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The photophysical characteristics of a group of coumarins with a 3:4-fused ring system (2-substitut-
ed-4,5-dioxo-1,2-dihydro-4H,5H-pyrano-[3:4-c] [1]-benzopyrans) in solutions at room temperature, in
frozen ethanol matrix at 77 K, in solid phase and in PVC films are reported. The low fluorescence quan-
tum yield of the compounds investigated in solution is explained as a result of internal conversion from
the fluorescent S, (7tst*) state to the lower lying S| (n;t*) state. The phosphorescence with a life time in
the order of seconds is connected with intersystem crossing S; (nst*) — T, (7tze*). The absorption Franck
Condon transitions in solid phase and in PVC matrix are only weekly batochromically shifted accord-
ing to solution.
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Introduction CeHs CsH4CH3-p
Differently substituted coumarins are very useful as 0 o
fluorescent dies [1-3], laser dyes [3-5], sun light trans-
2
1

formers [3], and photosensitizers [6, 7]. On the other
hand, compounds of this group have appropriate model
structures for the investigation of non-radiative deac-

tivation processes in carbonyl containing organic lumin- ¢H4Q-p 6Hs
ophores [8]. The aim of the present work is to study the
effect of the presence of a 3:4 condensed ring system o o)
on the photophysical properties of a group of cou-

3

Hj C
marins, namely 2-substituted-4,5-dioxo-1,2-dihydro- 4
CH

4H,5H-pyrano-[3:4-c][1]-benzopyrans in ethanol solu-
tion at 300 and 77 K, in solid phase and in a polymer PVC

: H
matrix. CoH o ’
0 (¢]
1. Experimental -

6

Scheme 1 shows the structure of the investigated com-
pounds, the syntheses are described in [9]. All com-
pounds are recrystallized until a constant melting point
is obtained and are characterized by elemental analysis,
NMR, IR, absorption and fluorescence spectra. The
absorption spectra are recorded on a Specord M40 (Carl o
Zeiss, Jena) with equipment for solid state absorption
measurements. The corrected excitation and fluores-
cence spectra are taken on a Perkin Elmer MPF 44B spec-
trofluorimeter with attachments for phosphorescenceand ~ Scheme 1. Structure of the investigated compounds.
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- Table 1. Absorption and fluorescence maxima of

Comp.  Absorption Fluarescenice Phospho- the investigated compounds in ethanol, polymer

fescence  PVC matrix and crystal phase at 300 K, and phos-

. . phorescence maximain ethanol at 77 K. The absorp-

%}(‘)‘lﬁ(’l* PVC gﬁ;‘sde E(%ag’l PYC Egl’i }75;}1;"01 tion and luminescence maxima Ay, Ag, Ay are giv-

en in [nm], the molar extinction coefficients € in

=) e [1-mol™!-cm™].

Abs €107 Ayps  Aups Al A Afl Aph
1 334 192 345 337 420 405 425 490
2 345 147 342 340 430 410 450 500
3 333 124 346 336 420 420 - 495
4 334 19.8 347 330 415 405 415 495
5 332 179 346 337 412 403 420 505
6 338 184 340 345 413 405 - 485
7 335 158 342 340 410 410 - 495

solid phase fluorescence measurements. The phospho-
rescence lifetimes are calculated from the decay curves
in the phosphorescence maximum at 77 K. The fluores-
cence quantum yields Qy are evaluated relatively to p-
OCHj;-benzylidenephthalide with Q¢ =0.14 in ethanol
[10]. The solvents used are of fluorescence grade.

2. Results and Discussion

In Table 1 the experimental data for the UV-VIS
absorption and luminescence characteristics of com-
pounds 1-7 are presented. The phosphorescence life-
times in frozen ethanol solutions at 77 K, the relative flu-
orescence/phosphorescence intensity at 77 K and the
ratio of the fluorescence intensities at 77 K/300 K are
presented in Table 2. The absorption and luminescence
spectra of compound 1 in ETOH solutions at 300 and
77 K and in polymer PVC matrix are shown in Figure 1.

