The Role of Singlet Oxygen in the Lyoluminescence of Saccharides
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Lyoluminescence, the radiation induced light emission during the dissolution of irradiated solid
substances like alkali halides, saccharides, amino acids etc. was proposed as a method of dosimetry.
It is established that lyoluminescence is a consequence of a reaction of radicals from radiolysis with
oxygen dissolved in the solvent. The role of oxygen in the lyoluminescence of saccharides has been
investigated. It has been proved that oxygen is not only necessary for the chemical reaction preceed-
ing the lyoluminescence process, but that it is also the emission centre itself. Singlet oxygen is released
from the disproportionation of peroxyl radicals produced during solution. The lyoluminescence
emission peaks may be attributed to the simultaneous transitions ['Z}]['Z)], ['4,]['4,] and

['Z;10'4,) to [*Z;1[*Z,] of collisional pairs of singlet oxygen molecules.

1. Introduction

A large number of organic solids exhibit chemi-
luminescence when dissolved in suitable liquids after
exposure to ionizing radiation, the so-called lyo-
luminescence (LL). Especially saccharides were pro-
posed as personal dosemeter materials because of
their tissue-equivalence. But a lower detection limit of
1 Gy-y-rays has excluded LL from application in rou-
tine. Recent investigations have shown that this limit
is caused essentially by environmental influences like
the temperature and pH of the solvent and by oxygen
present during the solution [1]. Controlling the oxy-
gen content has reduced the statistic error of LL mea-
surements. A better understanding of the basic mecha-
nisms running during the light emission should render
a lower detection limit. Therefore the role of oxygen
during this process has been investigated in this work.

2. Light Emission Processes

a) Concept of Lyoluminescence Emission
in Organic Compounds

A radical mechanism was ascertained as the base
of lyoluminescence [2], free trapped radicals being
formed as a result of exposure to ionizing radiation.
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Referring to Vassil’ev’s [3] model for the chemilumines-
cence of hydrocarbons, Ettinger and Puite [4] proposed
the following description for the mechanism of the LL-
process: Radicals are formed in the solid by radiation
absorption and oxidized to peroxyl radicals during dis-
solution. By disproportionation these peroxyl radicals
yield a carbonyl compound, an oxygen molecule, and
an alcohol fragment. In agreement with oxygen con-
sumption during dissolution of irradiated saccharides
in water [5], Baugh et al. showed that the LL-intensity
depends on dissolved oxygen in the solvent [6]. In an
earlier investigation [1] we could give a quantitative
description of the lyoluminescence output as a function
of oxygen concentration in water and of the absorbed
dose. The oxygen consumption by the lyoluminescence
system is proportional to its initial concentration. This
is a proof for the assumption of oxydation in the lyo-
luminescence process.

Ettinger and Puite [4] explained lyoluminescence in
Russel’s [7] model. This model deals in general with the
disproportionation of a peroxyl radical and the distri-
bution of its excitation energy to the resulting mole-
cules. Russel proposed that two secondary peroxyl
radicals undergo a self-reaction generating a metastable
cyclic transition state:

N 0 0 | |
2| —t—0,|~ 1 | | ——HOCH + 0 =0
[ i 2] —C 0—CH i 2+ [Ic ] M

In its disproportionation there are two possibilities
for the reaction products in consideration of the spin
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multiplicity an energy state, respectively, of the oxygen
molecules:

1. Oxygen in the triplet groundstate and the accom-
panying carbonyl compound in the triplet excited
state, or

2. oxygen in the singlet excited state (!X or '4) and
the accompanying carbonyl compound in the singlet
groundstate.

Ettinger et al. [8] proposed the carbonyl compound
as an emission centre of LL. They apply Vassil’ev’s
suggestion for chemiluminescence reactions of hydro-
carbons. These molecules emit a broad band in the
range 420—490 nm, which has been observed as well
during the relaxation of ethylmethyl ketone. In ethyl-
methyl ketone the emission was attributed to its car-
bonyl binding.

