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Abstract

The photophysical properties of the compound 3-benzoxazol-2-il-7-hydroxy-chromen-2-one were studied for different solvents. This
compound, due to a dissociation equilibrium based on the hydroxyl group, results in a neutral and an anionic form in protic solvents.
Both forms present high molar absorptivities, around 10* dm>® mol~! cm™! related to the Sy — S; transition, which suggests for this
transition a m — ™ character. Theoretical calculations show that this transition must possess some n — 7™ perturbational contribution,
principally in the case of the anionic form, where the dipole moment of the S; state (8.590 D) is lower than the observed for the ground state
(9.374 D). For the neutral molecule, the n — 7™ perturbational contribution is due to the ketonic group, whereas for the ionized form, this
contribution is due to the phenoxide group. The theoretical prediction of the electronic spectra and microstates shows a good agreement
with the experimental data, principally when the solvation is considered. This coumarin shows to be highly fluorescent in different solvents,
presenting elevated quantum yields and large Stokes’ shifts. The Stokes’ shift for the neutral form, although the S; excited state present a
higher dipole moment than the ground state, shows a trend to diminish as the solvent polarity increases, due to efficient solvent—fluorophore
interactions in the ground state. The participation of non-radiative processes increases as the anionic form becomes preponderant and with
the increase in the polarity of the solvent and its capacity to perform hydrogen bonding. Even at low temperature (77 K), phosphorescence
was not detected. Meanwhile, a quantum yield of 0.06 for singlet oxygen generation was measured for the neutral species in chloroform,

indicating the possibility of intersystem crossing in a low extent. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Coumarins are a family of compounds that have been stud-
ied extensively due to its practical applications [1,2]. Optical
brightners, laser dyes, sensitizers in phototherapy, etc., is
some of the usefulness of this class of compounds (Fig. 1).

Electron-donor groups in the 4- and 7-position cause
bathochromic and bathofluoric shifts, which are the larger,
the more pronounced the electron-donor behaviour of the
substituents [1,3,4]. Also, this kind of substitution and the
increase in the solvent polarity are associated to the increase
in the fluorescent properties of coumarins, due to inversion
of states [4].

In this study, we evaluate some photophysical properties
of the coumarin derivative 3-benzoxazol-2-il-7-hydroxy-
chromen-2-one, and its anionic form (Scheme 1) comparing
experimental and theoretical results.

* Corresponding author.
E-mail address: acduardo@ufu.br (A.E. da Hora Machado).

2. Experimental

Dr. Ana Maria Ferreira de Oliveira-Campos, Univer-
sity of Minho, Portugal gently furnished the compound
3-benzoxazol-2-il-7-hydroxy-chromen-2-one. All the sol-
vents were of spectroscopic grade. In some experiments
the solvent was a 1:4 v/v water/methanol mixture. When
necessary, the pH of these solutions was adjusted using di-
luted aqueous HCI or NaOH solutions, with the aid of a pH
meter. The experimental absorption spectra were taken on
a HACH DR-4000U spectrophotometer. The fluorescence
measurements were done using a Hitachi F-4500 spec-
trofluorimeter equipped with low-temperature accessories.
The fluorescence spectra were obtained, using right angle
configuration, by exciting the sample at the wavelength
of maximum excitation. The fluorescence quantum yields
were estimated from the corrected fluorescence spectra us-
ing 9,10-diphenylanthracene in cyclohexane (@y5 = 0.90
at 20°C) as standard, using the methodology proposed by
Eaton [5]. The solutions were prepared with absorbance at
the excitation wavelength below 0.100.

1010-6030/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Fig. 1. Representation of the compound 3-benzoxazol-2-il-7-hydroxy-
chromen-2-one with some atoms numbered.

Low-temperature measurements were made at 77 K, under
liquid nitrogen, using methyl cyclohexane as solvent. The
coumarin was previously dissolved with a little amount of
2-butanol, and the solutions were previously deoxygenated
by bubbling argon.

Time resolved measurements were done on a CD-900
Edinburgh Analytical Instruments time resolved spectropho-
tometer, operating with a hydrogen filled nanosecond flash
lamp at 30 kHz pulse frequency. All lifetime values reported
reflect data taken with at least 1000 pulses in the maximum
channel, and 0.900 < X2 < 1.100 during the measurements.
The measurements were done, using the cuvette with the
sample in a front-face configuration.

