological and 
environmental analysis [35÷41].

However, some limitations must be also considered. In combination 
with analytical technique such as HPLC or CE the lack of selectivity 
may occur. First, a significant chemiluminescence from solution may 
be caused by more than one analyte. Second, chemiluminescence 

intensity depends on the variety of physic-chemical and environmental 
factors such as pH, temperature, ionic strength. As a result, separation 
conditions may not always match the optimum chemiluminescence. 
Moreover, because chemiluminescence intensity varies with duration 
of process therefore the emission spectra of investigated compounds 
can widely vary in particular chemiluminescence systems. In order 
to obtain the comparable results it is necessary to detect the signal in 
flowing stream at strictly defined periods [42].

Gas-phase chemiluminescence
The application of chemiluminescence for determining components 

of a gas originates from the need to determine atmospheric pollutants. 
Owing to this method it is possible to detect pollution at the ppb (parts 
per billion) level. Because gas-phase radiative emission is competitive 
with irradiative processes, the quantum yield of the reaction and the 
emission spectrum vary with physical conditions such as gas composition, 
temperature and pressure. In order to obtain the emission in the UV/
Vis range, highly exothermic reactions is required. That is possible 
in the case of atomic, radical recombination or redox reactions. 
Chemiluminescence enables to detect sulfur, nitrogen, phosphorus 
and ammonia compounds, olefins, hydrogen atoms in the presence of 
strong oxidants such as fluorine, chlorine dioxide and ozone. The most 
widely used reagent is ozone [43, 44, 46, 47]. In many cases, nitrogen/
sulfur analytes may not react with ozone in the gas phase at room 
temperature, therefore pyrolysis process is necessary.

The chemiluminescence is exhibited by many compounds in the 
reactions with ozone. There are nitrogen oxide, sulfur oxide, unsaturated 
hydrocarbons such as alkenes, alkynes and aromatics [45].

The best known and most frequently used is the reaction of nitrogen 
oxide with ozone is (equation 2, 3). As a result of the exothermic 
reaction (48 kcal/mol), the distinctive near-infrared broad centered 
around 1200 nm is emitted.

 (2)

(λmax 1200 nm)	 (3)

Among olefins, the attention is paid to isoprene (2-methyl-1,3-
butadiene) that is very important industrial product used for synthetic 
rubber production that is a major biogenic compound. Isoprene is 
made by bacteria and vegetation during the process of photosynthesis. 
It is also the dominant hydrocarbon in human breath [48]. Isoprene 
chemiluminescence in the presence of ozone was demonstrated 
by Hills and Zimmerman in 1990 (equation 4) [49]. Excited state 
molecule of formaldehyde is responsible for emission of light in the 
wavelength region 450–550 nm. Chemiluminescence-based isoprene 
measurements are used for environmental air monitoring.

(λmax 450 – 550 nm)	 (4)

The chemiluminescence reaction in the presence of sulfur 
gases (equation 5) is actually more complicated in the real world. In 
comparison to NO+O3 system this reaction is much more exothermic 
(106 kcal/mol). The emission spectrum ranges from 280 to 460 nm 
and is centered around 360 nm. Excited molecule of SO2 has been 
found to be the principal emitter responsible for chemiluminescence. 
This fact was proved by chemiluminescence investigations of other 
sulfur compounds such as H2S, CH3SH, DMS, (CH3)2S, CS2, C6H5SH 
with ozone. If the sulfur/nitrogen containing analytes exist at low 
concentration, the separation methods are essential to apply [50÷53]. 
Gas-phase chemiluminescence is widely used for global atmospheric 
analysis [54, 55], emission from soils and vegetation [46, 47, 56] and 
in medicine [50, 57].
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(λmax 360 nm)	 (5)

Arsen is the most abundant element in the terrestrial crust [58]. 
Arsenic compounds can be found especially in groundwater used for 
drinking but also in seas, rivers, soils, air and in food resources [59, 60]. 
The hydride of arsenic (AsH3) is particularly toxic. Chemiluminescence 
of arsenic oxide in the presence of ozone for the first time was 
observed by Fujiwara et al. [61]. As a result of the reaction of AsH3-O3 

system a broad emission band is observed ranging from 350 to 600 
nm centered at 450 nm (equation 6). Numerous detection techniques 
of arsenic hydride measurement in ozone-induced chemiluminescence 
were reported [62÷64].

