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Nitroanilines as Quenchers of Pyrene Fluorescence

Carlos E. Agudelo-Morales,”” Oscar F. Silva,”” Raquel E. Galian,*!

The quenching of pyrene and 1-methylpyrene fluorescence by
nitroanilines (NAs), such as 2-, 3-, and 4-nitroaniline (2-NA, 3-
NA, and 4-NA, respectively), 4-methyl-3-nitroaniline (4-M-3-NA),
2-methyl-4-nitroaniline (2-M-4-NA), and 4-methyl-3,5-dinitroani-
line (4-M-3,5-DNA), are studied in toluene and 1,4-dioxane.
Steady-state fluorescence data show the higher efficiency of
the 4-NAs as quenchers and fit with a sphere-of-action model.
This suggests a 4-NA tendency of being in close proximity to
the fluorophore, which could be connected with their high po-
larity/hyperpolarizability. In addition, emission and excitation
spectra evidence the formation of emissive pyrene—NA
ground-state complexes in the case of the 4-NAs and, in
a minor degree, in the 2-NA. Moreover, time-resolved fluores-

1. Introduction

Nitroanilines (NAs) are intermediates in the synthesis of dyes,
pesticides, and pharmaceuticals, and they are reduction prod-
ucts of aromatic explosives. They have been used as fluores-
cence quenchers of organic chromophores (pyrochlorophyll,
benzo[klfluoranthene, anthracene), biomacromolecules (bovine
serum albumin), as well as nanomaterials (cobalt 8-hydroxyqui-
noline complex-based nanosheets)."™ In fact, some of these
fluorescent systems have been used as isomeric aromatic
amine probes.”® In addition, the capacity of NAs as quenchers
has been applied to the direct characterisation of micellar
properties of surfactants containing a fluorophore.”
Nitroanilines are highly polar molecules belonging to a type
of substituted aromatic molecules with a donor-aromatic-ac-
ceptor structure. The ground-state dipole moment () of 2-ni-
troaniline (2-NA), 3-nitroaniline (3-NA), and 4-nitroaniline (4-
NA) is about 4.7, 5.7, and 7.2 D, respectively,®*? in dioxane (see
Table S1 of the Supporting Information). The lowest-energy ab-
sorption band of 3-NA, 2-NA, and 4-NA is located at quite dis-
similar wavelengths (1,.., at 348, 377, and 322 nm, respectively)
and exhibits a considerably different molar absorption coeffi-
cient (values of 2200, 4800, and 12600 M~ cm™, respectively, in
methylcyclohexane).'” It has been suggested that the quench-
ing of the fluorescence of aromatic compounds by NAs can
have a static or dynamic nature and can occur via electron or
energy transfer. Moreover, the involvement of transient fluoro-
phore—NA complexes (exciplexes), which decay by electron
transfer, intersystem crossing, or internal conversion, has been
postulated. On many occasions, the behaviour of isomeric NAs,
such as 2-, 3-, and 4-NA, as quenchers has been compared
with that of aromatic nitrated explosives which act as electron
acceptors, though the relative quenching efficiency of the iso-
meric NAs did not correlate well with their relative redox po-
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cence experiments show that increasing amounts of NA de-
crease the pyrene fluorescence lifetime to a degree that de-
pends on the NA nature and is larger in the less viscous sol-
vent (toluene). Although the NA absorption and the pyrene
(Py) emission overlap, we found no evidence of dipole-dipole
energy transfer from the pyrene singlet excited state ('Py) to
the NAs; this could be due to the low NA concentration used
in these experiments. Transient absorption spectra show that
the formation of the pyrene triplet excited state (*Py) is barely
affected by the presence of the NAs in spite of their efficiency
in 'Py quenching, suggesting the involvement of 'Py—NA exci-
plexes which—after intersystem crossing—decay efficiently
into *Py.

tential, which decreases in the order 3-NA>2-NA>4-NA,
Table S1 of the Supporting Information.!""

Therefore, a systematic study on the interaction between
a well-known and extensively used fluorophore, such as
pyrene, and NAs would be of interest to gain insight into their
role as quenchers. Pyrene has been widely used as a probe
due to 1) its absorption (strength) features, 2) its long singlet
lifetime (>100ns,">" and the information that can be ob-
tained from its fluorescence emission (I;//, ratio),"*' and 3) its
long-lived triplet excited state (microsecond scale). This chro-
mophore has been used in fluorescent chemosensors that can
recognize selectively chemical species in potential analytical
applications."®""'® |n fact, nitrated explosives have been de-
tected by fluorescence quenching of pyrene and related com-
pounds.['%2!

