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Fluorimetry Studies of Oscillating Chemilumnescence
in the Luminol-H,0,-KSCN-CuSO4,—TMAOH System
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Oscillating chemical reactions are complex systems, involving a large number of chemical species.
In oscillating chemical reaction, some species, usually a reaction intermediate, exhibit fluctuation
in its concentration. In this report, visible oscillating chemiluminescence produced by the addition
of luminol (3-aminophthalhydrazide) to the oscillating system of H,O,—KSCN—CuSO,—TMAOH
was investigated using spectrofluorimetry method. The effects of ingredient concentration of the
oscillating system and complexing agents like citric acid and cysteine on the behavior of the oscillating
system were investigated. Moreover, the influence of nonaqueous solvents such as ethanol and

ethylene glycol has been studied.
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INTRODUCTION

Oscillating chemical reactions are always complex
systems involving a large number of chemical species,
which can be categorized as reactants, products and inter-
mediates that show unusual mechanisms [1,2]. Basically,
an oscillating chemical reaction is the one where some
species (usually a reaction intermediate) exhibit fluctua-
tions in their concentration; such fluctuations are period-
icity or non-periodicity under specific reaction conditions.
For such oscillating reaction, at least three requirements
must be met [3]. (a) The system should be far from thermo-
dynamic equilibrium, under such conditions, spontaneous
oscillations can be generated [4]; (b) there should be at
least one autocatalytic step or, alternatively, cross cataly-
sis between the two steps of the reaction mechanism; and
(c) the system should possess at least two steady states
under the initial conditions.
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The fluctuations are reflected in color changes (if the
oscillating species exhibit different colors), pH changes
(variations in the H™ or OH~ concentration in the
medium), redox potential changes, etc. Several meth-
ods, such as pH metery, potentiometry [5-8] and chemi-
luminescence [9-11], have been applied in the inves-
tigation of oscillating reactions. One of the oscillating
reactions reported recently has an initial composition
of HyO,—KSCN—CuSO4,—TMAOH, determined using
conductometry method [12].

The sharp pulses of blue light (Ap.x = 424 nm)
produced by the addition of luminol to the oscillating
system H,O,—KSCN—CuSO4,—TMAOH are unlike the
oscillation characteristic to this system. In basic aqueous
solution, chemiluminescence results from the oxidation of
luminol by hydrogen peroxide catalyzed by a transition-
metal ion such as copper or cerium. The light-generating
reaction of luminol has been the subject of many
researches.

Typical oscillation attributes such as the oscillation
period and amplitude were recently used to evaluate their
use in chemical analysis [7,8]. In regular oscillations, the
oscillating period and amplitude depend strongly on the
concentrations of the reaction ingredient [11].
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In this study, using spectrofluorimetry tech-
nique, both factors were studied with luminol—H,0O,—
KSCN—CuSO4,—TMAOH system. We have performed a
series of experiments in which for each series, the con-
centrations of one of the species was varied and the other
was held constant. The effects of complexing agent such
as citric acid and L-cysteine also have been examined on
the behavior of oscillating reaction. Furthermore, the in-
fluences of alcohols such as ethanol and ethylene glycol
have been studied.

EXPERIMENTAL

Reagents

Stock solutions were prepared from commercially
available reagent-grade (Merck); potassium thiocyanate,
30% hydrogen peroxide, tetramethyl ammonium hy-
droxide (TMAOH), copper sulphate pentahydrate, lumi-
nol, citric acid and cysteine without further purification.
Bi-distilled water was used throughout.

Apparatus

The oscillating reaction was monitored by a spec-
trofluorimeter (Filter Fluorimetry, LS-2B Perkin-Elmer).
To record the light emitted from the oscillating chemilumi-
nescence reaction, no excitation source was applied to the
sample cell. The sharp pulses of blue light (A = 424 nm)
produced by the addition of luminol have been recorded.

Data were collected and excel program was used
for plotting graphs (intensity vs. time). Experiments were
carried out at ambient temperature ca. 24°C and chemilu-
minescence intensity is given in terms of relative units.

RESULTS AND DISCUSSIONS

Despite the usual chemical reaction, during chemi-
luminescence reaction the concentration of reactants
decrease, the concentration of products increase, but the
concentrations of intermediate or catalyst species exe-
cute oscillations as the conversion of reactants to products
rushes toward equilibrium (Scheme 1).

A+B+-- XY - <P+Q+ -

Scheme 1.

Mechanisms for oscillatory chemical systems have
been pursued almost as soon as chemists finally rec-
ognized the possibility of oscillation in a homogeneous
medium [13-15].
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Understanding why and how such complicated be-
havior arises in terms of chemical species and the interac-
tion among them is a fascinating subject in itself. In ad-
dition, this understanding facilitates the further design of
new chemical oscillators. A successful mechanistic study
also contributes to the knowledge of the general chemistry
and kinetics of the chemical species that are involved.

