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Several novel fluorescent benzo[a]phenoxazinium chlorides possessing a long aliphatic chain substituent
at the 5-amino function of the heterocycle were efficiently synthesised. All compounds obtained
absorbed and emitted at longer wavelengths with moderate to good fluorescent quantum yields. The
photophysics of N-[10-methyl-5-(octylamino)-9H-benzo[a]phenoxazin-9-ylidene]ethanaminium chlo-
ride and N-[10-methyl-5-(dodecylamino)-9H-benzo[a]phenoxazin-9-ylidene]ethanaminium chloride
was studied in Triton® X-100 and in cetyltrimethylammonium bromide micellar media, demonstrating
the capability of these fluorophores in detecting the micellisation process.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Contemporary analytical methodologies based on fluorescent
spectroscopy techniques have been well used for biological pur-
poses.!”® In this field, suitable probes include fluorophores with
absorption and emission at longer wavelengths (600-1000 nm),
which showed minimal background interference from biological
material as well as high sensitivity.*> Benzo[a]phenoxazines, such
as Nile Blue and its derivatives possessing a positively charged, oxi-
dised, phenoxazine system, are among the fluorochromophores
used in bioapplications as non-covalent and covalent labels.

As is well known, a number of biological macromolecules and
structures have hydrophobic and hydrophilic zones. The presence
of a long hydrocarbon chain in the fluorescence probe allows it
to easily bind to the hydrophobic parts of biomolecules or bio-
membranes, enabling the fluorophore moiety to probe its
environment.®

Micelles are a simple model of biomolecules as the hydrophobic
effect’” determines the micellisation process and is also the main
driving force for self-association of phospholipids in biological
membranes, as well as one of the factors that contributes to pro-
tein conformation. In addition, like biological membranes, micelles
have a polar surface and a hydrophobic interior. Thus, interaction
studies of fluorophores with micelles ascertain their ability as bio-
logical fluorescent probes.

Bearing this in mind, in connection with our current research
interests,2'° and considering the fact that we intended to obtain
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new benzo[a]phenoxazines with aliphatic side chains that would
function as anchors in biological structures (membranes, proteins,
etc.), as a preliminary study, we decided to synthesise new amphi-
phatic fluorochromophores possessing octyl or dodecyl substitu-
ents at the required amine function of the heterocycle, and used
three different combinations of substituents (including H, Me and
Et groups) in their 9-amine positions. All benzo[a]phenoxazines
obtained absorb and fluoresce, in ethanol, from 627 nm to
638 nm and from 654 to 678 nm, respectively.

The interaction of the synthesised N-[10-methyl-5-(octylami-
no)-9H-benzo[a]phenoxazin-9-ylidene]ethanaminium chloride
(1b) and N-[10-methyl-5-(dodecylamino)-9H-benzo[a]phenoxa-
zin-9-ylidene]ethanaminium chloride (1e) with surfactant mi-
celles was studied by means of fluorescence spectroscopic
methods. The results showed that cationic phenoxazine com-
pounds with long alkyl side chains are capable of detecting the
critical micellar concentration, even in the case of cationic surfac-
tants, in which there is a repulsive electrostatic interaction be-
tween the micelles and the fluorescent probe.

Benzo[a]phenoxazinium chlorides 1a-g were synthesised by
condensation of 5-alkylamino-2-nitrosophenol hydrochlorides
2a-c with N-alkyl-naphthylamines 3a-c in an acidic medium
(Scheme 1).'! The required 5-alkylamino-2-nitrosophenol hydro-
chlorides 2a-c were synthesised using a standard procedure!?®
involving treatment of the corresponding 3-alkylaminophenol
with sodium nitrite in an acid solution. Intermediates 3a-c were
prepared by alkylation, in methanol (3a) or ethanol (3b and 3c),
of 1-naphthylamine with the appropriate bromo-derivative, 1-bro-
mopropane, 1-bromooctane and 1-bromododecane, respectively.!®
After dry chromatography purification, these compounds were
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Table 1
Yields, UV/visible and fluorescence data in ethanol for compounds 1a-g

Compound Yield (%) Jabs (nm) (¢ [M~! em™']) Jem (NM) D Stokes’ shift (nm)
1a 92 628 (46,000) 654 0.46 26
1b 98 627 (67,000) 655 0.49 28
1c 88 636 (68,000) 678 0.21 42
1d 45 628 (45,000) 676 0.21 48
1le 83 627 (63,000) 655 0.48 28
1f 69 638 (46,000) 677 0.20 39
1g 43 629 (56,000) 676 0.21 47

obtained as oils (3a, 60%; 3b, 51%; 3¢, 44%) and were characterised
by high resolution mass spectrometry, IR and NMR ('H and '3C)
spectroscopies.

