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ABSTRACT: The blue emission of M2biQ can be tuned to specific wavelengths throughout the visible region by changing the
identity of the cation it interacts with. These optical properties are observed in MeCN solution and the solid state. White light is
obtained in MeCN by using either the proper ratio of zinc ions or acid. Thus, M2biQ acts as a nearly universal emitter (λem = 468−
690 nm) with large Stokes shifts (116−306 nm, Δν ̃ = 7,042−11,823 cm−1). Full spectral profiles as well as quantum yields, lifetimes,
and the crystal structures of key RGB and yellow emitters are reported. Emission wavelengths correlate with cationic radius, and TD-
DFT calculations show that, for 1:1 complexes, the smaller the ion, the shorter the N−cation bond, and the greater the
bathochromic emission shift.

The development of a single tunable fluorescent dye with a
wide emission range is of interest for simplifying the

fabrication of multicolor optoelectronic devices, such as
organic light-emitting diodes (OLEDs).1−9 Obtaining emis-
sions that encompass the full spectrum typically requires the
use of numerous fluorescent molecules7−15 or quantum
dots,16,17 each one covering a particular portion of the
spectrum. Metal binding,4,18−25 protonation,2,25−27 organic
supramolecular interactions,1,4,28−37 manipulation of aggrega-
tion or solid-state structure,5,7,38−47 solvatochromic ef-
fects,14,15,48−52 isomerizations,53−55 and variable labeling of
biomolecules,56 among other methods,32,42,50,55,57,58 have also
been pursued to introduce further color variations. Here we
report our unexpected discovery of the outstanding intrinsic
photoluminescence of 6,7-dihydro-1,12-dimethoxydibenzo-
[b,j][1,10]phenanthroline59 (Figure 1), otherwise known as
dimethoxydimethylenebiquinoline (M2biQ). Upon cation

binding, this simple fluorophore exhibits differential red-
green-blue (RGB) luminescence that was previously thought
possible only by using entire arrays of ion sensors.22,30 It also
provides intermediate colors without the need of mixing
different dyes or chelates,37,54 or the need to adjust the ratio of
the metal ion guest to the sensor.18,28

M2biQ was prepared by a Friedlan̈der condensation60

between 2-amino-3-methoxybenzaldehyde61 and 1,2-cyclo-
hexanedione (see p S2). The blue fluorescence of M2biQ
can be selectively red-shifted by simply adding the proper main
group or transition metal ion or acid (Figures 1 and 2), thus
making fluorescence-tuning a straightforward task.
Single crystal X-ray structures corresponding to RGB and

yellow emitters are shown in Figure 3. Electronic repulsion
between the lone pairs of the pyridine N atoms prevents the
two methoxyquinoline halves of free M2biQ from being
coplanar while the dimethylene bridge (dihedral angle CArC6−
C7CAr = 53.9°) preorganizes the ligand for metal-ion binding.
Cation binding reduces the dihedral angles (NC−CN and ω)
for the 1:1 complexes in the progression M2biQ·Ca2+ >
M2biQ·Zn2+ > M2biQ·H+ (Table 1). Because the difference in
twist angles from species to species is small, and the same
yellow emission was observed for M2biQ2·Zn

2+ and M2biQ·
Zn2+ species with different degrees of planarization, the
increasingly red-shifted emissions are attributed to the
decreasing N−cation distances (N−Ca2+ (2.5 Å) > N−Zn2+
(2.1 Å) > N−H+ (0.9 Å)). This correlation involving shorter
N−metal bonds and longer emission wavelengths is also seen

Received: July 29, 2020
Published: November 17, 2020Figure 1. Structure of M2biQ and solid-state fluorescence (λex = 365

nm) of the free ligand and some of its salts. All samples were isolated
from wet acetonitrile except for H+

KTEE, which was isolated from
KOH/TFA/EtOH/Ether (KTEE). All other counterions are ClO4

−.
See pp S66, 72 for details.
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with 8-hydroxyquinoline (8-HQ), the parent compound of
M2biQ.62 The shorter N−cation bonds also correlate, as
expected, with the relative ionic radii of the ions (Ca2+(1.14 Å)
> Zn2+ (0.88 Å) > H+).
The λmax values for the absorption and emission bands of

free M2biQ, its protonated form, and complexes with
potassium, strontium, calcium, cadmium, and zinc were
determined in acetonitrile (Table 2). Very large Stokes

shifts63,64 ranging from 116 to 306 nm (Δν ̃ = 7042 to
11 823 cm−1) were observed. The spectra were obtained by
mixing solutions of M2biQ with the metal salts or by
generating HCl in situ or by adding trifluoromethanesulfonic
acid, TFMS (see Supporting Information). Binding constants
(Table S1) for the complexes corresponding to the crystal
structures were found from UV−visible titrations65 (see
Figures S13, S15, S21): Ca2+ K11 = 1.0 × 1012, K21 = 1.0 ×
1020; Zn2+ K11 = 3.3 × 108, K21 = 2.7 × 1019, and H+ K11 = 1.9
× 104. Speciation diagrams66 show that, as the equivalents of
Ca2+ gradually increase from 0.5 to 1.0, M2biQ2·Ca