In this study, spectrofluorimetry technique has
been used to characterize the oscillating chemilumines-
cence in the system of luminol—H,0,—KSCN—CuSO4—
TMAOH. The mechanism of the oscillating reaction was
established from previous investigation by several authors
[1-10]. The oscillation reactions of such a system consist
of 30 kinetic reactions using 26 independent variables.
The reaction between hydrogen peroxide and sodium thio-
cyanate in alkaline medium is catalyzed by copper(II) and
is first-order in each reactant [4,6,16].

4H,0, + SCN™ — HSO; + NH; + HCO; + H,0
6]
The rate-determining step is
4H,0; + SCN™ — HOSCN + OH™ 2)

It is proposed that the SCN™ acts to separate in time the
steps in which copper(I) forms and the latter is temporar-
ily stabilized by SCN~. Copper(l) is then reoxidized to
the bivalent state with the simultaneous oxidation of the
SCN™ [6].

However, recent studies [16] have revealed the
occurrence of other intermediates such as cyanosul-
fite, “TOS(O)CN, peroxocyanosulfite, “OOS(O)CN, hy-
pothiocyanite, “OSCN, and peroxohypothiocyanate ions,
~“OOSCN.

In order to be able to carry out large number of
determinations with the maximum possible sensitivity, the
influence of selected experimental variable was studied to
achieve the maximum possible stability in the oscillating
system over time.

Figure 1 shows the temporal evolution oscil-
lation chemiluminescence in the system of luminol
—H,;0,—KSCN—CuSOs—TMAOH with optimized final
concentration of luminal (0.003 M), H,O, (0.48 M),
KSCN (0.069 M), CuSO, (5.5 x 107* M). The oscil-
lating behavior is the same as reported with the other
methods such as potentiometery [5—8] and luminometry
[9—11]. The behavior of the oscillations can be influenced
by changing the solvent or by employing foreign species.

Figure 2 shows the graph of oscillating light inten-
sity with time for the system of luminol-H,O,-KSCN-
CuSO4~TMAOH with final concentration of luminal
(0.003 M), H,O, (0.48 M), KSCN (0.069 M), CuSOy4
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Fig. 1. A typical fluorescence spectrum of the luminol—H,O,—
KSCN—CuSO4—TMAOH oscillating system with final concentration
of [luminal], 0.003 M; [H,0,], 0.48 M; [KSCN], 0.069 M; [CuSO4],
5.5 x 107* M and [TMAOH], 0.015 M.

(5.5 x 10~* M) and TMAOH (0.015 M). As can be seen,
the oscillating light intensity decreased exponentially with
time, which reveals the characteristic of pseudo-first-order
reaction. The curve fitting was applied by solver program
and satisfactory result have been obtained.

Figure 3 illustrates the fluorescence spectra of the
oscillating chemiluminescence at constant concentrations
of luminol (0.003 M), H,O, (0.48 M), KSCN (0.069 M)
and CuSO, (5.5 x 10~* M), but different concentration
of TMAOH, i.e., 9.0 x 1073, 1.2 x 1072, 1.5 x 1072
1.8 x 1072 M, respectively. As can be seen, increasing
the concentration of TMAOH causes the number of oscil-
lations to increase significantly, i.e. for concentration of
0.009 M of TMAOH six pulses can be observed; whilst for
0.018 M of TMAOH 11 pulses are observed. Results ob-
tained from these experiments notify that the overall time
of oscillating reaction greatly increases with increase in
the concentration of TMAOH, while the period of oscil-
lation does not change considerably with the variation in
the TMAOH concentration.
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Fig. 2. Graph of oscillating light intensity vs. time for the
luminol—H; 0, —KSCN—CuSO4—TMAOH oscillating system. Final
concentration: [luminal], 0.003 M; [H>0;], 0.48 M; [KSCN], 0.069 M;
[CuSOy4], 5.5 x 10~* M and [TMAOH], 0.015 M.
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Fig. 3. Fluorescence spectra of luminol—H;O0,—KSCN—
CuSO4—TMAOH oscillating system at different TMAOH con-
centrations [(a) 9.0 x 1073, (b) 1.2x 1072, (¢) 1.5x 1072 and
(d) 1.8 x 10~2 M] with constant concentration of [luminal], 0.003 M;
[H,0,], 0.48 M; [KSCN], 0.069 M and [CuSO4], 5.5 x 107 M.

We also have performed a series of experiments in
which for each series, the concentration of one of the
species was varied but the other was held constant. Re-
sults obtained from these experiments were the same as
previous work’s, which studied this system using lumi-
nometry and conductometry methods [11,12].