The quantum yield of singlet oxygen generation was mea-
sured in chloroform, using solutions with absorbance of
0.300 at 355nm. The solvent was previously treated with
activated silica for 12 h before its use in the measurements.
The measurements were done, using an LP 900 Edinburgh
Analytical Instruments time-resolved system, with 355 nm
laser pulses (5 ns) furnished by a Nd-YAG Continuum Sure-
lite IT (Q-switched delay 200 ps). The laser power was varied
from 0 to 8 mJ. A North Coast EO-817 detector was used for
the detection of singlet oxygen phosphorescence at 1270 nm.
Phenalenone (¢ s = 0.97 at 20°C), Aldrich, was used as
standard in these measurements, using the methodology pro-
posed by Schmidt et al. [6] based on the following equation:

I
¢A,a = _¢A,s
S

I
where I, is the emission intensity of the sample, /s the
emission intensity of the standard and ¢4, the quantum
efficiency of singlet oxygen generation by the sample. The
excitation of the standard and samples was done at different
laser powers. The ratio I,/I; was calculated from the slopes
of the plot signal intensity vs. laser power. The excitation
of the standard (phenalenone) and samples was done at dif-
ferent laser powers. This permitted to do a more accurate

evaluation of I,/I;. This value was obtained taking the ratio
between the slope of the plot of the signal due to singlet
oxygen at 1270nm at + = Os expressed in millivolts, vs.
the laser power, expressed in millijoules, for the sample and
for the standard:

la  (AS/AP)y _ (AS),

I, (AS/AP); — (AS),

(AP), = (AP)s, considering that the experiments were
done under the same conditions.

The ground state geometries of the neutral and anionic
forms were firstly optimized using the PM3 semi-empirical
Hamiltonian (AMPAC 6.56 PC and Hyperchem 5.11 Pro).
After, the geometries were refined using HF/STO-3G ab ini-
tio calculation (Gaussian 94W). With the new geometries,
the prediction of the electronic spectra, microstates, oscil-
lator strengths, dipole moments, bond orders and charges,
was done using semi-empirical (PM3, Hyperchem 5.11 and
AMPAC 6.56-PC, CI and SCF) single point calculations.
For the prediction of the electronic spectra, 25 occupied
and 25 unoccupied molecular orbitals were used in the CI
calculations, totalizing 1251 configurations. In the theoreti-
cal spectrum, only the lines with oscillator strengths higher
than 0.001 were represented. For microstate calculation,
400 configurations were used. The solvent role on the eval-
uated properties was also considered. In this case, the cal-
culations were done using a variation of a Hyperchemistry
option (Periodic Box), with a limited number of solvent
molecules (methanol/water, approximately 20 molecules in
each box, in a 1:1 ratio) in the neighbourhood, at a minimal
distance of 2.3 A between the solute and solvent atoms [7].
For the anionic form, the best representation reached for
the solvation was an ionic pair (the anion and a H307) in
a methanol/water mixture. In both cases, the initial confor-
mation of the coumarin derivative was the one predicted
by ab initio calculation. The set of molecules was firstly
optimized before the single point calculations.

For a group of semi-empirical methods, the results ob-
tained using PM3 showed, for this coumarin derivative, a
better agreement with the experimental ones.

3. Results and discussion
3.1. Absorption spectra

In the range between 200 and 500nm, the absorp-
tion spectrum for this coumarin presents, in a 1:4v/v

oY o
oY — o0
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HO' O O -0 (0) (0]

Scheme 1.
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Fig. 2. Absorption spectra of: (a) neutral and (b) anionic forms in a
1:4 v/v water/methanol mixture.

water/methanol mixture, three typical absorption bands
(202, 260 and 374 nm). The band centred at 374 nm due
to Sg — S; transition, is attributed mainly to w — w*
transition, considering its high molar absorptivity, around
10* dm?® mol~! cm™!, and also the results of quantum me-
chanical calculation. Also, the fluorescence lifetime, be-
tween 2.5 and 5.2ns, observed for solvents of different
polarities (Table 4) reinforces this [8]. For the anionic form,
the absorption bands occurs at 202, 278 and 430 nm, in the
same solvent mixture. The displacement of the So — S
band is attributed to the dissociation of the phenolic hy-
droxyl group, which increases the electronic delocalization
in the structure. The first and second bands should be at-
tributed, respectively, to ethylenic, and benzenoid transition
for both forms [9]. The molar absorptivity corresponding to
the So — S transition, for the anionic form, possesses the
same magnitude verified for the neutral form. Fig. 2 shows
the superimposed spectra for both forms.

