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ABSTRACT

The chemiluminescence (CL) behavior, observed in the singlet oxygenation of
three fluorescent aromatics tethered 9-methylidene-10-methylacridans bearing the
pyrene, perylene, and stilbene moieties, was investigated. The CL spectrum of
9-(perylen-3'-ylidene)-10-methylacridan displayed a red-shifted emission different from
the  fluorescent  products, while 9-(pyren-1'-ylidene)-10-methylacridan  and
9-(4'-styrylbenzylidene)-10-methylacridan ~ produced  very weak CLs. A
chemiluminescence resonance energy transfer (CRET) quenching of the excited
aromatic aldehydes by the acridans remaining as the unreacted reactants was found to
result in these unexpected CL behaviors.

Chemiluminescence (CL) during the thermal decomposition of the intermediate
acridan-dioxetanes generated by the singlet oxygenation of
9-benzylidene-10-methylacridans has been occasionally investigated, * in which the



corresponding aldehydes and the fluorescent N-methylacridone (NMA), the latter of
which is the common emitter, were formed as the decomposition products as shown in
Scheme 1. Recently, some new aspects of their CL have been reported. For example, the
CL intensity is highly dependent on the substituents attached to the benzylidene moiety,
2 a CIEEL (chemically initiated electron exchange luminescence) is applied to the
chemiexcitation process, * and the azacrown ether tethered benzylideneacridan is a
potential probe for metal ion sensing based on the interaction between the emitter, the
excited NMA, and the metal-coordinated azacrowned benzaldehyde. * The thermal
dioxetane decomposition, in principle, produces two carbonyl compounds, one of which
is excited and emits light as a visible output if either carbonyl compound is fluorescent.
Therefore, it is interesting to explore the chemiluminescent singlet oxygenation of
9-methylidene-10-methylacridans possessing fluorescent moieties because of the
possibility of observing the unprecedented CL. In this study, we report the CL behavior
observed during the singlet oxygenation of 9-methylidene-10-methylacridans bearing
fluorescent moieties such as pyrene, perylene and stilbene moieties, revealing that a
chemiluminescence resonance energy transfer (CRET) quenching occurred and
provided an unexpected CL behavior different from the known CL of the
9-benzylidene-10-methylacridans.

Scheme 1

The three acridans, such as 9-(pyren-1-ylidene)-10-methylacridan (la), °
9-(perylen-3-ylidene)-10-methylacridan  (1b), °® and  9-(4'-styrylbenzylidene)-
10-methylacridan ~ (1c), ' were prepared as luminophores by the
Horner-Wadsworth-Emmons reaction of the 9-diethylphosphono-10-methylacridan and
the corresponding aromatic aldehydes, >* whose structures are shown in Figure 1. It is
important to note that all the acridans thus prepared are non-fluorescent in spite of
having fluorescent moieties probably due to the fluorescence quenching by an
intramolecular photo-induced electron transfer (PeT) from the nitrogen atom in the
acridan ring to the excited fluorescent moiety. ® Although la-c have the fully
n-conjugated systems, the preliminary semi-empirical calculations suggested that the
methylidene moieties were twisted (FigurelS in Supplementary Data) and the
conjugations would be separated between the acridan and the aromatic moieties, which
would lead to the intramolecular PeT as can be seen the several fluorescence probes
with twisted structures. ¢



Figure 1

These acridans 1a-c were subjected to the CL reaction by the singlet oxygenation
using a combination of hydrogen peroxide and sodium hypochlorite in aqueous THF as
the singlet oxygen producing systems. ° The CL intensities of 1a and 1c were too weak
to record their CL spectra, but 1b gave a CL strong enough to obtain the CL spectrum as
shown in Figure 2, which was different from the fluorescence spectra of both
decomposition products such as NMA and 3-formylperylene but red-shifted compared
to their fluorescences.

