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Observation of the S,-Emission from 1,4-Anthraquinone
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Emission, excitation, and absorption spectra of 1,4-
anthraquinone (1,4-AQ) have been measured in a degassed
CCl, fluid solution at different temperatures. It is shown that
1,4-AQ in CCl, exhibits weak emission which can be attributed
to the S,(r, n*) fluorescence at comparatively high tempera-
ture. The S (n, n*) state is considered to be in thermodynamic
equilibrium with the S;(n, n*) state as well as with the T,(n, ©*)
and T,(r, n*) states. The present observation provides the first
example of the S, emission from the medium-size molecules
containing C=0 groups.

Recently, assignment and dynamical behavior of the excit-
ed states of various types of para quinones have received much
attention.6 It is known that some of these molecules exhibit
interesting and anomalous emission properties, as are men-
tioned in detail in arecent review.* In order to understand the
relationship between the excited-state ordering and the photo-
physical properties of para quinones, it is of importance to
examine the emission properties carefully. It is known that the
excited-state ordering of 1,4-anthraquinone (1,4-AQ) is S,(r,
m*) > S/(n, *) > T,(n, ©*) > T, (%, 7*).41° In the systems with
such an excited-state ordering, the intersystem crossing, S;(n,
n*) — T,(n, ©*), is expected to occur predominantly, so that
normally the emission observed for such a system is only the
phosphorescence from T,(n, ©*).# In a foregoing paper we
have shown that 1,4-AQ in degassed CCl, emits the (n, ©*)
fluorescence as a major component of the emission.’! In the
present letter, we show that 1,4-AQ in degassed CCl, exhibits
weak emission which can be attributed to be originating from
the S,(m, n*) state at comparatively high temperatures. The
S,(m, n*) state is considered to be in thermodynamic equilibri-
um with the S,(n, n*) state, as well as with the T,(n, n*) and
T,(n, n*) states.

1,4-AQ was synthesized and purified in the same way as
mentioned in a previous paper.’® The absence of any impurity
emission from a glassy matrix at 77 K and verification that the
phosphorescence spectrum in a glassy matrix and the excitation
spectrum in CCl, agreed well, respectively, with the reported
phosphorescence and the corresponding absorption spectra sug-
gested that the purified compound was sufficiently pure for the
experiment. The sample solution in a non-fluorescent 10-mm
pathlength sgquare quartz cell was degassed carefully by means
of repeated freeze-pump-thaw cycles and the sample cell was
sedled off on an all-glass vacuum system. The optical density
of the sample was always kept below 0.1. Absorption spectra
were measured with a Hitachi 220A or a Hitachi 200-10 spec-
trophotometer and the emission and excitation spectra were
measured with a Spex Fluorolog-2/model 211-340, a Hitachi F-
400 or a Hitachi 650-10S fluorescence spectrophotometer.

Figure 1(a) shows the emission spectra at different tempe-
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Figure 1. (a) Absorption spectrum at room temperature (1), the
phosphorescence spectrum at 77 K (2), and emission spectra at two
different temperatures (3 and 4) for 1,4-AQ in CCly: (3) 55 °C, 4
0°C. The emission spectra 3 and 4 are normalized to a common
magnitude. (b) The difference spectrum obtained by subtracting
the emission profile at 55 °C from that at 0 °C for 1,4-AQ in CCly.

ratures, together with the absorption spectrum of 1,4-AQ in
CCl, at room temperature. A weak absorption band on the
shoulder of the S, — S,(mr, 7*) absorption spectrum is due to
the transition to the S (n, n*) state which obtain the intensity
mainly through the vibronic coupling with the upper (rt, n*)
states.*® In non-polar hydrocarbons this weak band is observed
clearly at the red side of the S, — S,(r, n*) absorption band,
but in CCl,, this band is observed merely as a shoulder at the
onset of the S,(r, n*) absorption. The emission at 77 K is safe-
ly attributed to the T,(r, n*) phosphorescence. It has already
shown that the emission of 1,4-AQ in CCl , at temperatures near
room temperature consists of the fluorescence from S,(n, n*)
which is in thermodynamic equilibrium with T, (r, n*). Closer
inspection of the emission spectra reveals that there is a shoul-
der in the short-wavelength tail of the S, fluorescence, the rela-
tive intensity of which increases with elevation of the tempera-
ture. The difference spectrum obtained by subtracting the emis-
sion profile at lower temperature from that at higher tempera-
ture, after multiplying an appropriate constant to the latter, is
shown in Figure 1(b) for 1,4-AQ in CCl,. The profile of the
difference spectrum is centered at around 460 nm, which is sig-
nificantly shifted to the blue from the emission center of the S;
fluorescence (~500 nm).

Copyright © 2000 The Chemical Society of Japan



Chemistry Letters 2000

The emission observed at short-wavelength tail of the S,
fluorescence of 1,4-AQ in a degassed CCl, fluid solution is
assigned to the fluorescence from the S,(r, ©*) state which is in
thermodynamic equilibrium with S, (n, *) as well as with T,(n,
n*) and T,(n, ©*). This assignment is based on the following
observations: (1) The emission spectrum shows the expected
mirror-image relationship to the S, — S,(r, n*) absorption
spectrum, not to the Sy — S, (w, *) spectrum, with a sufficient
overlapping between the emission and absorption spectra; (2)
the corrected excitation spectrum and the absorption spectrum
are identical in the range 280—400 nm; and (3) the emission
intensity of the S, emission relative to the S, fluorescence
increases with increasing temperature.
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Figure 2. An energy level scheme including the relaxation
processes for 1,4-AQ in CCly.

The energy diagram for 1,4-AQ in CCl, including the
relaxation processes is presented in Figure 2. The spectrosco-
pically estimated energy separation between S, (n, ©*) and S,(r,
7*), AE, is about 1000 cm™. When two closely-located electro-
nic states are in thermodynamic equilibrium, the quantum yield
ratio of the emission from the upper state (S,) to that from the
lower state (S,) is proportional to the value, exp(-AE/KT).
Hence, the quantum yield ratio, <I>F2/<I>Fl, is expressed approxi-
mately by *

®F,/F, = kE,expl-AE KT JkF,, ()
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where k is the Boltzmann constant, T is the absolute tempera-
ture and k- and k- are, respectively, the radiative rate con-
stants of S, and S, Occurrence of the S, fluorescence from
1,4-AQ is not surprising so far as the temperatures used in the
present study are concerned. According to Eq (1) the quantum
yield ratio @ /d_ is estimated to be 0.7 at 330 K for AE =
1100 cm™ and 2/kFl ~80. Thus, the observed spectrum isto a
good approximation just the superposition of the S, and S, fluo-
rescence.

In conclusion, the emission of 1,4-AQ observed in a care-
fully degassed CCl, fluid solution at comparatively high tem-
perature (50-70 °C) consists of S,(n, ©*) fluorescence accom-
panied by weak S,(m, n*) fluorescence. Temperature depend-
ence of the emission spectrum indicates that the S, and S states
are in thermodynamic equilibrium. The present observation
provides the first example of the S, emission from the medium-
size molecules containing C=0 groups and may contribute to
the development of the photochemical processes utilizing the
higher excited state. Occurrence of the S, and S, emission is
related to the electronic structure of 1,4-AQ, in which both the
S, -S, (~1100 cm?) and S, - T, energy separations (~2000 cm™)
are comparatively small.
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