The data for the S9 — S; transitions, estimated by
semi-empirical calculations show a good agreement with
the experimental ones, for both species (see Table 1), prin-
cipally when the calculations are done considering the
solvation of the species.

The electronic spectra for both forms reproduce well the
position of the experimental maxima even considering the
species being isolated. The absorption maxima correspond-
ing to the So — S; transition for the anionic form displa-
ced from 466.7 (isolated ion) to 409.3nm, when in the
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Fig. 3. Calculated absorption spectra (PM3 CI): (a) neutral form, isolated;
(b) neutral form, solvated (methanol/water) in superposition with the
experimental spectrum in a 1:4 v/v water/methanol mixture.

calculation the solvent and a counter-ion (H307) were in-
cluded. The discrepancy between experimental and theoret-
ical data is of —7.9% for the isolated anion, and +5.1% for
the solvated form. For the neutral molecule, the absorption
maxima changed from 370.8 to 386.9 nm with, respectively,
40.9 and —3.4% of discrepancy, from the isolated to the
solvated form. The inclusion of the solvent also results in a
better description of the spectra in all the range of the exper-
imental spectra. Some spurious lines observed in the absorp-
tion spectra of the isolated molecules disappeared when sol-
vent molecules were included in the calculation (see Fig. 3).

Table 1

Absorption maxima (So(v = 0) — S;(v = n)), oscillator strength and molar absorptivities, for solutions prepared in 1:4 v/v water/methanol mixtures
Coumarin Amax (PM3) (nm) f (PM3) Amax (e)q)(;trimental)lJ (nm) f (calculated)© loge
Neutral, isolated 370.8 0.5604 - —

Neutral, solvated® 386.9 0.8566 374 0.3537 4.410
Tonized, isolated 466.7 1.0796 - — -
Solvated, ionic pair® 409.3 0.9506 430 0.3423 4.528

2 PM3 water/methanol.
Y From experimental absorption spectra.

¢ f (calculated) = 4.319 x 107° f &(v)dv, where f e(v)dv is the area under a curve of the molar extinction coefficient plotted against wavenumber.
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Fig. 4. Theoretical electronic spectrum for the anionic form, solvated,
ionic pair, superimposed with the experimental spectrum taken using a
1:4 v/v water/methanol mixture as a solvent at pH 10.54. The theoretical
points were normalized from the experimental curve.

Fig. 4 shows the experimental and theoretical spectra
for the anionic form, with the corresponding theoretical
spectrum obtained for the solvated molecule. The oscillator
strength (Table 1) estimated by theoretical calculation, un-
less the extremely high values agree with the expected for

the character of the So — S transition, which presents an
elevated molar absorptivity.

3.2. Microstates

The prediction of the microstates for the neutral form is
improved when the influence of the solvent is considered
in the calculations, showing the inclusive of the expected
effects related to the solvent relaxation. This can be de-
duced by the comparison of the S; state energy calculated
and experimentally obtained. For the neutral and anionic
forms, the experimental S; energies were estimated as
being, respectively, 286.08 and 257.91 kJ/mol. The calcu-
lated value for the neutral form, isolated, is 365.92 kJ/mol
(Table 2). Considering the solvation, the value for S energy
decreases to 321.11kJ/mol. This indicates that a suitable
consideration of the solvation in the calculations tends to
approach the theoretical result to the experimental one.
Most probably, the increase in the number of configurations
with a good description of the solvation environment must

Table 2
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result in a safe description of the electronic structure of the

molecule.

For the anionic form, isolated, the calculated S; energy
is 270.20 kJ/mol. This value for the solvated species suffers
an increase to 310.78 kJ/mol. This could be seen as an in-
dication of the lack of stability for this species when sol-
vated, which is not true. On the other hand, this model gave
a good description of the electronic spectrum of the solvated
anionic species. It is evident that it needs to be improved
to furnish a best description of the electronic structure and
correlated properties for the solvated anionic species.

