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ABSTRACT

A bisnaphthyl azadiene derivative (L) demonstrates Hg 2+-selective intermolecular excimer emission. This emission is responsive to the number
of coordinated Hg 2+ atoms, where 2:2 and 2:3 L −Hg2+ complexes are the strongly emissive components, whereas the 2:1 complex is nonemissive.

Design and development of fluorescent signaling devices is
an area of intense research activity and of tremendous
significance to the field of molecular device fabrication.1 So
far, various molecular systems whose emission properties
can be modulated by external stimuli (temperature, light,
redox potential, and pH) have been proposed.2 Metal cations
are often used as external stimuli, which promote emission
enhancement (turn-on) or quenching (turn-off), associated
with the coordination with ligand groups.3 Mercury(II)
usually acts as a fluorescence quencher via a spin-orbital
coupling effect;4 therefore, most of the already reported
molecular systems show turn-off response upon Hg2+ input.5

Recently, several molecules showing selective turn-on
response upon Hg2+ input have been proposed;6 however,
these molecules form a unique Hg2+ complex and, hence,
show simple emission enhancement upon Hg2+ binding.

Here we report that a bisnaphthyl azadiene ligand, L, 1,6-
bis(1-naphthyl)-2,5-diaza-1,5-hexadiene, behaves as a new
Hg2+-selective fluorophore, showing an excimer emission
depending on the number of coordinated Hg2+ atoms. This
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is the first Hg2+-selective turn-on fluorophore containing a
naphthalene (NP) fragment and showing a different response
to the number of coordinated Hg2+ atoms. We report here
that the emission is due to the excimer formed via direct
excitation of the intermolecular ground-state dimer (GSD)
of the NP moieties approaching each other by Hg2+

coordination and that the unprecedented emission switching
is triggered by the GSD stability controlled by the number
of coordinated Hg2+ atoms.

The symmetrical L ligand is easily obtained by one-step
condensation of nathphthalene-1-carbaldehyde and ethyl-
enediamine in ethanol with 78% yield.7

Figure 1 shows emission spectra (λexc ) 372 nm) of L in
acetonitrile measured with 1 equiv of respective metal
cations. Without cations, L shows no emission because of
an electron transfer from the imine nitrogens to the excited
NP fragments.8 Addition of Ag+, Cd2+, Co2+, Cu2+, Mn2+,

Ni2+, Pb2+, and Zn2+ shows negligible spectrum change. In
contrast, Hg2+ addition creates strong emission at 400-600
nm, assigned to an excimer formed between the NP frag-
ments.9 As shown in the graphical abstract picture, a sea-
green colored bright emission appears.

Figure 2 shows a change in emission spectrum of L and
the intensity monitored at 492 nm with stepwise addition of
Hg2+. With <0.5 equiv of Hg2+, no emission appears. In
contrast,>0.5 equiv of Hg2+ leads to an obvious emission
increase. This emission is, however, saturated with>1.5
equiv of Hg2+ (Φ ) 0.246), implying that, at this condition,
an emissive 2:3 L-Hg2+ complex exists.

Figure 3A shows a change in the absorption spectra of L
with stepwise Hg2+ addition. Without Hg2+, L shows a
distinctive NP absorption at 260-340 nm (λmax ) 305 nm).10

This absorption red-shifts (λmax ) 311 nm) with an increase
in Hg2+ amount. These spectra do not show a clear isosbestic
point, indicating that more than two types of L-Hg2+

complexes exist. Figure 3B shows excitation spectra collected
at 492 nm. A distinctive excitation band is observed at 300-
420 nm, which appears at a longer wavelength than the
absorption band obtained without Hg2+ but is consistent with
the red-shifted absorption band obtained with Hg2+ (Figure
3A). These indicate that the emission of L is due to the
excimer formed via direct photoexcitation of the ground-
state dimer (GSD) of the NP fragments associated with each
other by Hg2+ coordination.