The LL of amino acids exhibits a similar single
broad emission band in the range 450—490 nm [4, 9],
so the LL is described with the relaxation of an excited
carbonyl compound. The LL of saccharides, in con-
trast, consist of a spectrum composed by several peaks
and in general stretches towards longer wavelengths,
well beyond 600 nm.

With respect to this fact, Ettinger and Puite [4]
discussed the LL-spectra of saccharides as an emission
of a relaxing oxygen molecule complex (1O%),. They
suggested a so-called collisional pair of singlet oxygen
molecules 'O%—'0% as an emission centre. It is gener-
ated by the summary reaction

RO; + RO, — R-R +(10%),. %)

It is consistent with singlet oxygen production in
Russel’s model and the transfer of the excitation energy
to the oxygen molecule. It is supported by the fact
that the LL-intensity of saccharides increases with
increasing oxygen concentration of solvent in the
range 1.5-15mg/1 O, [1]. The LL of amino acids, in
contrast, decreases with increasing oxygen concentra-
tion [4]. Therefore the LL of amino acids cannot be
described in the same way. It is known that the weak
intensity of chemiluminescence reactions of hydro-
carbons can be explained by quenching of excited
carbonyl bindings by groundstate triplet oxygen [10].
The same effect may explain the oxygen dependence of
the LL of amino acids.

b) Singlet Oxygen

The absorption and emission spectra of singlet oxy-
gen were investigated and discussed in detail [11]. The
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groundstate configuration of molecular oxygen is
KK (0, 25) (0, 25)* (5, 2p)* (z, 2p)* (, 2p)°.

It can give rise to the three states: >X (ground state),
'4,,and 'Z].

In a free oxygen molecule, the following electronic
transitions can be observed both in absorption and in
emission:

IA o 32;’

=
1y+ Iy-
23 - Zs’

AE=1270 nm,
AE= 730 nm.

They are strictly electric dipole forbidden. The life
times are 45 min for ‘4 and about 7 sec for 'Z. In the
condensed phase they are shortened by molecular
collisions (t:;; ~10"°s and 7., ~10"%s). As a con-
sequence, the emission of these two transitions van-
ishes. But additional bands are observed in the visible.
They correspond to various combinations of pairs of
single molecule transitions. The corresponding wave-
lengths are [12-17]

15515 (0,0) - 3% 57 (0,0)  380-400 nm,
147 157 (0,0) - 3% 3Z7 (0,0) 480 nm,
47 147 (2,0) - 327 3%; (0,0) 520 nm,
47 147 (1,0) > 3% 327 (0,0) 580 nm,
147 147 (0,0) - 3%; 327 (0,0) 630 nm,
147 147 (0,1) —» 3% %7 (0,0) 700 nm.

3. Methods and Measurements

The role of singlet oxygen in lyoluminescence of
saccharides was investigated in three step:

1. Test of the presence of singlet oxygen during the
emission,

2. Influence of reduction of singlet oxygen concentra-
tion on LL,

3. Investigation of LL-spectra.

Mannose and fructose were chosen as objects. The
integral LL output was measured with a chemi-
luminescence analyzer LB 950 (Berthold [1]). The sol-
vent was injected, controlled by a computer. The LL-
pulse was integrated for 10 s.

3.1. Test of the Presence of Singlet Oxygen

Singlet oxygen can be indentified by its reaction
with a selective oxygen acceptor. 1,3-diphenylisobenzo-
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Fig. 1. Optical set-up for the registration of singlet oxygen
dissappearance by DPBF addition during LL.

furan (DPBF) reacts chemically with singlet oxygen
[11]. Its rapid disappearance in solution can easily be
monitored by a reduction of the DPBF absorption at
420 nm. For this measurement a transmission cell has
been constructed (Figure 1). A tungsten band lamp
(Typ Cool-White, Osram) was used as a light source.
A band in the range 370—470 nm was selected with a
filter combination F1 (GG 385/2 mm + BG 12/2 mm,
Schott). DPBF is not soluble in water but in aceton,
whereas saccharides are not soluble in aceton. A mix-
ture of DPBF-aceton and water was used as a solvent.
The increasing transmission caused by the decrease of
DPBF concentration was observed with a photomul-
tiplier (PM EMI 6256 B). The solvent was placed in a
vessel. Saccharides were added by a dispenser. The
transmission was registered as a pulse while irradiated
sugar droped into the solvent.