For both species, the calculated electronic structure shows
a series of electronic states in close proximity to the S
state (Fig. 5). A similar observation was done by McCarthy
and Blanchard [10] in a study of the electronic structure of
several coumarins involving molecular orbital calculations
based on the AM1 Hamiltonian.

The calculated electronic structure of this coumarin shows
a reasonable complexity. For the neutral form, solvated, at
least two triplet states occur with energies lower than the Sy
energy. The energy difference between S| and T, is equal
to 0.21kJ/mol, a very little value which justifies elevated
values for the quantum yield of intersystem crossing, in dis-
agreement with the experimental data: phosphorescence was
not detected in our experiments at 77 K, the fluorescence
quantum yield shows to be high for solvents with different
polarities, and a very small quantum yield of singlet oxy-
gen generation (P4 = 0.06) was measured using chloro-
form as solvent. However, for another class of coumarins,
we have obtained a theoretical description of their elec-
tronic structure in close agreement with the experimental
ones [14].

The calculated dipole moment for the neutral and anionic
species show that while this parameter increases from Sy to
S; for the neutral form, it decreases for the anionic form
(Table 2). The lower dipole moment for the S; state implies
in a lower probability of solvent relaxation for the anionic
species, as the polarity increases, when compared with the
neutral one. Also, the results of theoretical calculation show
that the anionic species must present a higher rigidity than
the neutral, reducing the chances of vibrational relaxation
of the S; sate of the anionic species when solvated. The
formation of ionic pairs between the anionic species and its
counter-ion must to potentialize the internal conversion as
non-radiative deactivation pathway (Table 4).

Dipole moments for the coumarin, and geometric parameters (bond length, BL, dihedral angle, D, and bond order, BO) between the benzoxazol and
chromen-2-one groups, calculated using ab initio and semi-empirical calculations

Form So Si
u* (D) BL® (A) D* (%) u (D) BL (A) D (°) BO
Neutral 1.499 1.487 0.056 0.997 1.812 1.489 0.017 1.152
Anionic 9.374 1.446 0.048 1.105 8.590 1.426 0.006 1.221
2 Ab initio calculation.

b Single point semi-empirical calculation.
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Fig. 5. PM3 CI electronic excited states for the neutral and anionic forms. The solvation was simulated considering a mixture of an equal number of

molecules of water and methanol as solvent.

The calculations made for the isolated molecule, indicate
a perturbational contribution of n — ™ transition for the S;
state of the anionic form due to the contribution of the phe-
noxide group, which explains the decrease in the dipole mo-
ment (see Table 2). For the neutral form, the ketonic group
also contributes with an n — 1* perturbational component,
although in this case this contribution does not results in
significant changes in the pattern of the m — 7™ transition.
The analysis of the changes occurred on the atomic charges
and bond orders for both species at the Sg and S; states (see
Fig. 1 and Table 3) supports this. For the neutral species, a
charge transfer from the oxygen (Oq) to the carbon (C») in
the carbonyl group can be verified, considering the variation
from —0.547 to —0.474 in the difference of the net charges
over these atoms, Ag (—13.3%), occurred simultaneously
by a reduction of —9.6% in the bond order of this bond,
from 1.875 to 1.695. These variations in the ketonic group
are negligible for the anionic species. On the other hand, for
this species, Aq varied —8.2%, from —0.499 to —0.458, and
the bond order —10.1%, from 1.747 to 1.570, for the bond
between the atoms O»; and Cg, denoting a charge transfer

from O3 to the chromen-2-one ring, which is not observed
for the neutral form.

3.3. pk, measurement

Fig. 6 shows the behaviour of identical solutions in a
1:4 v/v water/methanol mixture at different pH’s.

The dissociation equilibrium for this compound was
evaluated considering the bathochromic displacement of the
So — S band, due to the increase of pH. The pk,, estimated
directly from the curve A439 vs. pH for methanol/water
solutions is 6.33 £ 0.03.