Solvent Effect

To investigate the effect of non-aqueous solvents
on the behavior of the oscillating chemilumnescence,
we have examined ethanol and ethylene glycol as non-
aqueous solvents. In these studies, during the oscillating
reaction, the emitted light was monitored using the fluo-
rimetry technique. Factors such as the number of pulses,
period of oscillating, total time of oscillating chemilumi-
nescence and intensity of emitted light have been studied.

The effect of ethanol on luminol-H,O,—KSCN-
CuSO4-TMAOH oscillating system was studied in a se-
ries of experiments at different ethanol concentration but
constant concentrations of TMAOH, KSCN, Cu SOy,
H,0; and luminol. This experiment has been performed
at different ethanol concentrations of 0.0, 10, 30 and
60% v/v, and final concentration of luminal, H,O,, KSCN,
Cu(II) and TMAOH of 0.003, 0.48, 0.069, 5.5 x 10~* and
0.015 M, respectively.

The fluorescence spectra of the oscillating chemilu-
minescence in the presence of ethanol have been shown in
Figs. 4a—4d. Results obtained from this experiment reveal
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Fig. 4. Fluorescence spectra of luminol-H,O;—KSCN-CuSO4—
TMAOH oscillating system in the presence of ethanol, (a) without
ethanol, (b) 10% v/v, (¢) 30% v/v and (d) 60% v/v ethanol. Final con-
centration: [luminal], 0.003 M; [H,O»], 0.48 M; [KSCN], 0.069 M;
[CuS04], 5.5 x 10~* M and [TMAOH], 0.015 M.

that by increasing the ethanol concentration, a signifi-
cant reduction of light intensity occurs. Since solubility
of luminol in alcohol is more than that of water, therefore
by increasing ethanol, more amount of luminals interact
with ethanol and accordingly less amount of luminol is in-
volved in the oscillating reaction. Consequently, the emis-
sion intensity is decreased. However, it should be noted
that no appreciable changes have occurred in the oscillat-
ing system, which means the other factors such as pulse
duration (i.e. half width of light pulses), number of pulses
and period of oscillation are moderately constant at differ-
ent concentrations of ethanol. This can be expected, since
ethanol has no direct effect on the oscillating reaction.

Figure 5 illustrates the fluorescence spectra of
luminol-H;0,—KSCN-CuSO4,—TMAOH oscillating sys-
tem in the presence of ethylene glycol. This experiment
has been performed at different ethylene glycol concen-
trations of 0.0, 10, 30 and 60% v/v, and final concentration
of luminal, H,O,, KSCN, Cu(II) and TMAOH of 0.003,
0.48, 0.069, 5.5 x 10~* and 0.015 M, respectively.

In spite of the earlier results, here no considerable
changes can be seen by the addition of ethylene glycol
and a regular oscillation is observed in all conditions.
Therefore, it can be realized that ethylene glycol has no
interaction with the ingredients of the oscillating system,
i.e. no solute—solvent interaction is carried out by ethylene
glycol. Consequently, ethylene glycol exerts no interrup-
tion in the oscillating reaction.

Effect of Copper Complexing Agents

Copper plays the role of a catalyst in the oscillating
system. It was shown that the number of oscillations as
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Fig. 5. Fluorescence spectra of luminol-HyO;—KSCN-CuSO4—
TMAOH oscillating system in the presence of ethylene glycol, (a) with-
out ethylene glycol, (b) 10% v/v, (c) 30% v/v and (d) 60% v/v ethy-
lene glycol. Final concentration: [luminal], 0.003 M; [H>02], 0.48 M;
[KSCNTJ, 0.069 M; [CuSO4], 5.5 x 10~* M and [TMAOH], 0.015 M.

well as the overall time of reaction decreases with decrease
in the concentration of the copper [11,12]. Therefore, it is
worthwhile to examine the effect of complexing agents in
this system. Addition of complexing agent causes copper
ion to react with those reagents and consequently affects
the behavior of the oscillating system. In this study, citric
acid and cysteine were used as complexing agents to be
added in the oscillation system of luminol-H, 0,—KSCN-
CuSO4—~TMAOH.

The fluorescence spectra of the luminol-H,O,—
KSCN-CuSO4~TMAOH oscillating system were investi-
gated at different concentrations of cysteine, 1.0 x 1073,
7.5 x 107%, 5.0 x 107* and 2.0 x 10~* M, with con-
stant concentration of luminal, H,O,, KSCN, Cu(II),
and TMAOH with concentration of 0.003, 0.48, 0.069,
5.5x 107 and 1.5 x 1072 M, respectively. Figure 6
represents fluorescence spectra of the luminol-H,O,—
KSCN-CuSO4,~TMAOH oscillating system in the pres-
ence of cysteine. Results obtained from this experiment
reveal that by increasing the concentration of the cys-
teine, the number of oscillations is decreased. As can
be seen, spectrum obtained from the highest concentra-
tion of cysteine (i.e. 0.001 M) shows only three signals
(Fig. 6a), whilst spectrum obtained from the oscillating
system without cysteine exhibits up to 11 signals.

