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Summary

Lifetimes and quantum yields were determined as a function of temper-
ature for two carbonyl compounds which show dual fluorescence emission as
a result of alteration of their energy gaps. It was found that in both com-
pounds the lifetime of the S, state is raised into the nanosecond range and
the lifetime of the S, state is lowered into the picosecond range.

1. Introduction

In a preceding paper [1] it was shown that by proper substitution one
can change the fluorescence emission behaviour of azulene (which exhibits a
dominant S, » S, fluorescence) such that either dual fluorescence (S - Sy
and 8; ~ Sg fluorescence) or dominant S; —~ S, fluorescence only is observ-
ed. Whilst the intensity of the S, — Sy emission was shown to be fairly inde-
pendent of temperature, a logarithmic dependence on temperature was
found for the 8; - S, fluorescence intensity. The activation energy which
was derived from an Arrhenius-type plot was approximately 60 cm™! and
this could be interpreted as being due to the barrier to internal rotation of
the substituents.

To gain further insight into the temperature dependence of radiation-
less processes, the fluorescence quantum yields and lifetimes of two deriva-
tives of azulene (Fig. 1) have been measured. The major difference between
these derivatives is that compound 2 possesses no group that is capable of
executing any internal rotation.

2. Experimental
Compound 1 was extracted from 5 kg of fresh mushrooms (Lactarius

deliciosus L.) and it was purified as described in ref. 2; compound 2 was
prepared according to refs. 3 and 4.
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Fig. 1. The azulene derivatives investigated: (a) compound 1 4-methyl-7-isopropenylazu-
lene-1-carboxaldehyde; (b) compound 2 1,2-dihydrocyclopent[c.d]azulene-2-one.
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Fig. 2. Absorption and t'luorescence emission spectra of compound 1: — absorption; -----
fluorescence emission, 10”3 M in EtOH at 77 K, ¥ ox = 30 kK.
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Fig, 8. Absorptlon and ﬂuorescence emission spectra of compound 2: — absorption; -

fluorescence emission, 10”2 M in EtOH at 77 K, & ex= 30 kK.
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Fluorescence emission and excitation spectra were recorded by means
of a fluorimeter described earlier [1]. Quantum efficiency measurements
were performed following the procedure given by Parker and Rees [5], using
Rhodamin B as a reference (¢y = 0.97 [6]). The degree of polarization was
determined by an apparatus described in ref. 7.

For lifetime measurements the single-photon timing technique was
applied. The light from an Ortec model 9362 nanosecond flashlamp was
imaged on the sample after passing through a Zeiss MA4QIII monochromator.
Thereby, either of the two strong lines of the N, spectrum (at 28 000 cm™?
and 29 600 cm™ 1) could be chosen for the excitation. Stray light that over-
lapped the fluorescence emission was filtered out by a Schott OG 550 filter;
sampling times were as long as 18 h.

The deconvolution of the observed fluorescence decay curves was done
on a TR 440 computer, employing both a Laplace transformation [8] and
the method of momenta [9].

The quantum mechanical model calculations were performed in the
well-known 7 electron approximation after Pariser, Parr and Pople (PPP).
Since only general features were looked for, we did not vary the parameters
in order to achieve an optimum agreement between the calculated and exper-
imental values but we used without any modification a set of parameters
developed earlier [10]. The calculated bond orders P,, and charge densities
q, displayed in Fig. 5, as well as the dipole moments ¢ mentioned in Table 2,
refer to the contribution of the n electrons only.

3. Results and discussion

The absorption spectrum of the parent compound azulene is character-
ised by a weak first band (e,,., = 300) which is separated from the intense
higher transitions by a wide and deep valley. The position of the absorption
bands is fairly independent of the nature of the solvent, i.e. no solvatochrom-
ic shift is observed (Table 1).

The absorption spectra (Figs. 2 - 4) at 77 K of the compounds 1 and 2
are distinguished by a smaller energy gap between the S, and S; excited
states. (This is important for our later discussions.) In both cases the transi-
tion to the S, state shows a hypsochromic shift and the transition to the S,
state shows a bathochromic shift with respect to azulene. The magnitudes of
these shifts are dependent on the polarity of the solvent used, as can be seen
by inspection of Table 1 or by a comparison of Figs. 3 and 4. An explana-
tion for this behaviour can be found in the fact that in the electronic ground
states both compounds possess very large dipole moments which, on excita-
tion, are reduced in magnitude and are rotated with respect to the x axis(see
Table 1). The calculated charge distribution (Fig. 5(c)) shows that the en-
largement of the ground state dipole moment stems mainly from the contri-
bution of the carbonyl group.