We report herein on the quenching of pyrene and 1-methyl-
pyrene fluorescence by unsubstituted NAs (2-, 3-, and 4-NA),
methylnitroanilines (4-methyl-3-nitroaniline, 4m-3-NA, and 2-
methyl-4-nitroaniline, 2 M-4-NA), and a dinitroaniline (4-methyl-
3,5-dinitroaniline, 4 m-3,5-DNA) in toluene and 1,4-dioxane
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Scheme 1. Structure of the pyrenes and nitroanilines studied herein.

(Scheme 1). Steady-state fluores-
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of increasing amounts, up to 40 um, of 2-, 3-, and 4-NA, cor-
rected by the quencher absorbance at the excitation wave-
length (for details of the inner filtering corrections see the Sup-
porting Information). With regards to the substituted NAs,
their absorption and emission spectra in toluene are shown in
Figures S1 and S2 of the Supporting Information.

The area under the pyrene emission curve was registered in
the presence and in the absence of increasing amounts of NA
(I, and 1, respectively), and the Iy/I ratios were plotted versus
the NA concentration [NA]. The /y/I ratio showed a linear de-
pendence on [3-NA] and an upward dependence on [2-NA]
and [4-NA] (Figure 3 A, Figure 3C). The behaviour of 2-M-4-NA
was similar to that of 4-NA, while that of 4-M-3-NA and 4-M-
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spectively) absorption spectra
with those of each of the un-
substituted NAs (40 um) and the
corresponding pyrene/NA  mix-
ture was registered in both tolu-
ene (see Figure 1) and dioxanes
(Figure not shown). The absorp-
tion spectrum of each mixture
was a simple addition of the spectra of the components, that
is, the NAs and the pyrenes. The overlap between the pyrene
absorption and that of the NA was considerable in the case of
the 4-NAs.

Steady-state fluorescence studies showed that the NAs are
strong quenchers of the pyrene fluorescence emission.
Figure 2 shows the emission spectra of deaerated toluene solu-
tions of pyrene and 1-methylpyrene (pyrene: 31 uM, Ay =
337 nm; 1-methylpyrene: 37 um, A.=345 nm) in the presence
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Figure 1. A-C) Absorption spectra of toluene solutions of pyrene (31 pum), NA (40 um), and a pyrene/NA mixture
(31 pm/40 um), and spectrum obtained by addition of the NA and pyrene spectra. B-F) Absorption spectra of tolu-
ene solutions of 1-methylpyrene (37 um), NA (40 um), and a methylpyrene/NA mixture (37 um/40 um), and spec-
trum obtained by addition of the NA and methylpyrene spectra. The names of the NA isomer and the pyrene de-
rivative are depicted on each graph.

3,5-DNA was analogous to that of 3-NA (Figures 3A and 3C
show the SV plots for pyrene and 1-methylpyrene in toluene;
for results in dioxane see Figures S3A and S3C of the Support-
ing Information).

Since 2-NA and 4-NAs have considerable absorption in the
emission spectral region, the pyrene emission was also regis-
tered at a fixed wavelength (pyrene: 4.,=364 nm; 1-methyl-
pyrene: A.,=368 nm) in the presence and in the absence of
increasing amounts of the NA. Then, the emission intensities

ChemPhysChem 2012, 13, 4195 -4201
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tion (1), as it did in the other 3-
NAs (Figures 3A and 3C in tolu-
ene and figures S3A and S3C,
Supporting Information, in diox-
ane), suggesting a predominant
static or dynamic quenching.
Equation (1) applies for a limit-
ed range of small and moderate
K, values, except for a very high

[2-NA]

Wavelength / nm

[Q] where [Q]>[F]. This equa-
tion for static quenching is
a simplification of the general
Equation (2) for pure static
quenching:
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Figure 2. A—E) Emission spectra (4., =337 nm) of deaerated toluene solutions of pyrene (31 pum) in the presence
of increasing amounts of NA (up to 40 um). B-F) Emission spectra (1., =345 nm) of deaerated toluene solutions
of methylpyrene (37 um) in the presence of increasing amounts of NA (up to 40 um). The structure of the NA
isomer is depicted on each graph. The emission spectra were corrected by the quencher absorbance at the excita-

tion wavelength.

were corrected by the quencher absorbance at both the exci-
tation and the emission wavelength. Again, the plots of /y//
ratios versus [NA] showed an upward dependence of the fluo-
rophore emission on the NA concentration (see Figure S4, Sup-
porting Information).