Figure 2

Interestingly, the CL spectrum of 1b gradually shifted from 538 nm to 595 nm
(Figure 3a) with the increasing intensity when the concentration of 1b increased without
changing any other conditions. Such a red-shifting emission was also observed in the
fluorescence spectrum of the solution after the CL reaction of 1b, in which the intense
NMA fluorescence at the low concentration gradually decreased while the fluorescence
of 3-formylperylene simultaneously red-shifted from 521 nm to 587 nm with the
increasing concentration of 1b as can be seen in Figure 3b. This fluorescence behavior
is somewhat complicated, namely, the remarkable decrease in the NMA fluorescence is
due to the FRET (fluorescence resonance energy transfer) from the excited NMA to
3-formylperylene as indicated by the large overlapping of the NMA fluorescence and
the 3-formylperylene absorption as shown in Figure 4a as well as the excitation and
fluorescence spectra shown in Figure 4b and 4c, where the irradiation at 360 nm, at
which NMA has a strong absorption but 3-formylperylene a much weaker absorption,
increased the fluorescence of 3-formylperylene. In addition, the observed red-shift is
caused by some other factor still to be determined. Because there was no significant
change in the fluorescence spectrum of 3-formylperylene while changing its
concentration, the red-shift due to the excimer formation was excluded. On the other
hand, a significant red-shift was observed with the decreasing fluorescence intensity
when 3-formylperylene and 1b were mixed in different ratios (Figure 5), indicating that
the large red-shifts were due to the interaction of the excited 3-formylperylene and
non-fluorescent 1b. The possibility of an exciplex formation of 3-formylperylene and
1b was investigated by the measurement of the fluorescence lifetimes of the mixed



solution at various ratios of both compounds. All solutions containing different ratios of
3-formylperylene and 1b in THF/H,O (1/1), at which the red-shift fluorescence was
observed, produced lifetimes of 0.25 or 0.26 ns, the same as that for 3-formylperylene
(Figure S2 in Supplementary Data), revealing that the exciplex formation between
3-formylperylene and 1b was also excluded but that the excited species in the CL
reaction of 1b would be 3-formylperylene in spite of the difference between its
fluorescence and CL spectra.

Figure 3,4,5

Considering the spectral study described above, we focused our attention on the
absorptions of the reactants, 1a-c, having Amax. Values of 400-450 nm and found that the
absorption spectrum of 1b overlapped with the blue side of the fluorescence of the
3-formylperylene, while those for la and 1c overlapped with large parts of the
fluorescences of the corresponding aldehydes as shown in Figure 6. Therefore, for 1b
the excitation energy transfer ® from the excited aldehydes to non-fluorescent reactants
should cut off part of the fluorescence, and the residual emission led to the apparent
red-shift with their decreasing intensities. As observed in Figure 5, for the higher ratios
of the reactant 1b, the more red-shifts in the fluorescence of 3-formylperylene were
observed with their decreasing intensities. On the other hand, the effective fluorescence
quenching would occur for 1a and 1c because of large amounts of overlapping.

Figure 6

Such changes in the fluorescence spectra prompted us to explore the fluorescence
shift by the excitation energy transfer during the interaction with some non-fluorescent
dyes but with strong absorptions between 400-650 nm. As expected, the fluorescence
shifts of 3-formylperylene were observed by adding four well-known organic dyes such
as Congo red, Orange 1, Indigo, and Fast green FCF. Congo red and Orange 1 with
absorptions on the blue side of the 3-formylperylene fluorescence shifted its
fluorescence from 588 nm to 597 nm and from 556 nm to 568 nm with the increasing
concentration of the dyes as shown in Figure 7a and 7b, respectively. In contrast, for
other two dyes with their absorptions on the red side of the 3-formylperylene
fluorescence, the fluorescence shifted from 543 nm to 539 nm by the interaction with
Indigo and from 531 nm to 515 nm for Fast green FCF as shown in Figure 7c and 7d,



respectively. Thus, the fluorescence can be not only red-shifted, but also blue-shifted
based on the choice of the additive dyes with the absorptions overlapping the
fluorescence of the aldehyde. These observations prompted us to examine the effect of
the additive dye as a chemical filter in the CL of 1b. As illustrated in Figure 8, Fast
green FCF erased the CL emission and the residual emission can be seen at both ends of
the emission spectrum when an equimolar amount of the dye toward 1b was added to
the CL system.