Three types of L-Hg2+ complexes with 2:1, 2:2, and 2:3
stoichiometry exist. As shown in Figure 2B, no emission
appears with<0.5 equiv of Hg2+, implying that a nonemis-
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Figure 1. Emission spectra (λexc ) 372 nm) of L (25µM) and
intensity at 492 nm measured in acetonitrile with and without 1
equiv of respective metal cations as perchlorate salts. The data
obtained with 5 equiv of cations are shown in the Supporting
Information (Figure S3).

Figure 2. Change in (A) emission spectra and (B) the intensity
monitored at 492 nm of L (25µM) in acetonitrile upon addition of
Hg(ClO4)2 (λexc ) 372 nm).
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sive 2:1 complex exists. With>0.5 equiv of Hg2+, emissive
2:2 and 2:3 complexes form in response to the increas in
Hg2+ amount. An absorption-based Job’s plot (A350) shows
a maximum absorption atX ( ) [Hg2+]/([Hg2+] + [L]) )
0.33 and an inflection point atX ) 0.5 (Supporting
Information, Figure S4), indicative of the 2:1 and 2:2
complex formation. An emission-based Job’s plot shows a
maximum emission atX ) 0.6 (Supporting Information,
Figure S5). These clearly suggest that three types of L-Hg2+

complexes with 2:1, 2:2, and 2:3 stoichiometry exist. The
existence of the emissive 2:2 and 2:3 complexes is further
confirmed by time-resolved emission decay measurements
(Supporting Information, Figure S6). With 1 equiv of Hg2+,
the decay is fitted by single exponential (decay time: 7.9
ns). With 1.25 equiv of Hg2+, the profile is fitted with the
sum of two exponentials with decay times of 7.9 ns (58%)
and 11.4 ns (42%). In contrast, with 1.5 equiv of Hg2+, the
decay is fitted only with the long lifetime component (11.4
ns). These suggest that both 2:2 and 2:3 complexes are the
emissive species. No negative preexponential, i.e., a rise time,
is detected in all decay profiles; this supports the direct GSD
photoexcitation mechanism for excimer formation.

The different emission properties of 2:1, 2:2, and 2:3
L-Hg2+ complexes are due to the alignment of the NP
fragments depending on the number of coordinated Hg2+

atoms. Figure 4 shows a change in the1H NMR spectra of
L (CD3CN at 233 K). With 0.5 equiv of Hg2+ (Figure 4b),
where a 2:1 complex forms, iminic Ha protons (-CHdN;
8.94 ppm) disappear and move downfield (9.60 ppm;∆δ )
+0.66 ppm), meaning that one Hg2+ atom coordinates with
four imine nitrogens of the two L molecules. At this
condition, some of the NP protons shift upfield, while the

others shift downfield. The downfield shift of the NP protons
is due to the decrease in electron density of the NP moieties
by the adjacent electron-withdrawing Hg2+ atom.11 The
upfield shift is due to the anisotropic effect by the decrease
in the ring current of the imine moieties with the Hg2+

binding.12 The coordination behavior of the 2:1 complex is
supported by the calculated geometry of the complex. Figure
5a shows the structure of the 2:1 complex optimized at the
DFT level (Supporting Information, Computational Details).
Hg2+ is coordinated with four nitrogen atoms of two L
molecules, where the Hg-N bond distances are 2.30, 2.33,
2.34, and 2.34 Å, which are below the upper limit of a
covalent bond (2.75 Å).13 Notably, NP fragments of the
complex are separated from each other and are nonparallel
(distances of C1 positions of the NP fragments are>4.82
Å). This is due to the electrostatic repulsion of the NP
fragments. It is well-known that excimer formation requires
a parallel configuration of the NP fragments.14 This means
that the separation of the NP fragments within the 2:1
complex suppresses the GSD formation, resulting in no
excimer emission.

