54 Russian Chemical Bulletin, International Edition, Vol. 51, No. 1, pp. 54—57, January, 2002

Chemiluminescence accompanying chitosane destruction
in hydrochloric acid solution containing hydrogen peroxide
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The chemiluminescence (CL) accompanies the destruction of chitosane (CTS) in the
presence of H,O,. The CL kinetics has a complex character and can be described as a sum of
two exponentials. The photoluminescence monitoring and IR spectra of the reaction mixture
indicate the formation of carbonyl groups in the course of CTS destruction. The enhancement
of the CL intensity by Fe?" suggests the reaction of Fe2* with hydroperoxides accumulated
with CTS decomposition. The macroradicals ROO " are assumed to be transformed through
the cleavage of the glycoside bond via a six-membered cyclic intermediate to form the terminal

peroxide radical and ketone.
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Synthesis of water-soluble oligosaccharides of chito-
sane (CTS) is a necessary stage in manufacturing various
drugs.! Several methods for preparing water-soluble oli-
gomers, including oxidative destruction and hydrolysis in
acidic and alkaline solutions, are known.2:3 A series of
requirements are imposed on the chemical methods for
chitosane destruction, the main of which being simplicity
of removal of reactants and high destruction rate.

The main method for studying oxidative destruction is
measurement of viscosity, which depends on the mean
molecular weight of oligosaccharides that formed. At the
same time, a search for other methods for studying oxida-
tive destruction of polysaccharides along with traditional
methods will make it possible, in our opinion, to reveal
some details of the mechanism of their decomposition.

In this work, we studied chitosane destruction in the
presence of H,O, in hydrochloric acid solution using
chemiluminescence (CL), viz., a phenomenon, which is
directly related to the reaction rate.
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Experimental

Chemiluminescence of a hydrogen chloride solution of CTS
in the presence of H,0, was monitored on a photometric instal-
lation using a FEU-140 photomultiplier. Photoluminescence
spectra (PL) were obtained on a Hitachi MPF-4 spectro-
fluorimeter. IR spectra were recorded on a Specord M80 spec-
trophotometer. Experiments were carried out at 30 °C. Intrinsic
viscosities were measured on Ubellohde viscosimeters.

Chitosane from Far-Eastern crabs (poly[(1—4)-2-amino-2-
deoxy-B-p-glycose], RIG Ltd. (Russia), Technical Standard
6-09-05-397-75), was dissolved in 1 N HCI and precipitated by
2 N NaOH. The precipitate was washed by distilled water and
dried. Hydrogen peroxide (special-purity grade) and other re-
agents were used without additional purification.

Results and Discussion

Chitosane destruction in a hydrochloric acid solution
containing no H,0, is due to the proton attack at the
1,4-glycoside-glycose bonds.? It has been established? that
in the presence of H,0, the rate of CTS destruction in-
creases substantially likely due to a free-radical destruc-
tion mechanism. Therefore, in the presence of O,, the
appearance of chemiluminescence is expected.5 Indeed,
the interaction of a hydrochloric acid solution of chitosane
with H,O, in air is accompanied by CL. In an inert N,
atmosphere, the CL intensity decreases to the level deter-
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Fig. 1. Total radiation of CL (S) as a function of concentrations
of H,0, ([CTS] = 1%) (1) and CTS ([H,0,] = 2%) (2).

mined by the dark current of a photoelectron multiplier.
A change of the inert atmosphere for air recovers CL.

Due to a complex structure of CTS solutions and their
high viscosity, the intensity of the observed CL is poorly
reproduced (20—25% between parallel experiments) and,
hence, we used the total radiation as the integral measure
of the reaction. The total CL radiation increases linearly
with an increase in concentrations of both H,0, and CTS
(Fig. 1), which indicates the origination of CL from the
interaction of the reactants or intermediates formed
from them.

Figure 2, a presents a typical curve for CL decay (1)
during CTS destruction. The curve has a complicated
shape and can be satisfactorily described by the sum of
two exponentials

1o = ajexp(—k 1) + a,exp(—k,t),

where k; and k, are the apparent rate constants for CL
decay. The k; and k, constants were obtained by process-
ing the CL decay curves using the non-linear regression
method (Fig. 3). The obtained k; and k, constants are, in
our opinion, the limiting values, which restrict the inter-
val of the constants variation, i.e., their dispersion. It is
more correct to represent the experimental kinetics of CL
decay as the sum of the greater number of exponentials,
which reflect the interaction of the destructing reactant
with CTS. As can be seen in Fig. 3, b, the dispersion of k;
and k, increases with an increase in the CTS concen-
tration.