Condensation of  5-ethylamino-4-methyl-2-nitrosophenol
hydrochloride 2a with N-propylnaphthalen-1-amine 3a, in the
presence of hydrochloric acid, produced the benzo[a]pheno-
xazinium chloride 1a. Based on the nitroso compounds 2a,
5-diethylamino-2-nitrosophenol hydrochloride 2b and 5-dimeth-
ylamino-2-nitrosophenol hydrochloride 2¢, and using N-octyl-
naphthalen-1-amine 3b, compounds 1b, 1c and 1d, respectively,
were obtained. N-Dodecylnaphthalen-1-amine 3c also reacted with
nitrosophenol hydrochlorides 2a, 2b and 2c, giving the correspond-
ing benzo[a]phenoxazine derivatives 1e-g.

After purification by dry chromatography on silica gel, cationic
dyes 1a-g were isolated as solid materials in good to excellent
yields (Table 1) and were fully characterised by the usual analytical
techniques.

Electronic absorption spectra of 107 or 10~> M solutions of
fluorophores 1a-g in degassed absolute ethanol were measured.
Summarised data of this study are presented in Table 1. These
compounds showed maximum absorption (/aps) at long wave-
lengths with molar absorptivities (¢) between 45,000 (1d) and
68,000 (1c) M~ cm™'. Through the comparison of .5s of com-
pounds 1b-d possessing the same number of methylenic groups
(n=7) and different substituents R, R' and R?, it was possible to
see that compound 1c¢ (R=H, R!'=R?=Et) showed maximum
absorption at the longest wavelength.

By comparison of compounds 1le-g, with a similar alkyl
chain (n=11) at the amine function in the 5-position of benzo|a]-
phenoxazine ring, there is the same trend, that is, a bathochromic
shift from the compound with the combination of substituents,
R=Me, R'=H and R%=Et to compounds with dialkylated amine
at the 9-position of the heterocycle, R=H, R'=R?=Me (2 nm)
and R=H, R' =R?=Et (11 nm).

Considering this behaviour, increasing the size of the alkyl chain
(change in the values of n) of the amine function of 5-position of
the benzo[a]phenoxazine ring does not seem to influence the val-

ues of Z,ps, Which are dependent on the amine substituents present
in the opposite position. Figure 1 shows the normalised absorbance
spectra of compounds 1b-d, in ethanol.

The evaluation of the fluorescent properties of compounds 1a-g
in ethanol using Oxazine 1 as a standard (fluorescent quantum
yield, @r=0.11 in ethanol'?) was performed (Table 1). All com-
pounds were excited at 590 nm and the results showed that these
fluorophores have wavelengths of maximum emission (Jem)
superior to 654 nm (1a), the highest value being 678 nm (1c).
Considering compounds 1a-g, it appears that the values of Jem
are the same for all fluorophores bearing the same combination
of R, R! and R? substituents and regardless of the size of the alkyl
chain at the amine of the 5-position of the heterocycle. Thus, this
occurs when R=Me, R'=H, R®?=Et, Jey is 655nm (1b, 1e) or
654 nm (1a). The higher values of /., arise with the combination
R=H, R!'=R%?=Me, where /ey is 676 nm (1d, 1g) and R=H,
R' =R? =Et, where /oy is 677 nm (1f) or 678 nm (1c). Figure 2
shows the normalised fluorescence spectra of compounds 1b, 1c
and 1d, in ethanol.

Regarding the Stokes’ shift, benzo[a]phenoxazines with the
diethyl or dimethyl amine at the 9-position (R = H, R! = R? = Et or
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Figure 1. Normalised absorbance spectra of compounds 1b, 1c and 1d measured in
ethanol (C=1 x 105 M).
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Figure 2. Normalised fluorescence spectra of compounds 1b, 1c and 1d measured
in ethanol (C=1 x 1075 M).