2. A. Absorption

The analysis of the experimental data for the investi-
gated compounds in ethanol solution at 300 K (Table 1)
show that the presence of the 3:4 fused ring system in
the investigated compounds leads to a decrease in the
energy of the longest wavelength absorption band in
comparison to the unsubstituted coumarin [8] with about
20 nm, the molar extinction coefficients remaining the
same order of magnitude as in other 3-substituted cou-
marins [11]. The introduction of electron donating sub-
stituents in the 3:4 fused ring system, p-CH;-phenyl
(compound 2) or methyl group (compound 6), addition-
ally shifts the absorption maximum to the red by about
10 nm, respectively 4 nm in comparison with compound
1, while the electron accepting p-Cl-Phenyl substitution
(compound 3) has no influence on the absorption spec-

Table 2. Spectral characteristics of the investigated com-
pounds in ethanol solutions at 77 K. 7,,;,: phosphorescence life
time, I/l (77 K): ratio between the phosphorescence and flu-
orescence intensity at 77 K, Iy (77 K)/I; (300 K): ratio between
the fluorescence intensity at 77 K and 300 K.

Compound Ton [S] Lo/l (77 K) I (77 K)/
Iy (300 K)

1 3.7 1.0 1.5

2 1.2 0.2 3.0

3 1.8 0.2 6.1

4 2.2 0.3 1.7

5 4.8 4.0 5.2

6 6.2 45 4.0

7 5.1 53 2.5

trum, Table 1. A similar effect of substituents on the
absorption maxima in a structure with a saturated carbon
atom is observed in some substituted indan-1,3-diones in
fixed diketo form [12].

Both in solid phase and polymer PVC film the ener-
gies of the absorption maxima are only weakly shifted to
the red against ethanol solutions, Table 1. In solid phase
the Frank Condon absorption transitions for compounds
2 and 6 are batochromically shifted against compound 1,
like in ethanol solutions.

2. B. Fluorescence

The compounds 1-7 fluoresce in solution at 300 K. In
all cases the fluorescence quantum yields are low, less
than 0.01. The Stokes shifts are large, about 6000 cm™,
but the fluorescence band shows mirror symmetry to the
longest wavelength absorption band, and the excitation
spectrum is identical to the absorption in the whole spec-
tral region 250 — 400 nm. Therefore there is no reason to
attribute the relatively large Stokes shifts to structural
changes in the fluorescent state. This conclusion is sup-
ported by the high photostability of the investigated com-
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Figure 1. Absorption and luminescence spectra of compound
1. Curves I and 2 ( ): absorption and fluorescence in etha-
nol, 300 K; curves 3 and 4 (- - -): absorption and fluorescence
in PVC matrix; curve S (- - +): phosphorescence in ethanol, 77 K.

pounds: after irradiation of the ethanol solutions (10 mm
cell, OD in maximum about 0.5) with a high pressure
450 W Hg lamp Narwa from 50 cm distance, the chang-
es in the intensity of the absorption maximum are less
than 5%.

The low fluorescence quantum yields of compounds
1-5 in all solutions at 300 K could be attributed to the
intramolecular librations of the phenyl substituentin the
3:4 fused ring system in these structures (Scheme 1).
But the results of the low temperature experiments in
frozen matrix at 77 K do not support this hypothesis.
As it is seen from the data in Table 2, the fluorescence
intensity increases only slightly, less than one order of
magnitude, after freezing the solutions of compounds
1-5 at 77 K. On the other hand, the compounds with
similar structure but without the phenyl substituent in
the 3:4 fused fragment (compounds 6 and 7) have the
same fluorescence properties: their Oy values in solu-
tions at room temperature ar also less than 0.01, and in
frozen matrix Qy increases in the same way as in com-
pounds 1-5.