(λmax 450 nm)		  (6)

Solid phase chemiluminescence
Some polymers exhibit weak chemiluminescence in the visible 

range when heated up in the presence of inert gas (air or oxygen). 
For the first time this phenomenon was observed by Ashby in 
1961 from polypropylene [65]. Later, many important papers on 
chemiluminescence from polyolefins and polyamides [66–68], 
cellulose and biopolymers [69÷73] were published. Emission of 
light during oxidation of polymers is called oxyluminescence [65] or 
oxychemiluminescence [74]. For chemiluminescence of polymers 
to be observed, oxygen must be present in the process [75÷78].

Oxidation (autooxidation) is one of the most important 
processes responsible for degradation of polymers (Fig. 6) [79]. 
The first step (initiation) is the formation of primary radicals R• 

as a result of degradation of polymer materials by factors such as 
heat, light, catalysts (such as transition metals), radical initiators or 
impurities in the monomers. Radicals R• obtained rapidly react in the 
presence of oxygen to form peroxy radicals ROO•, which abstract 
hydrogen from the monomer and form an alkyl radicals R• and 
a hydroperoxides ROOH. Radicals generated from hydroperoxides 
ROOH decompositions again abstract hydrogen atoms. New 
macro radicals produce a variety of product species in an another 
autooxidation cycle process.

Fig. 6. The cycle of autooxidation

Termination of the propagation occurs in radical recombination 
reaction. When the oxygen pressure is suitably high, the termination 
occurs according to Russell mechanism (Fig. 7). As a result of bimolecular 
termination reaction of primary and secondary peroxy radicals an 
intermediate tetraoxide is obtained. Strongly exothermic (462 kcal/mol)  
the triplet ketone, singlet oxygen and alcohol are generated during its 
decomposition. Excited ketone emitting blue-violet (400–500 nm) 
light is the source of chemiluminescence emission from polymer  
[80, 81]. The termination mechanism was supported in other 
experiments concerning oxidation of hydrocarbon [82, 83].

Fig. 7. Russell mechanism of chemiluminescence pathway

Peroxy radicals ROO• produced during decomposition of 
hydroperoxide are key intermediate in oksychemiluminescence  
[69, 84, 85]. Extensive research of chemiluminescence from polymers 
proved that various chemical and physical methods of excitation of 
polymer during heating are possible [86, 88]. Chemiluminescence can be 
induced by easily decomposable radical initiators introduced in polymeric 
materials [89, 90]. Recently, photo-induced chemiluminescence in the 
presence of xanthenes and triphenyl methane dyes have been reported 
[91]. Solid-phase chemiluminescence can be also used to evaluate the 
degree of degradation [92], to study the reaction mechanisms and 
oxidation kinetics [93, 94] or to assess the stabilization efficiency of 
additives such as antioxidants [95].

Summary
Nowadays, it is general tendency in analytical chemistry to detect 

various species at extremely low concentration (in the range of 
femtomol). This trend is connected with environmental requirements 
that influenced the reduction of large amount of waste and pollutants 
generated in analytical processes. Chemiluminescence as an 
environmentally friendly method fulfills ecological prerequisite. It is of 
great importance because it provides high sensitivity and selectivity 
detection system.