The absorption spectra of compound 2 closely resemble in their overall
structure the spectrum of azulene; the absorption spectrum of compound 1,
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TABLE 1
Spectroscopic data of azulene and the derivatives 1 and 2

State Calculated E(experimental) (kK)
E Fi « M 3 in EtOH in 3-M605H11
(kK) ) D) O

Azulene

So 3.4 0

S, 16.0 0.028 90 2.3 180 14.3 14.4

S, 25.8 0.006 0 29 180 28.3 28.4

S3 34.3 0.100 90 33.8 33.8

Compound 1

So 81 25.5

S; 18.4 0.055 63 2.9 51 16.8 16.7

S, 24.8 0.277 —6 4.4 28 24.2 24.6

Ss 31.3 0.522 155 31.2 31.5

Compound 2

So 8.7 15

Sy 18.7 0.032 101 2.3 46 16.9 16.0

Sy 26.7 0.050 20 3.1 49 27.3 27.6

S5 33.7 0.38 45 32.0 32.5

The parameters in the model calculation were chosen as in ref. 15; « and 8 denote the
angles hetween the x axis and the transition and stationary dipole moments, respectively.
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Fig. 4. Absorption and fluorescence emission spectra of compound 2: — absorption; -----
fluorescence emission, 10”2 M in 3-methylpentane at 77 K, Vex = 30 kK.

however, is dominated in the range v > 22 kK by well-separated broad bands
which, even at low temperature, do not show any vibronic structure. The
striking difference in the shape of the S¢ - Sj band is predicted by the re-
sults of the model calculations in the PPP approximation (Table 1). It is well
known that these calculations are in general not very good for azulene.
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According to them, the oscillatory strengths of the S; - S; and the S, > S3
transitions are similar for all three compounds. The oscillatory strength for
the Sy - S, transition, however, differs by a factor of about 50 if one
compares compound 1 with azulene. This means vibronically induced con-
tributions, which play a major role in the case of azulene [11, 12], cannot be
detected in the absorption spectra, although they are certainly present
because of the large changes in 7 bond order (Figs. 5(a) and 5(b)).

In ethanolic solution both derivatives exhibit dual fluorescence emission
(Figs. 2 and 3) when excited into the second or higher excited singlet states.
Whilst the intensity of the S, = S, fluorescence is found to be essentially
independent of the temperature, there is a rapid increase in the intensity of
the S; = S, fluorescence when the sample temperature is lowered to 77 K.
If 3-methylpentane is used as the solvent, the S; - S, fluorescence of com-
pound 2 is extremely weak (Fig. 4). Therefore, all data reported below refer
to ethanol as the solvent. In Fig. 6 the quantum efficiencies (i.e. the number
of emitted photons divided by the number of absorbed photons) of the S; —
Sp fluorescence are displayed as functions of both the temperature T (77< T
< 300 K) and the excitation wavelength (¥ ., = 20 kK and 30 kK). The radi-
ative rates k,(S; » Sg) and k,(Sz — Sy), calculated via the simplified
Strickler—Berg equation [13], are also listed in Table 2, where

k,=2.88X 107°n2(0 §v.) e dv’

Making use of the experimentally determined values of the quantum yields
or(Sz = Sp) and ¢p(S; = Sp), it is possible to derive estimates for the life-
times 7(S;) and 7(S;,) of the excited states S; and S,; these are also included
in Table 2.