The complicated shape of the CL decay curve and the
increase in dispersion of the constants are due, most likely,
to specific features of the structure of the polymeric CTS
molecule. Polysaccharides, being flexible macromol-
ecules, form a ball and diffuse rather slowly as compared
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Fig. 2. CL kinetic curves for oxidative destruction of CTS
(ICTS] = 1%, [H,0,] = 2%). a: 1, 30; 2, 60; 3, 80 °C. b: upon
addition of Fe?™ (10~% mol L) at the initial moment of de-

struction (/) and at the moment of reaching a constant CL
intensity (2) at 30 °C.

to solvent molecules. Therefore, reactions of the polymer
ball with small molecules are mainly determined by diffu-
sion of low-molecular reactants, and the position of the
center of gravity of the macromolecule can be considered
unchanged in the course of reaction. The macromol-

k+103/s71

1

0 1 2 3 4 [CTS] (%)

Fig. 3. Influence of the CTS concentration on the minimum (/)
and maximum (2) rate constants of CL decay at [H,0,] = 2%.
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ecule—reactant space distribution is always random due
to their high mutual mobility, and the probability of the
reaction is independent of the localization of the reactant
in the medium, i.e., the reactant interacts with the poly-
mer over the whole ball bulk. However, high dispersion of
the apparent rate constants is determined, probably, by
the steric factors of the reaction of intermediate species.
‘When a solution of polymer is diluted, the random distri-
bution is violated, individual molecular balls are formed,
and groups with close reactivities, which are only on
the macromolecule surface, become accessible for the
reaction.

The data on the CL decay kinetics at different tem-
peratures (see Fig. 2, a) show that at 60 and 80 °C the
glow curves pass through a maximum, indicating the for-
mation and consumption of an intermediate compound.
Photoluminescence monitoring of the reaction mixture
during CTS destruction indicates the accumulation of
chromophoric molecular groups, which emit in a region
0f 400—450 nm. The increase in the intensity of the band
at 1720 cm~! in the IR spectrum of the reaction mixture
indicates unambiguously the formation of the carbonyl
groups during destruction. We suggest that the carbonyl
groups, which are the CL emitters, are also formed at
moderate temperatures (~30 °C) because the CL spec-
trum coincides with that of photoluminescence of CTS
subjected to destruction (Fig. 4).

The addition of Fe2* sulfate (10~* mol L—1) enhances
CL and increases the rate of its decay. However, this
effect is dissimilar at different stages of CTS destruction.
The addition of FeZ" at the initial moment of the reaction
only accelerates CL decay, whereas a glow flash is ob-
served when Fe2" is introduced at the moment when the
CL reaches an almost constant level of intensity (see
Fig. 2, b). The influence of the FeZ" ions on CL at the
initial moment of destruction is a result of their catalytic
effect on the decomposition of H,0, according to the
Haber—Weiss scheme® and the reaction of the formed
active oxygen-containing radicals with the polymer. The
interaction of these species with organic substrates re-
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Fig. 4. Chemiluminescence spectrum (/) and photolumines-
cence spectra of the starting (2) and subjected to destruction
CTS (3) under irradiation with A = 310 nm.
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Fig. 5. Kinetic curves for destruction of a 1% solution of CTS in
0.1 N HCl in the presence of 2% H,0, (/) and 0.08% Trilon B
(2) at 30 °C.

sults, as a rule, in the formation of peroxides. It is likely
that hydroperoxides are also accumulated during the oxi-
dation of the polymer with H,0O,, and their reaction with
the Fe2" ions results in the CL flash when the glow reaches
a constant level. Peroxide formation can additionally be
confirmed as follows. Thermolysis at 30 °C of a chitosane
suspension subjected to destruction with a solution of
H,0, and then washed from the latter is accompanied by
a glow, whose spectral characteristics and decay kinet-
ics are similar to those of CL under homogeneous con-
ditions.

Probably, the observed CL and, correspondingly, CTS
destruction are due to reactions of radical species formed
during H,0, decomposition catalyzed by the traces of
transition metal ions, which are present in the reaction
mixture. This is confirmed by the influence of sodium
ethylenediaminetetraacetate (Na,EDTA) on CL. In the
presence of Na,EDTA, the CL intensity is much lower
than that of the reference solution. The CL kinetics also
changes: the glow decays more slowly. It is known that
Na,EDTA forms stable complexes with transition metals
and, most likely, these complexes catalyze H,O, decom-
position more weakly.

Comparison of the CL kinetics and kinetics of chang-
ing the viscosity of a CTS solution proves that CL reflects
CTS destruction (see Figs. 2 and 5).
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The most general mechanism of CL appearance in
oxidation of organic compounds is the disproportionation
of the secondary peroxide radicals? (Scheme 1).

Taking into account these facts and the above-men-
tioned data, we can assume that the observed CL is re-
lated to the disproportionation of the RO," radicals
formed in the polymer chain. CTS destruction is likely
due to the OH * radicals formed in the catalytic decompo-
sition of H,0O, because the H atoms in the C(1) and C(4)
positions are most weakly bound and, probably, they are
precisely the H atoms which interact with the OH * radi-
cals. In the general form, the reactions occurred in the
course of CTS destruction can be presented as follows.

Me"* + Hy0, — Me(OH)™ + OH",
RH + OH* — R’ + H,0,

R* + 0O, — ROO" (in polymer chain).

The macroperoxide radicals that formed dispropor-
tionate through the intermediate tetraoxide, which, ac-
cording to Scheme 1, decomposes with light emission.
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In turn, the ROO" macroradicals are transformed
with the glycoside bond cleavage. This transformation
(Scheme 2) with the formation of the terminal peroxide
radical and ketone occurs, probably, through an interme-
diate product.

Thus, we showed that CTS destruction in hydrochlo-
ric acid solutions in the presence of H,O, proceeds through
the formation of the ROO" radicals, whose dispropor-
tionation results in CL.
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