Even DPBF emits a weak phosphorescence at
480 nm, when dissolved in aceton (Fig. 2, curve C).
When mannose is dissolved in DPBF-aceton/H,0, a
strong lyoluminescence is observed (B). The integral
lyoluminescence is about 10 times higher than the
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Fig. 2. LL-pulse of mannose (100 Gy) in water (A) and water/
DPBF-aceton (B). Phosphorescence of DPBF in aceton (C).
Irradiation with 100 Gy, 76 kV X-ray.
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Fig. 3. Transition pulse at 420 nm through DPBF during
solution of mannose, irradiated with 100 Gy, 76 kV X-ray. A:
Superposed by the LL-pulse. B: LL-pulse avoided by filter.

signal from dissolution in pure water (A). To avoid the
registration of light of this reaction during the trans-
mission measurement a second identical filter com-
bination F2 was placed between the vessel and the
PM tube.

The observed transmission pulse of the selected
band (420 nm) is shown in Figure 3 (B). Three parts of
the transmission curve can be distinguished. The first
one is the DPBF transmission. An abrupt decrease of
transmission is caused by scattering of light by the
saccharide crystals. During the dissolution of the crys-
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tals an increase is registered, resulting in a transmission
which is sigificantly higher than before the LL-pro-
cess, indicating a reduction of DPBF concentration in
the solution as a result of the 'O,-DPBF reaction.
The transmission pulse superposed by the LL-pulse is
shown in curve A for comparison.

By means of the chemical quenching of singlet oxy-
gen in the reaction with DPBF the production of 'O,
during the LL-process has been proved.

3.2. Influence of Reduced Singlet Oxygen
Concentration on Lyoluminescence

Further investigations aimed at the decision
whether 'O, is only a reaction product or even neces-
sary for the LL-process itself.

B-carotene is an effective O, desactivator. The re-
sult is groundstate triplet oxygen (3*0,) without O,
consumption [18, 19]. Simultaneously the groundstate
cis-f-carotene is transferred into the trans isomer:

cis-B-carotene + 'O, — trans-p-carotene + 30, . (3)

During this reaction no light emission occurs. This
interaction was used to estimated the contribution of
0, in the lyoluminescence process.

B-carotene is not soluble in water, but in aceton. As
the direct mixing of f-carotene-aceton with water
causes recrystalization of S-carotene, a solution of
7-1073 N B-carotene in 0.75 ml aceton and 0.75 ml
water were injected simultaneously from separate in-
jectors. Mannose was dissolved in a vessel (Fig. 4). The
injection rate of the liquids was 0.8 ml/s each, and
p-carotene was injected 0.1 s earlier. The injection of
the solvent is better than the dissolving process, in
which saccharides drop into the solvent, as an intense
mixture of solid and liquid is achieved and even as the
observation of the LL-pulse at its rise is less disturbed
by emission light absorption in f-carotene-acetone
(Figure 5). B-carotene is not stable against oxidation
in 30,, especially in the presence of light. There-
fore the measurements were performed with fresh
p-carotene-aceton in the dark. Mannose was irradiated
by 1-1000 Gy. A decrease of the LL by S-carotene
was observed in the whole dose range. The PM-signal
was reduced by about 80% relative to the lyolumines-
cence in pure water due to absorption in f-carotene
and to quenching of 'O, (Figure 6).