Similarly to the unsubstituted coumarin and other cou-
marin derivatives [8, 13], the most reasonable explana-
tion for the low fluorescence quantum yields of all the
investigated compounds is connected with the nonradi-
ative deactivation of the fluorescent S,(;tm*) state
through the lower lying S| (n7t*) state. The position of
the S, (n7t*) level in the investigated compounds can not
be determinate experimentally because the S-S (nst*)
transition is overlapped by the much more intensive mr*
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transitions. According to many theoretical and experi-
mental studies (see for instance [14, 15] the energy of the
transition localized on the carbonyl group C=0 singlet
nmt* is only slightly affected by the changes in the mt-elec-
tronic system of the main chromophore. That is why the
energy of the S;(nn*) level in the investigated com-
pounds could be evaluated similarly to the unsubstituted
courmarin [8] to be about 340 nm. This means that the
S (nmt*) level in the studied compounds is very closed to
the fluorescent S, (stt*) level, Table 1. Consequently one
should expect a high efficiency of the internal conver-
sion S,(mmt*) — S;(nm*) in the investigated coumarins
with a 3:4 fused ring system, and this explains the
observed low fluorescent quantum yields in all investi-
gated coumarins 1-7.

The unsubstituted coumarin fluoresces in solid phase
[1]; we also observed fluorescence from the solid phase
of compounds 1, 2, 4, and §, Table 1.

Like the effect of the substituents on the absorption
maxima in solution, the fluorescence characteristics in
solid phase depends on the substituents in the 3:4 fused
ring system: for example the fluorescence maximum of
compound 2 is bathochromically shifted by 25 nm
against compound 1, while compound 6 has no fluores-
cence, Table 1.

2. C. Phosphorescence

All investigated compounds phosphoresce in frozen
ethanol solutions at 77 K, Table 2. In case of the com-
pounds 5, 6, and 7 the phosphorescence band dominates
the luminescence spectrum, being more intensive than
the fluorescence band. The fluorescence maxima in fro-
zen solution are hypsochromically shifted by no more
than 10 nm against the corresponding values at room
temperature. The singlet-triplet splitting is in the order
of 10,000 cm™", and this corresponds fairly to the calcu-
lated values for the S, (rt*) — T (stm*) gap in unsubsti-
tuted coumarin [8]. The phosphorescence lifetimes for
all samples are relatively long, in the order of seconds,
and these values are similar to the phosphorescence life-
time of the unsubstituted coumarin [13]. Bearing in mind
the indirect population of the triplet excited states through
intersystem conversion from the singlet mm* excited
states, as well as El-Sayed’s rules for the intersystem con-
version efficiency [14], i.e. forbidden S (mm*) — T, (7ww*)
but allowed S (nrt*) — T (;t*) transitions, the observed
intensive phosphorescence from the investigated cour-
marin derivatives could be seen as an indirect prove for
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effective internal conversion of the type S,(msm*)—
S, (nmt*). There are two reasons for such a statement.
First, the internal conversion of this type will strongly
compete with the fluorescence processes, and this
explains why the Oy in solution is so low and does not
increase in a frozen matrix at 77 K. Secondly, the large
radiative lifetime of the S; (nmt*) level, which appears to
be the lowest singlet excited state in the investigated com-
pounds, makes possible the effective population of the
phosphorescence T (strt*) level via Sy (nmt*) — T (;tmw*)
internal conversion, and this is in line with the intensive
phosphorescence observed at 77 K.

The presented experimental data give reason to pro-
pose the following scheme for describing the radiative
and nonradiative processes through the electronically
excited states in the investigated compounds:

S, () —NE 5 S (n7r¥) (1)
S, (run*) —Ke 5 S + hvfl | )
S, (nm*) —Rise 5 Ty () 3)
T, (7)) —<ei 5 S + hvPH | 4)

where the rate constants K indicate, respectively, K;¢c
internal conversion, Kg; fluorescence, K;gc intersystem
conversion, Kpy phosphorescence. The low values of the
fluorescence quantum yield Qy indicate that Kjc > K,
and from the experimental data at 77 K follows, that K;g¢
is in the same order as Kjc.
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