R=H, R! = R? = Me) showed higher values (39-48 nm) than fluoro-
phores possessing the monoalkylated amine (R'=H, R%=Et) as
well as the methyl group at 10-position of the heterocycle (26 or
28 nm).

Considering the fluorescent quantum yields of all compounds
(1a-g), it appears that values are located in two intervals, related
to the benzene ring substituents (R, R' and R?) and regardless of
the size of the alkyl side chain of the amine in the naphthalene
ring. The values of & with the combination R=Me, R!=H,
R? =Et (1a, 1b and 1e) were between 0.46 (1a) and 0.49 (1b) and
the other fluorophores (1c, 1d, 1f and 1g) occurred at 0.20 and
0.21. This behaviour is consistent with our previous results® for
other benzo[a]phenoxazines with different types of substituents
at the 5-amine position of the heterocycle, namely, it was found
that electron-donating groups in the R position increased the fluo-
rescence quantum yields (up to 4 times upon changing H to Me).
The photophysical properties in organic solvents was the result
of the coexistence of acid and basic forms depending on the pro-
ton-acceptance nature of the solvent. The basic form occurred in
the 500 nm spectral region and the fluorescence quantum yield
was almost one magnitude order lower. In aqueous solutions it
was influenced by non-fluorescent H-aggregates (~50 nm blue
shift), which was dependent on the substituent groups (R, R! and
R?).

The water solubility of benzo[a]phenoxazines 1a-g markedly
depends on the alkyl side chain length. Compound 1b, possessing
the alkyl substituent with 8 carbons, is easily soluble at least up
to 10 uM concentration range, while compound 1e, with four addi-
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tional methylenic groups in the same position, is only water-solu-
ble in the sub pM range. This behaviour indicates that there are no
micellar aggregates of this type of molecules as they would result
in increased solubility. Furthermore, the fluorescence intensity of
compound 1b was found to be linear with concentration in the
0.1-10-puM range (data not shown), which would not be the case
if fluorophores were positioned side by side in a micellar
arrangement.

As a preliminary evaluation of the suitability of these long-alkyl
side-chain benzo[a]phenoxazine derivatives as biological probes,
we report a fluorescence study of N-[10-methyl-5-(octylamino)-
9H-benzo[a]phenoxazin-9-ylidene]ethanaminium chloride (1b)
and N-[10-methyl-5-(dodecylamino)-9H-benzo[a]phenoxazin-9-
ylidene]ethanaminium chloride (1e) in aqueous solutions of a neu-
tral (Triton® X-100, TX100) or positive (cetyltrimethylammonium
bromide, CTAB) surfactant shown in Figures 3 and 5. TX100 and
CTAB form micelles above a critical micellar concentration of
0.25 mM'® and 0.89 mM,'® respectively. The photophysical behav-
iour of compound 1b depended on the type of surfactant used.
Upon micellisation of TX100, 8 nm and 16 nm red shifts were ob-
served in emission and excitation, respectively (Fig. 3). Most fluo-
rescence probes have n’ transitions, which show a blue shift!® as
aresult of localisation in the more hydrophobic core of the micelle.
From results of our previous work?® we can conclude that the
nature of the transition was indeed nn’. The observed red shift
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Figure 4. Normalised absorption spectra of compound 1e with TX100. The
concentration of compound 1e was 2 x 10°® M.
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Figure 3. Normalised fluorescence emission and excitation spectra of compound 1b with TX100. The inset shows the plot of the maximum fluorescence intensity, Ir, (@, <)
and the corresponding fluorescence wavelengths (a, A) as a function of TX100 concentration. The filled and unfilled symbols are used, respectively, for compounds 1b and 1e.