Literature
Aristotle. De anima, De sensu: 1.	 Historia animalium. Meteorologica, Oxford, 
1923.
Kawski A.: 2.	 Fotoluminescencja roztworów. PWN, Warszawa, 1992, 1–24.
Garcia-Campana A.M., Baeyens W.R.G.: 3.	 Chemiluminescence in Analytical Che-
mistry. Marcel Dekker, New York, 2001.
Wiedemann E.: 4.	 Ueber Fluorescenz und Phosphorescenz I. Abhandlung. Ann. Phys. 
Chem. 1888, 270, 446–463.
Radziszewski B.R.: 5.	 Untersuchungen über Hydrobenzamid, Amarin und Lophin. 
Eur. J Inorg. Chem. 1877, 10, 70–75.
White E.H., Zafiriou O., Kagi H.H., Hill J.H.M.: 6.	 Chemilunimescence of luminol: 
The chemcial reaction. J. Am. Chem. Soc. 1964, 86, 940‒941.
White E.H., Bursey M.M.: 7.	 Chemiluminescence of luminol and related hydrazides: 
The light emission Step. J. Am. Chem. Soc. 1964, 86, 941–942.
Schroeder H.R., Yeager F.M.: 8.	 Chemiluminescence yields and detection limits of 
some isoluminol derivatives in various oxidation systems. Anal. Chem. 1978, 50, 
1114–1120.
Roswell D.F., White E.H.: 9.	 The chemiluminescence of luminol and related hydra-
zides. Methods in Enzymol. 1978, 57, 409–423.
Xi Z., Zhang Z., Sun Y., Shi Z., Tian W.: 10.	 Determination of indole-3-acetic acid 
and indole-3-butyric acid in mung bean sprouts using high performance liquid chro-
matography with immobilized Ru(bpy)32+– KMnO4 chemiluminescence detection. 
Talanta 2009, 79, 216–221.
Huang Ch.-Ch., Hohn K.L.: 11.	 Tetrakis(dimethylamino)ethylene chemiluminescen-
ce (TDE CL) characterization of the CMC and the viscosity of reversed microemul-
sions. J. Phys. Chem. B 2010, 114, 2685–2694.
McCapra F., Burford A.: 12.	 Chemiluminescent Schiff Bases. J. Chem. Soc. Chem. 
Commun. 1976, 607–608.
Chandross E.A.: 13.	 A new chemiluminescent system. Tetrahedron Lett. 1963, 4, 
761–765.
Kazemi S.Y., Abedirad S.M., Vaezi Z., Ganjali M.R.: 14.	 A study of chemiluminescen-
cje characteristic of a novel peroxyoxolate system using berberie as the fluorophore. 
Dyes and Pigments 2012, 95, 751–756.
http://www.cyalume.pl 15.11.2012.15.	
Natarajan A., Sharpe D., Wen D.: 16.	 Effect of surfactants on the chemiluminescen-
ce of acridinum dimethylphenyl ester labels and their conjugates. Org. Biomol. 
Chem. 2011, 9, 5092–5103.