Figure 7 and 8

Now the CL behavior of 1b can be explained considering the experimental results.
There are two ways for the excitation of the carbonyl compounds, NMA or the
aldehydes by the decomposition of the intermediate dioxetanes as illustrated in Scheme
2. Although the excited 3-formylperylene might be formed because of their singlet
energies lower than NMA as found in their spectra, the initial formation of the excited
NMA is anticipated considering the involvement of a CIEEL process for the
acridan-dioxetane decomposition as previously documented, in which the initial process
is an electron transfer from the nitrogen atom to the dioxetane O-O bonding followed by
the cleavage of O-O o* bonding to form the excited NMA and the aldehydes. There are
two possibilities for the initial electron transfer from the nitrogen atom of the acridans
or from the perylene moiety; namely, the former generates the excited NMA, while the
latter directly generates the excited 3-formylperylene. The former is probable because
the oxidation potential for the 10-methylacridan was much lower than that of perylene
(Figure 3S in Supplementary Data) and as its corroboration the HOMO of 1b was
localized at the acridan region while the LUMO at the perylene moiety (Figure 4S in
Supplementary Data). The CRET from the excited NMA to the fluorescent aldehydes
followed by the partial CRET quenching cutting off the part of the emission of the
aldehydes and leading to the red-shift emission, in which the energy acceptor was the
non-fluorescent 1b still remaining in the reaction mixture as the unreacted reactant. The
slight difference in the emission wavelength between the CL and the fluorescence
spectra can also be explained by the different ratios of 3-formylperylene and 1b in the
solutions. On the other hand, the very weak CL observed for 1a and 1c would be due to
a similar circumstance, in which the emissions from the excited NMA, 1-formylpyrene ,
or 4-styrylbenzaldehyde were almost erased by the CRET quenching by the reactants 1la
and 1c, respectively, because of the large overlapping of the reactant absorptions with
the fluorescence of the corresponding aldehydes. CRET is a phenomenon that has been
usually observed in some bioluminescence *° or suitably constructed CL systems, ** but



the present case is different from this CRET, because the energy acceptor is the
non-fluorescent reactants themselves used as the luminophores and act as the partial CL
guenchers.

Scheme 2

In conclusion, the CL behavior of 9-methylideneacridans with the pyrene, perylene,
and stilbene moieties (1a-c) during the singlet oxygenation was investigated, and the
unexpected CL providing the very weak or red-shifted light emissions was explained by
the partial CRET quenching of the excited aldehydes, one of the fluorescent
decomposition products, by the unreacted reactants used as the luminophores remaining
in the solution. The excitation energy transfer from the fluorescence of
3-formylperylene, the emitter for the CL reaction of 1b, to various commercially
available dyes was also studied, in which the fluorescence not only red-, but also
blue-shifted depending on the absorption of the additive dyes. The CRET quenching has
been only slightly documented 2, but it is important to design new luminophores. As
one of the requirements, the luminophore with little overlapping between its absorption
and the emitter fluorescence will be suitable for the efficient CL.
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Scheme 2. A plausible pathway of chemiluminescent reaction of 1b involving a partial CRET

quenching.
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Figure 1. Structures of 9-ylidene-10-methylacridans used in this study.
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Figure 2. Chemiluluminescence (CL) spectra of acridan 1b and fluorescence spectra of the degraded
products, N-methylacridone (NMA) and 3-formylperylene (3-FP). The CL spectra of 1b; [1b]= 1.0
%10 M, [NaCIO]= 3.75 X 10 M, and [H,0,]=1.25 X 10 M. The fluorescence spectra; [3-FP]=1.0
x10% M, and [NMA]=1.0X10° M at EXA = 360 nm in THF/H,0 (1:1). The picture of the CL

was shot by the exposure of 30 sec. The fluorescence were shot under UV light irradiation (375 nm).
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Figure 3. (a) The CL spectra of 1b with varying its concentration and (b) the normalized
fluorescence spectra of the solutions after the CL reaction at EXA = 360 nm. [1b]=1.0X 107, 2.5 X
10°,5.0X10°, 1.0x10%, 2.5x10% 5.0x10*and 1.0 10 M in THF/H,0 (1:1). (a) The pictures
of the CL were shot by the exposure of 30 sec. with correction of the brightness. (b) The

fluorescence were shot under UV light irradiation (375 nm).
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Figure 4. (a) The normalized absorption (A) and fluorescence (F) spectra of N-methylacridone
(NMA) and 3-formylperylene (3-FP) at EXA = 360 nm. The concentrations were 1.0 X 10 M and
1.0x10° M for the absorption and fluorescence spectra, respectively, in THF/H,O (1:1). (b)
Excitation (EX) spectra of NMA and 3-FP. [NMA] = [3-FP] = 1.0X10™ M. (c) Fluorescence
spectra of NMA, 3-FP and the mixture of NMA and 3-FP. EX\ = 360 nm. [NMA] = [3-FP] = 1.0X
10 M.
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Figure 5. The fluorescence spectra with changing each ratio of the acridans (1a) and
3-formylperylene (3-FP) at EX2 = 360 nm in THF/H,O (1:1). [aldehyde] + [acridan] = 5.0 X 10™* M.
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Figure 7. The absorption spectra of (a) Congo red, (b) Orange 1, (c) Indigo and (d) Fast green FCF,
and the fluorescence spectra with changing each ratio of 3-formylperylene (3-FP) and these dyes at
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Figure 8. The CL spectra of 1b in the presence of Fast green FCF.
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