A linear SV relationship can be observed if either static or
dynamic quenching occurs, in which case SV Equation (1) can
be used to quantify the analyte quenching efficiency:

I/l = 1+K[Q] (1)

In this equation, I, and | are the emission intensities in the
absence and presence of the quencher (Q), respectively; [Q] is
the molar concentration of Q; and K is the SV constant which,
in the case of static quenching, is the association constant (K,)
between the fluorophore (F) and Q.

If the quenching is dynamic, K is the dynamic quenching
constant (Ky). Data of I/l versus [3-NA] fitted well to Equa-

ChemPhysChem 2012, 13, 4195 -4201
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420 450 NAs were analysed using Equa-
tion (2), but they did not fit well
to pure static quenching. So,
the SV plots for these quench-
ers were subsequently analysed
in terms of combined dynamic
and static quenching [Eq. (3)],
but neither did the data fit well

to this model:

lo/l'= (1 +Kq[Q))(1 + K, [Q]) (3)

Remarkably, the up-curving plots for 2-, and 4-NAs fitted
well to the Perrin static quenching model [Eq. (4)]:

In(lp/1) = K,,[Q] (4)

where K, is the apparent static quenching constant (see Figur-
es 3B and 3D in toluene and Figures S3B and S 3D, Supporting
Information, in dioxane). In this model, static quenching occurs
between randomly distributed fluorophores and quenchers
that are located in the proximity (action volume). Fluorophore
molecules in contact with Q at the instant of excitation will
not fluoresce. At best, they have a non-unit probability of fluo-
rescing if the quenching reaction is not totally efficient. Some
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Figure 3. Stern-Volmer graphs of the fluorescence quenching of pyrene (A,

Aexe=337 nm) and methylpyrene (C, 4., =345 nm) in deoxygenated toluene solutions at
room temperature upon addition of increasing quantities of the nitroaniline. Fitting of
the data of 2-, and 4-NAs to the Perrin static model (B: pyrene; D: methylpyrene). The
emission intensities were corrected by the quencher absorbance at the excitation wave-
length.
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sults in toluene and dioxane, respectively). This ratio
did not change in the presence of increasing
amounts of 3-NA, 4-M-3-NA, and 4-M-3,5-DNA, al-
though it decreased slightly in the case of 2-NA but
increased significantly in the 4-NAs (4-NA and 2-M-4-
NA).

Subsequently, the emission spectra of methylpyr-
ene/4-NA mixtures at A.,=345 nm were normalised
at 364 nm, where the least amount of emission in-
terference occurred. The differential emission spec-
trum obtained by subtracting the fluorescence spec-
trum of methylpyrene from that of a methylpyrene/
4-NA (37 um/40 um) mixture showed the features of
the new emission extending from 375 to 450 nm
and a 4,,,, of about 380 nm, that is, red-shifted com-
pared with that of methylpyrene (see Figure 5 in di-
oxane). Similar observations were found in the case
of pyrene (Figure not shown).

Changes in the I5/I, ratio of the pyrene emission
bands could be due to the formation of emissive
'pyrene—NA exciplexes ('Py—NA), arising from the
interaction of the pyrene singlet excited state with
the NA ground state®2* (Scheme 2). Alternatively,
the species responsible for such changes could be
'(Py—NA) complexes obtained after excitation of
Py—NA ground-state complexes (Scheme 2). Addi-

ground-state complex; the 'Py—NA exciplex would lead to the

Figure 4. Change in the I5/I, ratio of the pyrene emission bands in deaerated
toluene solutions in the presence of increasing amounts of the indicated ni-
troanilines (1., =337 nm). The emission intensities were corrected by the

pyrene spectrum; and similar results would be found if the
NAs affect the local environment of pyrene and are responsible

quencher absorbance at the excitation wavelength. for the I5/I, ratio change.
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Scheme 2. Relevant processes in the quenching of pyrene by nitroanilines.