sc
ie

nc
e 

• 
te

ch
ni

qu
e

nr 11/2013 • tom 67 • 1095

Ellis R.J., Wright A.G.: 17.	 Optimal use of photomultipliers for chemiluminescence and 
bioluminescence applications. Luminescence 1999, 14, 11–18.
Wada M., Ochi Y., Nogami K., Ikeda R., Kuroda N., Nakashima K.: 18.	 Evaluation 
of hair roots for detection of methamphetamine and 3,4-methylenedioxymetham-
phetamine abuse by use of an HPLC–chemiluminescence method. Anal. Bioanal. 
Chem. 2012, 403, 2569–2576.
Danielson N.D., Bard J.A.: 19.	 Electrogenerated Chemiluminescence. Marcel Dek-
ker, Inc., New York, 2004, 397–444.
Fletcher P., Andrew K.N., Calokerinos A.C., Forbes S., Worsforld P.J.: 20.	 Analy-
tical applications of flow injection with chemiluminescence detection—a review. 
Luminescence 2001, 16, 1–23.
Kanwal S., Ma Q., Dou W., Wang G., Su X.: 21.	 Determination of trace amounts 
of chromium (VI) by flow injection analysis with chemiluminescence detection. J. 
Environ. Anal. Chem. 2012, 92, 210–221.
García-Campaña A.M., Lara F.J., Gámiz-Gracia L., Huertas-Pérez J.F.: 22.	 Chemi-
luminescence detection coupled to capillary electrophoresis. Trends Anal. Chem. 
2009, 28, 973–986.
Mu X., Zhao S., Huang Y., Ye F.: 23.	 Use of capillary electrophoresis with chemilumi-
nescence detection for sensitive determination of homocysteine. J Sep. Sci. 2012, 
35, 280–285.
Ragab G.H., Nohta H., Zaitsu K.: 24.	 Chemiluminescence determination of cate-
cholamines in human blood plasma using 1,2-bis(3-chlorophenyl)ethylenediamine 
as pre-column derivatizing reagent for liquid chromatography. Anal. Chim. Acta 
2000, 403, 155–160.
Chen F., Zhang Z., Zhang Y., He D.: 25.	 Microdialysis sampling and high-performance 
liquid chromatography with chemiluminescence detection for in-vivo on-line deter-
mination and study of the pharmacokinetics of levodopa in blood. Anal. Bioanal. 
Chem. 2005, 382, 211–215.
Hori T., Hashimoto H., Konishi M.: 26.	 Determination of erythromycin A in rat 
plasma and urine by high-performance liquid chromatography with chemilumine-
scence detection using Tris(2,2′-bipyridine)ruthenium(II). Biomed. Chromatogr. 
2006, 20, 917–923.
Mervartova K.27.	 , Polasek M., Calatayud M.J.: Recent applications of flow-injection 
and sequential-injection analysis techniques to chemiluminescence determination 
of pharmaceuticals. J Pharm. Biom. Anal. 2007, 45, 367–381.
Ahmed S., Kishikawa N., Nakashima K., Kuroda N.: 28.	 Determination of vitamin K 
homologues by high-performance liquid chromatography with on-line photoreactor 
and peroxyoxalate chemiluminescence detection. Anal. Chim. Acta 2007, 591, 
148–154.
Xiong X., Zhang Q., Xiong F., Tang Y.: 29.	 Determination of three nonsteroidal an-
ti-inflammatory drugs in human plasma by LC coupled with chemiluminescence 
Detection. Chromatographia 2008, 67, 929–934.
Cobo M., Silva M.: 30.	 LC analysis of biogenic polyamines in table olives using on-line 
dansylation and peroxyoxalate chemiluminescence detection Chromatographia 
2000, 51, 706–712.
Perez-Ruiz T., Martinez-Lozano C., Tomas V., Martin J.: 31.	 High-performance liquid 
chromatographic separation and quantification of citric, lactic, malic, oxalic and 
tartaric acids using a post-column photochemical reaction and chemiluminescence 
detection J. Chromatogr. A 2004, 1026, 57–64.
Zhang Y., Zhang Z., Sun Y.: 32.	 Development and optimization of an analytical me-
thod for the determination of Sudan dyes in hot chilli pepper by high-performance 
liquid chromatography with on-line electrogenerated BrO−-luminol chemilumine-
scence detection J. Chromatogr. A 2006, 1129, 34–40.
Wu Q., Su Y., Yang L., Li J., Ma J., Wang C., Li Z33.	 .: Determination of polyamines 
by high-performance liquid chromatography with chemiluminescence detection 
Microchim. Acta 2007, 159, 319–324.
Sun Y., Zhang Z., Zhang Y., Wei Y.: 34.	 Determination of Sugars by LC with On-Line 
Electrogenerated Cu(HIO6)2]5−–Luminol Chemiluminescence Detection. Chro-
matographia 2008, 67, 825–827.
Hayakawa K., Noji K., Tang N., Toriba A., Kizu R., Sakai S., Matsumoto Y.: 35.	
A high-performance liquid chromatographic system equipped with on-line reducer, 
clean-up and concentrator columns for determination of trace levels of nitropo-
lycyclic aromatic hydrocarbons in airborne particulates. Anal. Chim. Acta 2001, 
445, 205–212.
Huang G., Ouyang J., Baeyens W.R.G., Yang Y., Tao C.: 36.	 High-performance liquid 
chromatographic assay of dichlorvos, isocarbophos and methyl parathion from plant 
leaves using chemiluminescence detection. Anal. Chim. Acta 2002, 474, 21–29.
Fan S.L., Zhang L.K., Lin J.M.: 37.	 Post-column detection of benzenediols and 
1,2,4-benzenetriol based on acidic potassium permanganate chemiluminescence. 
Talanta 2006, 68, 646–652.