As shown in Figure 5b, within an emissive 2:2 complex,
one Hg2+ atom is also coordinated with four nitrogens.
Another Hg2+ atom is sandwiched in between the two NP
fragments. These NP moieties are forced to stay close and
coplaner (the C1-C1 distance of the NP fragments is 4.52
Å). This is probably due to the cation-π interaction between
theπ-electron of the NP moieties and electron-withdrawing
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Figure 3. Change in (A) absorption and (B) excitation (λem ) 492
nm) spectra of L (25µM) in acetonitrile upon addition of 0, 0.25,
0.5, 0.75, 1, 1.25, 1.5, 1.75, and 2 equiv of Hg(ClO4)2.

Figure 4. Change in1H NMR spectra of L in CD3CN upon
addition of (a) 0, (b) 0.5, (c) 1, (d) 1.5, and (e) 2.0 equiv of Hg-
(ClO4)2.
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Hg2+.15 This indicates that the second Hg2+ coordination
brings the two NP fragments closer and, hence, leads to GSD
formation, thus allowing the excimer emission. As shown
in Figure 4c, with 1 equiv of Hg2+ where the 2:2 complex
exists, the upfield NP protons (7.3-7.5 ppm) decrease and
move downfield, suggesting that the electron density of the
NP moieties actually decreases by the Hg2+-NP cation-π
interaction.15 At this condition, the iminic Ha protons (9.60
ppm) also decrease and shift downfield (10.35 ppm;∆δ )
+0.75 ppm). This is because the decrease in electron density
of the NP moieties by the Hg2+-NP interaction leads to a
decrease in the ring-current effect on the iminic protons,
resulting in a downfield shift of the iminic protons. These
NMR behaviors support the 2:2 complex structure optimized
by calculation.

As shown in Figure 5c, for an emissive 2:3 complex, one
Hg2+ atom is also coordinated by four imine nitrogens, and

the other two Hg2+ atoms are sandwiched in between the
two sets of two NP fragments via Hg2+-NP cation-π
interaction. As shown in Figure 4d and e, with>1.5 equiv
of Hg2+, upfield NP protons disappear and move downfield
completely. This suggests that all NP moieties undergo
Hg2+-NP cation-π interaction. In this condition, the iminic
Ha protons (9.60 ppm) disappear completely and shift
downfield (10.35 ppm). This also supports the Hg2+-NP
cation-π interaction. These findings strongly support the
calculated 2:3 complex structure (Figure 5c). As shown in
Figure 5c, both sets of NP fragments are forced to stay close
and to be parallel, where the average distance of the C1-
C1 positions of NP fragments is determined to be 4.32 Å,
which is shorter than that of the 2:2 complex (4.52 Å). As
a result of this, the 2:3 complex forms a more stable GSD
of the NP fragments, thus demonstrating strong and long-
lived excimer emission.

Another notable feature of L is the high emission revers-
ibility (Supporting Information, Figure S7). When L is added
to the solution containing the 2:3 complex (mole ratio L:Hg2+

) 1:1.5), the emission intensity decreases with the L amount
and becomes zero accurately at the mole ratio of L:Hg2+ )
3:1.5. This suggests that the 2:2 and 2:3 complexes are easily
transformed to a 2:1 complex. This is because the Hg2+-
NP cation-π interaction is much weaker than that of the
N-Hg2+ coordination.16

In conclusion, we have synthesized a new ligand capable
of showing Hg2+-selective excimer emission, which is due
to the excimer formed by direct excitation of the intermo-
lecular GSD of the NP fragments approaching each other
by Hg2+ coordination. The on/off switching of the excimer
emission is precisely controlled by the number of coordinated
Hg2+ atoms. The simple molecular design presented here may
contribute to the development of more useful fluorescent
signaling materials using Hg2+ input and more sophisticated
molecular level devices with multiple functions.
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Figure 5. Calculated structures of (a) 2:1, (b) 2:2, and (c) 2:3
L-Hg2+ complexes (B3LYP/6-31G* for (a) or B3LYP/3-21G for
(b) and (c), with the Stuttgart Relativistic Small-Core basis set for
the Hg atom with effective core potential).
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