As pH increases, a shoulder evidencing the deprotona-
tion of the coumarin appears at 430 nm. This is more evi-
dent when these spectra are taken under different solvents,
like as pure methanol and DMF. Fig. 7 shows the superposi-
tion of the spectra taken under these conditions. In methanol
the preponderant form is the neutral with a maximum at
380 nm. A shoulder at 466 nm can also be seen. This shoul-
der, due to the presence of the molecules in the anionic form,
is viewed as a peak DMF, in which the deprotonation of

Table 3
Bond orders (BO) and charges (g) for the Sp and S; states of the neutral and anionic forms of the compound 3-benzoxazol-2-il-7-hydroxy-chromen-2-one
Atom Neutral Anionic

So N So Sy

q* Bond BO® q* BO® q* BOP q* BOP
Cy +0.313 C,0, 0.953 +0.256 0.976 +0.294 0.956 +0.291 0.959
Cg +0.146 CgCy 1.293 +0.145 1.223 +0.168 0.992 +0.134 1.082
Oy —0.234 01:Cy 1.875 —0.218 1.695 —0.309 1.776 —0.309 1.799
(o231 —0.269 0,:Cs 1.066 —0.268 1.086 —0.331 1.747 —0.324 1.570

@ Ab initio calculation.
® AMPAC 6.56 PC PM3.
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Fig. 6. (A) Absorption spectra of 3-benzoxazol-2-il-7-hydroxy-
chromen-2-one as a function of pH: (a) pH 2.67; (b) pH 5.54; (c¢) pH
6.08; (d) pH 6.70; (e) pH 10.54. (B) Sigmoidal curve for the pk, deter-
mination. Solvent: 1:4v/v water/methanol.

the hydroxyl group occurs efficiently. Methanol, due to its
capability to promote the formation of hydrogen bonds will
favour in a minor extent the displacement of the dissociation
equilibrium (Scheme 1).
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Fig. 7. Absorption spectra of the compound 3-benzoxazol-2-il-7-
hydroxy-chromen-2-one in methanol (a) and dimethylformamide (b).
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Fig. 8. Absorption and emission spectra for the coumarin derivative in:
(a) methanol and (b) dimethylformamide (DMF).

3.4. Fluorescence

As shown in Fig. 8, the fluorescence spectra for both forms
are approximately the specular image of the absorption spec-
tra. This trend occurs for the different solvents studied. This
behaviour can be seen as an indication that the geometry of
the S; state is nearly similar than that of Sq state [11,12],
which confirms the theoretical results.

These results do not show substantial geometry changes
for the S; state for both species, when compared with the
ground state, unless a higher structural rigidity for the an-
ionic form, and changes in the length of the molecule, re-
flected by the values of dipole moment. For the neutral
molecule, the angle between rings changed from 0.049° to
0.017° with its excitation. The highest planarity of the ex-
cited state can be followed by the comparison of the bond
orders for the bond Cy(C3, between the rings (Table 2).
An increase of 15.5% is verified for the neutral species,
and must be the result of a redistribution of the  elec-
tronic cloud over the molecule. For the anionic form, the
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Fig. 9. Fluorescence spectra for the coumarin derivative at 77K: (a)
neutral form, S; = 286.08 kJ/mol; (b) anionic form, S; = 257.91 kJ/mol.
Solvent: methyl cyclohexane.

structure in the ground state presents a torsion angle of
0.038° between the rings, while for the S; excited state is
0.006°. Also, an increase in the delocalization of the 1 elec-
tronic cloud with the excitation must be expected: the bond
order of the CpC3 bond suffered an increase of 10.5%.

Fig. 9 shows the superposition of the fluorescence spectra
for the neutral and anionic forms of this compound at 77 K.
Both spectra show a good structuration, which permitted a
safe estimative of Sy energy.

As can be seen from Table 4, the fluorescence quantum
yields are usually high for both forms. This occurs due to
the presence of the hydroxyl group in position 7, and the
benzoxazolyl group in position 3, of the chromen-2-one ring
[4,13]. The estimated mean value of fluorescence quantum
yield for the neutral form is 0.87 at 298 K for the solutions
prepared in a 1:4 v/v water/methanol mixture, and 0.94 at
77 and 298 K, in methyl cyclohexane. For the anionic form,
these values are usually lower: 0.53 at 298 K for the solutions
prepared in a 1:4 v/v water/methanol mixture, and 0.79 and
0.63, in methyl cyclohexane, respectively, at 77 and 298 K.
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Fig. 10. Lippert relationship for the coumarin derivative for different
solvents: methyl cyclohexane (1), carbon tetrachloride (2), 1,4-dioxane
(3), tetrahydrofuran (4), 2-butanol (5), isopropanol (6), acetonitrile (7),
methanol (8).