The excitation spectra (1.,,=364 nm) of methylpyrene/4-NA
mixtures in dioxane were normalised at 343 nm. The differen-
tial excitation spectrum obtained by subtracting the excitation
spectrum of methylpyrene from that of a methylpyrene/4-NA
(37 um/40 pum) mixture showed the features of a new species,
whose longest wavelength absorption band was between 250
and 340 nm with a A,,,, at about 320 nm (Figure 5). This find-
ing rules out that the new emission arises from an emissive
'Py—4-NA exciplex and suggests the formation of a Py—4-NA
ground-state complex. Similar analyses were performed to
obtain the absorption and emission features of the Py—2-NA
ground-state complex (not shown).

Though the excitation spectra evidenced the formation of
Py-NA ground-state complexes, mainly in the case 4-NA, these

cuemMPHYsCHEM ARTICLES

species were not detected by absorption spectroscopy. This
suggests that these species were generated in a very low con-
centration and/or had a low molar absorption coefficient.

The quenching efficiency by the NAs was slightly influenced
by the solvent nature (toluene vs. 1,4-dioxane) and the pyrene
substitution (pyrene vs. 1-methylpyrene), but it was greater for
the 4-NAs than for the others (see Figure 6, top, and Figure S6
and Table S2 of the Supporting Information).

2.2. Time-Resolved Fluorescence Studies

Time-resolved fluorescence measurements were determined to
gain insight into the static and/or dynamic nature of pyrene
fluorescence quenching by NAs. The data were analysed using
Equation (5):

To/T =1+ Kq4[Q] = T+ kq7o[Q] ()

where k, is the quenching rate constant, and 7 and 17, are the
lifetimes of the excited species in the absence and presence of
Q. These studies confirmed that quenching of pyrene fluores-
cence by 3-NA and 4-M-3-NA was predominantly dynamic (Fig-
ure 7B in toluene). The quenching of the pyrene emission by
2-NA also exhibited a considerably dynamic contribution (Fig-
ure 7A). By contrast, it had a considerably static contribution
for 4-M-3,5-DNA (Figure 7C). Finally, the high contribution of
apparent static quenching was confirmed for the 4-NAs, that
is, 2-M-4-NA and 4-NA (Figure 7D).

The quenching rate constants showed a drastic dependence
on the solvent nature (Figure 6, bottom, and Table S2 of the
Supporting Information). Toluene and 1,4-dioxane have similar
dipole moments (0.31 and 0.45 Debye, respectively) but differ

Steady-state quenching
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Dioxane
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Dioxane

Methylpyrene

SRS
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<
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Figure 6. Top: Comparison of the quenching constants of pyrene (left) and 1-methylpyrene (right) emission in toluene and dioxane by NAs; the constants
were obtained from the steady-state studies. The emission intensities were corrected by the quencher absorbance at the excitation wavelength. Bottom:
Comparison of the quenching rate constants of pyrene (left) and 1-methylpyrene (right) emission by NAs in toluene and dioxane; the rate constants were ob-

tained from the time-resolved studies.
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quenching of Py by this NA
(Figure S9, Supporting Informa-
tion).

This finding suggests an en-
hanced intersystem crossing to
the 3Py via 'Py—3-NA exciplexes
or triplet-triplet energy transfer
from the 3-NA triplet excited

0 110° 310%

[NA /M

C)

=1/ } 403 5D-NA
“X-tglt

26

1.3

0

22 | --8--¢ |

[ilort it

[}

-
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/0:’/ or T.O/‘C

state (*3-NA) to Py (Scheme 2).
Laser flash photolysis of 3-NA
gave rise to a transient with an
absorption band between 360
and 540 nm (4., ca. 460 nm)
and a lifetime of 1.6 ps in tolu-
ene (Figure S10, Supporting In-

o - formation) that could be as-
o0 cribed to 33-NA. The absorbance
of 33-NA was barely affected by

0 110°® 310° 410° 0

(NA] /M

Figure 7. Stern-Volmer plots showing a comparison between the intensity (—) and the lifetime (-----, 1., at

364 nm) dependence of pyrene emission in toluene on the NA concentration.

significantly in their viscosity (ca. 0.5 and 1.1 cP, respectively).””!