Copper ion tends to react with sulfide ion to form
an insoluble compound of CuS (K, =4 x 10738) [17).
Cu(II) can reacts with enzymes containing —SH group.
Therefore, —SH groups of cysteine and glycine can react
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Fig. 6. Effect of cysteine on the fluorescence spectra of luminol-
H;0,-KSCN-CuSO4—TMAOH oscillating system, at different cys-
teine concentrations [(a) 1.0 x 1073, (b) 7.5 x 107%, (c) 5.0 x 1074,
(d) 2.0 x 107* M and (e) without cysteine] with final concentration
of [luminal], 0.003 M; [H>0-], 0.48 M; [KSCN], 0.069 M; [CuSO4],
5.5 x 107* M and [TMAOH], 0.015 M.

with Cu(Il) to form a stable complex. The formation
constant of such complexes (Ky) is large, for example,
the formation constant of the complex of Cu—glysine is
1.86 x 10'% (log Ky = 16.27) [18].

Cysteine can react with Cu(II) through SH site and
forms a stable complex. Concentration of Cu(Il) is de-
creased to a varying degree in the presence of cysteine
to form a stable complex with copper ion, i.e. it plays
as a role of static quenching. As a result, by increasing
the concentration of cysteine, less amount of copper ions
are available to be involved in the oscillating reaction
and consequently the number of pulses are reduced. It
is worthwhile to point out that the first pulse of light is
delayed, as concentration of the cysteine is increased, i.e.
the first signal appears at 66, 106, 135, 200 and 386 s
for the solution containing, 0.0, 7.5 x 1074, 5.0 x 1074,
2.0 x 107* and 1.0 x 1073 M, respectively (Fig. 6). This
phenomenon also can be attributed to the formation of
Cu—cysteine complex, which in terms it influences on the
oscillating reaction.

The effect of citric acid was performed with fi-
nal concentrations of cysteine 1.5 x 1073, 1.25 x 1073,
1.0 x 1073 and 5.0 x 10~* M, but constant concentra-
tions of luminal, H,O,, KSCN, Cu(Il), and TMAOH
with concentration of 0.003, 0.48, 0.069, 5.5 x 10~* and
1.5 x 1072 M, respectively.

Figure 7 illustrates that citric acid significantly influ-
ences the behavior of the oscillating reaction. As can be
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Fig. 7. Effect of citric acid on the fluorescence spectra of luminol-
H;0,-KSCN-CuSO4—TMAOH oscillating system, at different citric
acid concentrations of [(a) 1.5 x 1073, (b) 1.25 x 1073, (c) 1.0 x 1073,
(d) 5.0 x 10~* M and (e) without citric acid] with final concentration
of [luminal], 0.003 M; [H,0-], 0.48 M; [KSCN], 0.069 M; [CuSOy4],
5.5 x 107* M and [TMAOH], 0.015 M.

seen, increasing concentration of the citric acid causes the
period of the oscillating reaction to decrease; however, the
pulse number of lights is increased. Copper ion tends to
react with citric acid to form a strong complex; the forma-
tion constant of the complex is significant (log K¢ = 14.2,
where K is the overall formation constant) [18]. As a re-
sult, it can be deduced that by increasing the concentration
of citric acid, the amount of Cu(Il) involved in the reac-
tion of oscillating system is reduced and consequently
the oscillating frequency is decreased. Similar behavior
has been reported when the copper concentration was de-
creased in luminol-H,O,—KSCN-CuSO4~TMAOH os-
cillating system [11,12].

Results obtained from this experiment specifies
that the citric acid can also affects the peak shape
of signals (Fig. 7). Citric acid is a polyprotic acid
(HOC(CH,COOH)3), which undergoes stepwise disso-
ciation (pK; = 3.128, pK, = 4.761, pK; = 6.396) [17].
The pH of solution varies during the reaction of the
luminol-H, O,—KSCN-CuSO4,~TMAOH oscillating sys-
tem. Hence, it is expected that ionic species of LH; , LH>~
and L3~; where L: HOC[(CH,COO)3]*~, can also present
in the solution. This fact influences the oscillating reac-
tion and consequently has an effect on the peak shape of
the fluorescence spectra.

CONCLUSIONS

This work presents fluorimetry studies of os-
cillating chemiluminesecence in the system of
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H,0,—KSCN-CuSO4~TMAOH. Results have shown that
although ethanol has no effect on the oscillating behav-
ior, the light intensity is strongly influenced by changing
the ethanol concentration. The copper complexing agents
such as cysteine and citric acid are considerably affected
by the behavior of the oscillating reaction.
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