Perez-Ruiz T., Martinez-Lozano C., Garcia M.D.: 38.	 High-performance liquid chro-
matography–post-column chemiluminescence determination of aminopolycarbo-
xylic acids at low concentration levels using tris(2,2′-bipyridyl)ruthenium(III.) J. 
Chromatogr. A 2007, 1169, 151–157.
Gámiz-Gracia L., Garcı́a-Campaña A.M., Soto-Chinchilla J.J., Huertas-Pérez 39.	
J.F., González-Casado A.: Analysis of pesticides by chemiluminescence detection 
in the liquid phase. Trends Anal. Chem. 2005, 24, 927–942.
Lopez M.D., Calatayud M.J.: 40.	 Photo-induced chemiluminescence determination 
of the pesticide buminafos by a multicommutation flow-analysis assembly. Talanta 
2008, 77, 561–565.
Catalá-Icardo M., López-Paz J.L., Asensio-Martín V.: 41.	 Development of a flow in-
jection manifold for napropamide determination by photo-induced chemilumine-
scence. Anal. Lett. 2012, 45, 872–882.
Baeyens W.R.G., Schulman S.G., Calokerinos A.C., Zhao Y., Garcia Campana 42.	
A.M., Nakashima K., Kuekeleire De D.: Chemiluminescence based detection: 
principles and analytical applications in flowing streams and in immunoassays. J 
Pharm. Biomed. Anal. 1998, 17, 941–953.
Hindson Ch.M., Francis P.S., Hanson G.R., Adcock J.L., Barnett N.W.: 43.	 Mecha-
nism of permanganate chemiluminescence. Anal. Chem. 2010, 82, 4174–4180.
Yan X.: 44.	 Detection by ozone-induced chemiluminescence in chromatography. J 
Chromatogr A 1999, 842, 267–308.
Toda K., Dasgupta P.K.: 45.	 New applications of chemiluminescence for selective gas 
analysis. Chem. Eng. Comm. 2008, 195, 82–97.
Planchet E., Kaiser W.M.: 46.	 Nitric oxide (NO) detection by DAF fluorescence and 
chemiluminescence: A comparison using abiotic and biotic NO sources. J. Exp. 
Bot. 2006, 57, 3043–3055.
Gianna A., Flavio B., Paolo C.: 47.	 Comparison of volatile concentrations in hand-
squeezed juices of four different lemon varieties. J. Agric. Food Chem. 2006, 54, 
1844–1848.
Ohira S.I., Li J.Z., Lonneman W.A., Dasgupta P.K., Toda K.: 48.	 Can breath isoprene 
be measured by ozone chemiluminescence? Anal. Chem. 2007, 79, 2641–2649.
Hills A.J., Zimmerman P.R.: 49.	 Isoprene measurement by ozone-induced chemilumi-
nescence. Anal. Chem. 1990, 62, 1055–1060.
Suresh V., Mih J.D., George S.C.: 50.	 Measurement of IL-13-induced iNOS-derived 
gas phase nitric oxide in human bronchial epithelial cells. Am. J. Respir. Cell Mol. 