The remarkable decrease in the rate constants in the more vis-
cous dioxane was consistent with the diffusion-dependent
nature of such quenching. In addition, the rate constants also
showed a considerable dependence on the pyrene substitu-
tion. This indicated the occurrence of specific interactions be-
tween the fluorophore singlet excited state and the NA.

2.3. Control Studies

The 3-NA could be an acceptor of pyrene singlet energy, since
there was a large spectral overlap between its absorption spec-
trum and that of the pyrene emission (Figure S7, Supporting
Information). This NA exhibited fluorescence in dioxane and
toluene at room temperature; thus, its emission spectrum pre-
sented a broad band between 450 and 626 nm with 4,,, at
480 nm (Figure S8, Supporting Information). This spectrum was
similar to that reported for 3-NA at low temperatures.”®*?” Con-
trol studies showed that the emission of 3-NA did not increase
in the presence of pyrene (Figure not shown), which indicated
that a dipole—dipole singlet-singlet energy-transfer mechanism
did not contribute significantly to the pyrene fluorescence
quenching. It should be taken into account that for unlinked
donor/acceptor pairs, the acceptor concentration must be
quite high for the occurrence of significant energy transfer by
such mechanism and both the potential energy acceptor [NA]
and the donor concentrations were kept below 40 um in our
experiments. Transient absorption spectroscopy could be used
to gain information about the consequences of the pyrene
fluorescence quenching by NAs on the pyrene triplet (*Py)
yield. Remarkably, laser flash photolysis (Nd:YAG, 355 nm, 10 ns
pulse) of the pyrenes showed that the 3Py absorbance was
little affected by the presence of 3-NA, in spite of efficient
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the presence of increasing
amounts of pyrene, which is
consistent with the low-contri-
bution of singlet-singlet energy
transfer from 'Py to 3-NA. Nei-
ther did the °33-NA lifetime
change in the presence of pyrene, which shows the non-occur-
rence of triplet-triplet energy from 33-NA to pyrene.

In the case of 4-NA, the S,—S, process is highly forbidden
compared with intersystem crossing to the triplet.'” The inter-
system crossing and internal conversion times and the S,—T,
intersystem crossing efficiency values for 4-NA in dioxane have
been estimated as <0.8, <0.5 and >0.40 ps, respectively.”® As
expected, we did not detect fluorescence of '4-NA at room
temperature, but we registered the *4-NA absorption spectrum
in dioxane. The lifetime of about 300 ns was similar to that re-
ported in the literature.®**! However, we failed to monitor
clearly the effect of pyrene on the 34-NA formation or its life-
time, due to pyrene bleaching and fluorescence. Interestingly,
the Py yield was barely affected by the presence of 4-NA and,
although triplet-triplet energy from 34-NA to pyrene could not
be completely discarded, once again, our data pointed to an
enhanced intersystem crossing to the 3Py via 'Py—4-NA exci-
plexes.

Finally, we detected neither '2-NA fluorescence at room tem-
perature nor the *2-NA absorption spectrum. Once again, the
3Py absorbance was barely affected by the presence of 2-NA,
and this suggests an important contribution of 'Py—2-NA exci-
plexes in the formation of *Py.

3. Conclusions

The above-mentioned data demonstrate that the efficiency of
NAs as quenchers of pyrene fluorescence in low-polar solvents,
such as toluene and 1,4-dioxane, correlates better with the NA
dipole moment, which decreases in the order: 2-M-4-NA > 4-
NA > 3-NA > 4-M-3-NA > 4-M-3,5-DNA > 2-NA,®* or even their
hyperpolarizability (8), which decreases in the order: 4-NAs > 2-
NA >3-NA,BY than with their redox potential, which decreases
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in the order: 3-NA > 2-NA > 4-NA (see Table S1 of the Support-
ing Information).

These chromophores possess a strong m-electron delocaliza-
tion and intramolecular charge transfer stimulated by the pres-
ence of electron-donor and electron-acceptor groups. This is
particularly relevant for the 4-NAs, whose apparent static
quenching of pyrene fluorescence is consistent with their close
proximity to the fluorophore at the ground state. Our data
shows that NAs establish strong interactions, not only with the
pyrene singlet excited state, but some NAs can also establish
interactions with the Py ground state.
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