Considering the polarity parameter known as orientation
polarizability, Af, we can see that @¢ does not show any
significative change at 298 K unless for DMF and ethylene
glycol. For the first, @y = 0.57, this trend agrees with that
observed for water/methanol solutions at alkaline pH, where
the ionic pairs between the anionic species and its counter
ion must potentialize the internal conversion as non-radiative
deactivation route. For ethylene glycol, @ = 0.77, despite
its high viscosity. This low value for @; is most probably
associated to the ability of this solvent to form hydrogen
bonds with the coumarin, potentializing the non-radiative
route for the deactivation of the S; excited state.

As can be seen by the ratio k¢/ky,, as the polarity increases
the non-radiative process become more pronounced. For ex-
ample, for carbon tetrachloride with A f = 0.012, where no
significant polar interaction between the S; state and the sol-
vent is expected, this ratio is 128.67, whereas for ethylene
glycol with Af = 0.276, kf/knr = 3.34. In general, can
be concluded that the deactivation of the S; state is prepon-
derantly fluorescent. Although, some intersystem crossing

Table 4
Photophysical parameters for the compound 3-benzoxazol-2-il-7-hydroxy-chromen-2-one in different solvents
Solvent Afi Amax logs Aexc Aem Dy AStokes Texp Tf kexp X kf X knr X
(nm) (nm)  (nm) (em™!)  (ns) (ns) 1086 1086 H 1086
Methyl cyclohexane 0.000 381 - 381 458 0.94 4413 - - - - -
Carbon tetrachloride 0.012 382 438 387 457 0.99 4296 2.569 2.59 3.89 3.86 0.03
1,4-Dioxane 0.022 374 434 372 450 093 4516 - - - - -
Tetrahydrofuran 0.212 376 443 375 449 0.82 4324 - - - - -
2-Butanol 0.264 381 438 381 449 0.99 3975 - - - - -
Dimethylformamide 0.276 466 4.62 468 485 0.57 841 2.579 4.52 3.88 2.21 1.67
Ethylene glycol 0.276 382 438 382 451 0.77 4001 2.452 3.18 4.08 3.14 0.94
Isopropanol 0.277 381 441 381 447 0.97 3875 - - - - -
Acetonitrile 0.305 374 433 371 443 0.98 4165 - - - - -
Methanol 0.313 380 441 381 447 0.94 3944 - - - - -
CH3;0H/H;0 4:1, pH 2.67 - 374 441 374 468 0.68 5364 2.768 4.07 3.61 2.46 1.15
CH30H/H;0 4:1, pH 521 - 374 438 374 464 0.87 5044 2.856 3.28 3.50 3.05 0.45
CH30H/H,;0 4:1, pH 10.54 - 430 453 430 469 0.53 1934 2.742 5.13 3.65 1.95 1.70

2 Orientation polarizability.
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must occur, despite the absence of detectable phosphores-
cence at 77 K. A very small quantum yield of singlet oxygen
generation (@4 = 0.06) was measured for this coumarin in
chloroform (Fig. 10).

On the other hand, when the relation between the Stokes’
shift and Af is analysed, an apparently unexpected be-
haviour is found. The next figure shows an inverse linear
relation between these two parameters. This behaviour can
be understood if we consider the occurrence of increasing
specific solvent—fluorophore interactions in the ground state
as the polarity increases, which can be seen by the red shift
observed for the absorption maxima [11]. Despite of the
increase of the dipole moment, verified when the neutral
species is in the S state, these specific solvent—fluorophore
interactions become practically unchanged between both
states to justify a large variation than the observed for the
Stokes’ shift with the polarity. Excluding the solvents methyl
cyclohexane and carbon tetrachloride, all the other solvents
possess high dielectric constants and different hydrogen
bonding ability, parameters which must be decisive for the
mentioned interactions. However, DMF was not included in
this series, due to its observed high capability to deproto-
nate the compound under study. For this solvent, the effect
of the solvent—fluorophore interactions is more pronounced
despite the value of Af (Table 4). These interactions must
affect directly the routes of deactivation of the excited state,
increasing the participation of internal conversion.
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