By definition, the ratio of the quantum efficiencies

¢r(8; > 8o, excitation into 8;)
or(S; = S, excitation into S,)

is equal to the quantum yield of internal conversion ¢;c(S; —~ S;). Since this
ratio is found to be unity within experimental error (Fig. 6), we have to
assume that internal conversion is the dominant relaxation process in the
deactivation of the second excited singlet state in spite of the large energy

TABLE 2

Quantum yields and lifetime data

State (S, = So) X 107%  k(S,)(s™Y) 7(S,) at 77 K 7(S;) (exp.) at 77 K
AT K at 300 K (Strickler—Berg) (ns) (ns)

Compound 1 :

s, 50 6 4.4 x 108 0.11 1.4+ 0.2

S, 9.1 7.2 8.9 x 107 1.0 x 1073

Compound 2

Sy 70 8.5 6.7 x 108 0.10 1.2+ 0.2

Sy 7.7 5.8 2.6 x 107 3.4 x 1078
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Fig. 6. Temperature dependence of the S — Sgfluorescence efficiency (© ﬁex = 20 kK;
X Pex = 30 kK) (a) for compound 1 and (b) for compound 2 (solvent EtOH).

gap (AE(Sg-S;) = 7400 cm !). Furthermore, this ratio is essentially indepen-
dent of temperature, a fact which implies that the rate constant for internal
conversion Ryc(S, = 8;) is almost independent of temperature.

The estimates given in Table 2 place the lifetimes of the S, state in the
range 1 - 10 ps, i.e. they are about two orders of magnitude shorter than
that in the parent compound azulene. As a consequence, the fluorescence
emission S, = Sg should be anisotropic if the sample is excited with polar-
ized light, even when the measurement is performed at room temperature
(in a liquid solution). Assuming a volume V of 1.4 X 10722 cm? for a mole-
cule of compound 2 and its solvent shell, one calculates in the Debye
approximation [4] an orientational relaxation time 7 (= Vn/kT) of 40 ps.
The experimental value for the degree of polarization P = (I, — I,)/{I; + I,)
[7] is 0.38 £ 0.1 for compound 2 in ethanol at 300 K (¥, = 80kK, v =
25 kK) which is smaller than the limiting value of 0.5. The observed reduc-
tion is most likely caused by vibronic coupling to higher states, since it does
not change when the sample temperature is lowered to the condition of a
rigid solution. However, lowering the temperature from 300 K to 77 K
increases the quantum yield of the S; = S, fluorescence by a factor of
approximately 10. Since the radiationless processes are the dominant deac-
tivation processes, the temperature dependence of the fluorescence intensity
should be determined by the temperature dependence of the rates of internal
conversion Ric(S; > Sp) and/or intersystem crossing kise(S1 = T). If the
estimates for 7(S;) (Table 2), which make use of the Strickler—Berg relation-
ship, were right, it would be fair to assume that the contribution of inter-
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system crossing is negligible (as in the case of the parent azulene) and that
the observed temperature dependence is due to that of the internal conver-
sion process S; — Sg. The fluorescence decay curves, however, lead to values
of 1.4 and 1.2 ns for compounds 1 and 2 respectively, when the deconvolu-
tion is performed under the assumption that internal conversion S; - S,
takes place on a picosecond time scale. Since the latter assumption seems
reasonable in view of the experimental evidence given above, a definite asso-
ciation of the temperature dependence with either radiationless process
cannot be made until further experimental evidence is available.

Unfortunately, we were not able to measure the fluorescence lifetime
of either compound at 300 K in order to make a clear-cut statement about
the temperature dependence of both the radiative and the non-radiative
decay channels. Since we can exclude fluorescence quenching by oxygen,
the observed variation in the quantum yield ¢&(S; = So) = ¢p(S1 = So)
must be due to the temperature dependence of the intramolecular relaxation
processes. Because the onset temperature is approximately the same in both
compounds and coincides with the softening point of the solvent matrix,
one is forced to assume that the solvent cage strongly influences the deacti-
vation rates.

4, Conclusion

One of the still open questions concerning the fluorescence behaviour
of azulene is why the internal conversion rates kjc(S; = S;) and kyc(S; -
Sp) differ by more than three orders of magnitude despite the fact that the
corresponding energy gaps are the same. It has already been pointed out by
Small and Kusserow [12] that large differences in the electronic matrix ele-
ment may be one part of the explanation; different changes in geometry
(Fig. 1) causing different Franck—Condon factors may be the other part.
The results reported here also indicate this. For the S, state, a change in the
lifetime by about three orders of magnitude (for azulene 7(S;) < 1 ps [15])
is concomitant with an increase in the energy gap of about 1500 cm™t. In
the S, state a decrease in the energy gap by more than twice as much is
again accompanied by a factor of about 1000 for the shortening of the life-
time.
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