Biol. 2007, 37, 97–104.
Azad A.K.M., Ohira S.I., Toda K.: 51.	 Single column trapping/separation and chemilu-
minescence detection for on-site measurement of methyl mercaptan and dimethyl 
sulfide. Anal. Chem. 2006, 78, 6252–6259.
Martin H.R., Glinski R.J.:52.	  Chemiluminescence from sulfur compounds in novel fla-
me and discharge systems: proof of sulfur dioxide as the emitter in the new sulfur 
chemiluminescence detector. Appl. Spectrosc. 1992, 46, 948–952.
Chskit R.J., Dixon D.A.: 53.	 Chemiluminescent reactlons of ozone with dimethyl 
sulfoxide and methyl disulfide. formatlon of electronically excited sulfur dioxide. J 
Phys. Chem. 1985, 89, 33–38
Sitnikov N.M., Sokolov A.O., Ravegnani F., Yushkov V.A., Ulanovski A.E.: 54.	 A che-
miluminescent balloon-type nitrogen dioxide meter for tropospheric and strato-
spheric invesitigations (NaDA). Instrum. Exp. Tech. 2005, 48, 400–405.
Voltz-Thomas A., Berg M., Heil T., Houben N., Lerner A., Petrick W., Raak 55.	
D., Patz H.-W.: Measurements of total odd nitrogen (NOy) aboard MOZAIC in-
service aircraft: Instrument design, operation and performance. Atmos. Chem. 
Phys. 2005, 5, 583–595.
Hosono T., Hosoi N., Akiyama H., Tsuruta H.: 56.	 Measurements of N2O and NO 
emissions during tomato cultivation using a flow-through chamber system in a glas-
shouse. Nutr. Cycl. Agroeccosyst. 2006, 75, 115–134.
Hemmingsson T., Linnarsson D., Gambert R.: 57.	 Novel hand-held device for exha-
led nitric oxide-analysis in research and clinical applications. J. Clinic. Monit. 
Comput. 2004, 18, 379–387.
Ahmed M.F. C& EN Periodic Table. Arsenic. http://pubs.acs.org/cen/80th/ar-58.	
senic.html 15.11.2012.
Lesikar B., Hare M., Hopkins J., Dozier M.: 59.	 Water and the Earth’s. Resources 
2005, L-5467.
Roychowdhury T., Uchino H., Tokunaga H., Ando M.: 60.	 Survey of arsenic in food 
composities from an arsenic-affected area of West Bengal, India. Food Chem. 
Toxicol. 2002, 40, 1611–1621.
Fujiwara K., Watanabe Y., Fuwa K.: 61.	 Gas chase chemiluminescence with ozo-
ne oxidation for the determination of arsenic, antimony, tin, and selenium. Anal. 
Chem. 1982, 54, 125–128.
Idowu A.D., Dasgupta P.K., Zhang G.F., Tod K., Garbarino J.R62.	 .: A gas-phase 
chemiluminescence-based analyzer for waterborne arsenic. Anal. Chem. 2006, 
78, 7088–7097.