The concentration of compounds 1b and 1e was 2 x 105 M.
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Figure 5. Normalised fluorescence spectra of compound 1b with CTAB. The inset shows the plot of the fluorescence intensity, Ir, () and the corresponding fluorescence
wavelength (A) as a function of CTAB concentration. The concentration of compound 1b was 2 x 107° M.

was probably due to the formation of ground state complexes
between the aromatic moieties of both compound 1b and TX100,
which disappeared upon micellisation. The possibility of variation
of the fraction of H-aggregates® upon addition of the surfactant
cannot explain this result, since no variation would occur in the
shape of the excitation spectra. This is due to the fact that H-aggre-
gates do not fluoresce. Concerning the use of this type of probes in
proteins, the interaction of compound 1b with TX100 is interesting,
since all fluorescent amino acids (tyrosine, tryptophan and phenyl-
alanine) have aromatic fluorochromes.

In order to further confirm the ground state complexation, we
obtained the absorption spectra of compound 1b in TX100 water
solutions and found a similar red shift to that observed in excita-
tion spectra upon micellisation (data not shown). Compound 1e
showed a similar photophysical behaviour, but the variations in
absorption spectra were much more complex (Fig. 4) indicating
that various types of surfactant-dye aggregates existed and possi-
bly with the presence of the neutral basic form of 1e, which
showed an absorption maximum near 500 nm.® In addition, a
much higher increase in fluorescence intensity upon micellisation
was observed for compound 1e than for compound 1b (60 times
instead of three times). The more pronounced increase could be
due to a sudden change in the amount of the basic form of 1e
which should have a ~10 times lower fluorescence quantum yield
than the acid form. In the case of compound 1b, no basic form was
detected in the absorption spectra (data not shown) and we con-
clude that the quantum yields of 1b in water and in TX100 micelles
are similar with the increase in fluorescence intensity originating
mainly from a ~4 times increase in absorbance.

Regarding the positive surfactant, CTAB, no spectral shifts were
observed from the fluorescence measurements obtained but the
micellisation process was still detected (Fig. 5) through a sudden
increase in fluorescence intensity. From the absorption measure-
ments (data not shown), it was observed that compound 1e again
had a very distinct behaviour when compared to compound 1b. In
the latter, there were no significant spectral variations while, for
the former, there were complicated spectral features involving
mainly the neutral basic form (bands from 450 to 550 nm in the
spectral region) with very little contribution from the usual acid
form near 600 nm. As a result, there was no trend in fluorescence
measurements, which allowed for the detection of the micellisa-
tion process of CTAB using compound 1e. Both the dependence
of fluorescence intensity and maximum emission wavelength
showed an oscillating behaviour (data not shown). Further studies
will be undertaken to better understand the behaviour of
benzo[a]phenoxazine derivatives with long alkyl (>8 carbons) side
chains.

In the case of compound 1b, there was obviously no ground
state association with CTAB molecules and the photophysical
behaviour can be interpreted by a rapid decrease in the amount
of H-aggregate fraction upon association of compound 1b with
CTAB micelles, which appear above the critical micellar concentra-
tion. This association occurred even though there was a charge
repulsion as a consequence of the effect of the octylamino substi-
tuent as an anchor in the hydrophobic core of the micelle. Due to
the hydrophobic effect” the energetic expenditure would be far
higher if one octylamino substituent of the side chain was solvated
by water molecules.

2. Conclusion

In this work, 5,9-diaminobenzo[a]phenoxazinium dyes 1a-g,
containing long-alkylamino side chains at 5-position of the fluoro-
chromophores were efficiently synthesised.

These cationic dyes, with absorption in ethanol in the 627-
638 nm range, were highly fluorescent and revealed a maximum
wavelength between 654 and 678 nm. Preliminary results of the
study of N-[10-methyl-5-(octylamino)-9H-benzo[a]phenoxazin-9-
ylidene]ethanaminium chloride (1b), with Triton® X-100 and
cetyltrimethylammonium bromide showed the potential of this
fluorophore in sensing the micellisation process of neutral and cat-
ionic surfactants. The longer side chain derivative, N-[10-methyl-
5-(dodecylamino)-9H-benzo|a]phenoxazin-9-ylidene]ethanamini-
um chloride (1e) showed a distinct photophysical behaviour and is
better in the detection of the micellisation of Triton® X-100, but is
unable to detect the self-organisation of the CTAB surfactant. The
results obtained in this investigation suggested that this type of
5,9-diaminobenzo[a]phenoxazines presents great potential as bio-
logical fluorescent probes in the near-infrared spectral region.
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