The contributions of both effects were estimated.
Mannose exhibits the LL-emission maximum at
480 nm. Here the main effect of f-carotene absorption
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Fig. 4. Optical set-up for the registration of LL decrease by
singlet oxygen quenching at f-carotene addition.
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Fig. 5. Absorption spectrum of 7107 N p-carotene solu-
tion in aceton.

is expected with respect to the overlap of both emission
and absorption, although the maximum of absorption
is at about 430 nm. The molar extinction coefficient of
the used 71073 N B-carotene at 480 nm was deter-
mined to £,4,=2 - 10* I/mol cm. It is 25% of the mo-
lar extinction coefficient published by Baugh et al.



E. Pitt et al. - The Role of Singlet Oxygen in the Lyoluminescence of Saccharides
& g8
& 19
Ny
O 105k
=z
[}
?
w 104k
=
=
>
S 103k
>
-
102 . . .
100 10! 102 103
DOSE / Gy

Fig. 6. Integral LL output of mannose as a function of
X-ray dose (76 kV) at dissolution in pure water and in
B-carotene/aceton + water.
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Fig. 7. LL-emission spectra of fructose (A) and mannose (B)
after irradiation with 100 Gy X-ray, 76 kV. Solvent: Water,
pH 6.97.
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Fig. 8. LL-emission spectra of mannose at different oxygen
concentrations in water (pH 7.1). 100 Gy X-ray, 76 kV. A:
33.5mg O,/], B: 8.3mg O,/1, C: 2.6 mg O,/1.
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in an undefined solution [6]. Assuming that the reduc-
tion is generated only by light absorption, a conserva-
tive estimation of the resulting light output at the PM
was performed. The calculated absorption in the sol-
vent is about 1 order of magnitude lower than that
measured by Baugh, who reported 80% absorption.
Therefore quenching of a light emission generating
species, especially 'O,, must be the main reason for
LL reduction. Assuming a homogeneous distribution
of the solid in the liquid during solvent injection and
an enhancement by aceton of 10%, both contri-
butions to the reduction were estimated to 78.5%
quenching of O, and 10.5% absorption of LL-emis-
sion by f-carotene, respectively.

By this estimation the light emission in the LL of
saccharides via 'O, as proposed by Ettinger and Puite
[4] as one of several possible mechanisms has been
proved.

3.3. Investigation of LL-Spectra of Saccharides

The LL emission spectra of mannose and fructose
were registered in a separate cage [1] at higher resolu-
tion (Fig. 7), using a set of edge filters (44=30 nm).
The LB 950 read-out technique has been applied.

The spectra of both mannose and fructose exhibit
peaks at 385 nm, 490 nm, 535 nm, where Ettinger and
Puite [4] observed only a broad band. These emission
peaks may be attributed, in accordance to Khan and
Kasha [16], to the following transitions from colli-
sional pairs of singlet oxygen (*O%—10%):

4,2, - 2 %%, 490 nm,
14,14, - 35,3,  520nm,
1315, > 35,3, 360nm.

In order to check whether this collisional oxygen
emission process is accompanied even by the concur-
ring carbonyl emission, the emission spectrum of
mannose was measured at low oxygen concentration
as well (Figure 8). Here the LL-maxima of the colli-
sional pair emission are reduced by one of magnitude
as a function of oxygen concentration. In this case
even the desactivation of excited carbonyl bindings
should be reduced, but no additional carbonyl emis-
sion at 430-490 nm was found. Therefore a super-
position of the emission of both carbonyl and the
(*O%), ar normal oxygen concentration (8.3 mg/l)
may be excluded.
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4. Conclusions

Lyoluminescence emission is a consequence of a
radical reaction. Ettinger et al. have proposed a model
for the LL of saccharides in Russel’s scheme in which
peroxyl radicals may be created during solution with
succeeding disproportionation and production of sin-
glet oxygen. Collisional pairs of singlet oxygen were
assumed to be the light emitters. In this investigation
the presence of singlet oxygen in the LL of saccharides
and its necessity for the light emission has been
proved. The peaks of the measured LL-spectra are in
accordance with the light emission by pairs of singlet
oxygen. Therefore collisional pairs of singlet oxygen
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