sc
ie

nc
e 

• 
te

ch
ni

qu
e

1096 • nr 11/2013 • tom 67

Lomonte C., Currell M., Morrison R.J.S., McKelvie I.D., Kolev S.D.: 63.	 Sensitive 
and ultra-fast determination of arsenic(III) by gas-diffusion flow injection analysis 
with chemiluminescence detection. Anal. Chim. Acta 2007, 583, 72–77.
Sengupta M.K., Sawalha M.F., Ohira S.I., Idow A.D., Dasgupta P.K.: 64.	 Green ana-
lyzer for the measurement of total arsenic in drinking water: electrochemical re-
duction of arsenate to arsine and gas phase chemiluminescence with ozone. Anal. 
Chem. 2010, 82, 3467–3473.
Ashby G.E.: 65.	 Oxyluminescence from polymers. J Polym Sci 1961, 50, 99–106.
Billingham N.C., Then E.T.H., Gijsman P.: 66.	 Chemiluminescence from peroxides in 
polypropylene. Part I: relation of luminescence to peroxide content. Polym. De-
grad. Stab. 1991, 34, 263–277.
Blakey I., George G.A.: 67.	 Simultaneous FTIR emission spectroscopy and chemilu-
minescence of oxidizing polypropylene: evidence for alternate chemiluminescence 
mechanisms. Macromolecules 2001, 34, 1873–1880.
Fratricová M., Simon P., Schwarzer P., Wilde H.W.: 68.	 Residual stability of polyure-
thane automotive coatings measured by chemiluminescence and equivalence of 
Xenotest and Solisi ageing tests. Polym Degrad Stab 2006, 91, 94–100.
Pleteníková M., Matisová-Rychlá L., Rychlý J., Lacík I.: 69.	 Chemiluminescence rela-
ted to degradation of thermally oxidized pullulans. Comparison with cellulose and 
dextran. Carbohydr. Polym. 2007, 69, 50–64.
Rychlý J., Soltés L., Stankovská M., Janigová I., Csomorová K., Sasinková V., 70.	
Kogan G., Gemeiner P.: Unexplored capabilities of chemiluminescence and ther-
moanalytical methods in characterization of intact and degraded hyaluronans. 
Polym. Degrad. Stab. 2006, 91, 3174–3184.
Rychlý J., Rychlá L., Slovák K., Strlic M., Kocar D., Kolar J.: 71.	 Thermal oxidation of 
cellulose investigated by chemiluminescence. The effect of water at temperatures 
above 100ºC. Carbohydr. Polym. 2004, 58, 301–9.
Kocar D., Strlic M., Kolar J., Selih V.S., Pihlar B.: 72.	 Peroxide-related chemilumi-
nescence of cellulose and its self-absorption. Polym. Dergrad. Stab. 2008, 93, 
263–267.
Matisová-Rychlá L., Rychlý J., Ebringerova A., Csomorova K., Malovıkova A.: 73.	
Chemiluminescence accompanying the oxidation of hemicelluloses. Polym. De-
grad. Stab. 2008, 93, 1674–1680.
Belyakov V.A., Vasil’ev R.F., Fedorova G.F.: 74.	 Kinetics of oxy-chemiluminescen-
ce and its use in the analysis of antioxidants. Kinetics and Catalysis 2004, 45, 
329–336.
Schard M.P., Russell C.A.: 75.	 Oxyluminescence of polymers. I. General behaviour of 
polymers. J Appl. Polym. Sci. 1964, 8, 985–95.
David D.J.: S76.	 imultaneous photothermal and differential thermal analysis. Ther-
mochim. Acta. 1972, 3, 277–89.
Hsueh C.H., Wendlandt W.W.: 77.	 Effect of some experimental parameters on the 
oxyluminescence curves of selected materials. Thermochim Acta 1986, 99, 
37–42.
Rychlý J., Matisová-Rychlá L., Tiemblo P., Gomez-Elvira J.: 78.	 The effect of physical 
parameters of isotactic polypropylene on its oxidizability measured by chemilumi-
nescence method. Contribution to the spreading phenomenon. Polym. Degrad. 
Stab. 2001, 71, 253–260.
Wachtendorf V., Geburtig A., Trubiroha P.: 79.	 Chemiluminescence Detection: Prin-
ciples, Chances and Limitations for the Shortening of Weathering Tests w Service 
life prediction of polymeric materials: Global Perspectives. Springer 2009, Part 
4, 309–326.
Russell G.A.: 80.	 Deuterium-isotope Effects in the autoxidation of aralkyl hydrocar-
bons mechanism of the interaction of peroxy radicals. J. Am. Chem. Soc. 1957, 
79, 3871–3877.
Bartlett D.P., Guaraldi G.: 81.	 Di-tert-butyl trioxide and di-tert-butyl tertoxide. J. Am. 
Chem. Soc. 1967, 89, 4799–4801.
Miyamoto S., Martinez G., Marisa R., Medeiros H.G., Mascio P.D.: 82.	 Singlet 
molecular oxygen generated from lipid hydroperoxides by the Russell mechanism: 
studies using 18O-labeled linoleic acid hydroperoxide and monomol light emission 
measurements. J. Am. Chem. Soc. 2003, 125, 6172–6179.
Kanofsky J.R.: 83.	 Singlet oxygen production from the reactions of alkylperoxy ra-
dicals. Evidence from 1268-nm chemiluminescence. J. Org. Chem. 1986, 51, 
3386–3388.
Blakey I., George G.A.: 84.	 Simultaneous FTIR Emission Spectroscopy and Chemilu-
minescence of Oxidizing Polypropylene: Evidence for Alternate Chemiluminescence 
Mechanisms. Macromolecules 2001, 34, 1873–1880.
Rychlý J., Matisová-Rychlá L., Jurčák D.: 85.	 Chemiluminescence from oxidized po-
lypropylene during temperature cycling. Polym. Degrad. Stab. 2000, 68, 239–
246.

Jacobson K., Eriksson P., Reitberger T., Stenberg B.: 86.	 Chemiluminescence as 
a tool for polyolefin oxidation studies. Adv. Polym. Sci. 2004, 169, 151–176.
Matisová-Rychlá L., Rychlý J.: 87.	 Polymer Durability: Degradation, Stabilization and 
Lifetime Prediction. Clough R.G., Billingham N.C., Gillen K.T. Adv. Chem. Ser. 
Tom 249; ACS Washington, DC, 1996, 175–193.
Chen Y.A., Spiering J.H., Karthikeyan S., Peters G.W.M., Meijer E.W., Sijbe-88.	
sma R.P.: Mechanically induced chemiluminescence from polymers incorporating 
a 1,2-dioxetane unit in the main chain. Nature Chemistry 2012, 4, 559–562.
Phillips D., Anissimov V., Karpukhin O., Shlyapintokh V.: 89.	 Energy Transfer from 
Chemiluminescent Species in Polymers. Nature 1967, 215, 1163–1165.
Phillips D., Anissimov V., Karpukhin O., Shlyapintokh V.: 90.	 On the chemilumi-
nescence produced by the decomposition of initiators in polymers. Photochem. 
Photobiol. 1969, 9, 183–187.
Millingto K.R., Zhang H., Jones M.J., Wang X.: 91.	 The effect of dyes on photo-in-
duced chemiluminescence emission from polymers. Polym. Degrad. Stab. 2010, 
95, 34–42.
Gromek J.M., Derrick M.R.: 92.	 Photo-induced chemiluminescence: A sensitive 
probe of oxidativechanges in organicmaterials. Polym. Degrad. Stab. 1993, 39, 
261–268.
Celina M., George G.A.: 93.	 A heterogeneous model for the thermal oxidation of solid 
polypropylene from chemiluminescence analysis. Polym. Degrad. Stab. 1993, 40, 
323–335.
Celina M., George G.A., Billingham N.C.: Polymer Durability: Degradation, 94.	
Stabilization and Lifetime Prediction. Clough R.L., Billingham N.C., Gille, K.T. 
Advances in Chemistry Series 249; ACS Washington, DC, 1996, Chapter 11, 
159.
Dudler V., Lacey D.J., Kröhnke Ch.: 95.	 Chemiluminescence from polypropylene. 
Part 3: Application to the study of antioxidant effectiveness. Polym. Degrad. Stab. 
1996, 51, 115–124.

Translation into English by the Author

Karolina PODEMSKA – M.Sc., She is a PhD student in the Faculty of Chemistry 
at Technical University of  Lodz. Research interests: photopolymerization, 
synthesis of dyes, chemistry of polymers. Co-author of 4 chapters in a 
monographs, 12 articles and 1 patent application. Participate in 4 national and 
international conferences. She takes a parts in the  project ” Scientific scholarship 
for the best doctoral student in new technology domain”.

e-mail:karolina.podemska@gmail.com, phone: +4842 677 30 53

Agnieszka ORZEŁ – M.Sc., she is a PhD student in the Faculty of Chemistry 
at Lodz  University of Technology. Research interests: polymerization, initiating 
systems, synthesis of dyes. Co-author of 12 articles, 4 chapters in a monographs 
and 1 patent application. Participate in 4 national and international conferences. 
She takes a parts in the project ” Scientific scholarship for the best doctoral 
student in new technology domain”.

e-mail:agnieszka.m.szymczak@gmail.com, phone: +48 42 672 25 47

Jolanta SOKOLOWSKA – Professor (Sc.D), graduated from the Faculty 
of Chemistry at  Technical University of Lodz in 1973. She obtained PhD 
degree in 1981 from the Institute of Dyes at Technical University in Lodz. She 
received her habilitation in 1999 and in 2009 the title of professor (technical 
science).  Specialization: chemical organic technology; technology of dyes and 
intermediates. She is the author of ca. 70 papers and 20 patents. 

e-mail: jsokolow@p.lodz.pl; phone, +48 42 631 32 32

Radosław PODSIADŁY - Sc.D., graduated from the Nicolaus Copernicus 
University in Torun (1993). He obtained Ph.D. degree (2004) in chemistry,  after 
obtaining  a doctorate he earned habilitation in chemical technology from the 
Faculty of Chemistry at the Lodz University of Technology (2013). Currently, he 
is working as Assistant Professor in the Institute of Polymer and Dye Technology 
of the Lodz University of Technology. His research interests include synthesis 
and applications of functional dyes and visible-light photoinitiators, chemistry 
and photochemistry of dyes.

e-mail: radoslaw.podsiadly@p.lodz.pl, phone: +48 42 631 32 37