2+ converts
to M2biQ·Ca2+. In contrast, M2biQ2·Zn

2+ is the dominant
complex at all concentrations, so wavelengths are given for this
species in Table 2. The most obvious trend in Table 2 is the
order of increasing emission wavelength: M2biQ < M2biQ·K+

< M2biQ·Sr2+ < M2biQ·Ca2+ < M2biQ·Cd2+ < M2biQ2·Zn
2+

< M2biQ·H+. The λabs values show similar, but less
pronounced trends.
Our orange crystals (H+

KTEE, Figure 1), isolated from KOH/
TFA/EtOH/Et2O (KTEE), were too small for crystallographic
characterization. We, therefore, provisionally assume they are
monoprotonated and attribute their different color to poly-
morphism.5,40,42,44,67 The orange emission of M2biQ·Ha

+

Figure 2. Normalized emission spectra of M2biQ and its complexes
(10−4 M) in MeCN. Salts used: KSCN, Sr(ClO4)2, Ca(ClO4)2,
Cd(NO3)2, and Zn(ClO4)2. Ha

+ = TFA/MeCN (1:4, v/v) and Hb
+ =

HCl (generated in situ). See pp S32−S33, for details.

Figure 3. Solid-state structures of RGB and yellow emitters. (a) Blue
emitter: M2biQ·H2O·CHCl3, (b) green emitter: M2biQ·Ca(ClO4)2,
(c) yellow emitter: M2biQ·Zn(ClO4)2·2H2O, and (d) red emitter:
M2biQ·HClO4·H2O. C atoms (blue), O atoms (red), N atoms
(violet), Cl atoms (green), Zn atom (purple), Ca atom (light green).
See pp S208−S209 for the M2biQ2Zn

2+ encapsulating complexes
(pairs 1 and 2).

Table 1. Bond Lengthsa and Dihedral Angles NC−CN and ω in Single Crystal X-ray Structures Corresponding to RGB and
Yellow Species

Crystal Bond Length/Å N−Guest Bond Length (Å) O−Guest Dihedral angle NC−CN (ω)b

M2biQ·H2O 2.46/2.53 (N---H2O) 2.15/2.20 (O---H2O) 23.8° (24.3°)
M2biQ·Ca2+ 2.46/2.47 (N−Ca2+) 2.50/2.51 (O−Ca2+) 9.0° (10.4°)
M2biQ·Zn2+ 2.05/2.05 (N−Zn2+) 2.62/2.62 (O−Zn2+) 8.1° (10.2°)
M2biQ·H+ 0.86 (N−H+) 2.31 (O---H+) 7.5° (7.9°)
M2biQ2·Zn2+ 2.04/2.04 (N−Zn2+) 2.71/2.71 (O−Zn2+) 7.1° (11.2°)
(pair 1) 2.06/2.06 (N−Zn2+) 2.74/2.74 (O−Zn2+) 14.0° (12.6°)
M2biQ2·Zn2+ 2.06/2.06 (N−Zn2+) 2.76/2.77 (O−Zn2+) 16.5° (19.6°)
(pair 2) 2.04/2.04 (N−Zn2+) 2.67/2.78 (O−Zn2+) 16.0° (18.8°)

aThe dotted lines (---) represent hydrogen bonds. bω is the angle between the two pyridine planes (see p S167).

Table 2. Experimental and Calculated (c) Absorption and
Emission Wavelengths (λmax, nm) of M2biQ Species in
Acetonitrile ([M2biQ] = 10−4 M)

Speciesa λabs λabs (c) λabs λabs (c) λem λem (c)

M2biQ 276 294 352 331 468 456
M2biQ·K+ 276 290 356 342 477 458
M2biQ·Sr2+ 273 287 366 353 510 485
M2biQ·Ca2+ 279 288 367 359 528 489
M2biQ·Cd2+ 282 293 368 362 551 514
M2biQ2·Zn2+ 288 303 376 369 581 558
M2biQ·H+ 290 304 384 380 690 585

aSalts used: KSCN, Sr(ClO4)2, Ca(ClO4)2, Cd(NO3)2, and
Zn(ClO4)2, or TFMS as the acid. Counterions used in calculations
are consistent with salts, except for counterion-free M2biQ2·Zn2+. All
other complexes were assigned a 1:1 stoichiometry for calculations.
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(Figure 2), where M2biQ is assumed to be in a particular
protonation state, was obtained by using a mixture of TFA in
MeCN. Solvatochromism14,15,51,52 also seems to be in
operation (see pp S63−64). Without the methoxy groups,
the emission in MeCN only reaches 430 nm (λex = 250 nm)
upon addition of HClO4.

68 Related cation-sensitive push−pull
single-molecule emitters, whose structure also remains intact
upon ion binding, exhibit a narrower multicolor spectral profile
and/or require the use of toxic metal ions (Hg2+, Cd2+, Pb2+)
to generate key colors.2,19,25,52

Selected photophysical data69−71 for the RGB and yellow
emitters are shown in Table 3. These appeared to be

photostable upon prolonged standing under ambient light
and/or irradiation at 1, 30, and 60 min. The quantum yield
(QY) of M2biQ is similar to that of 8-methoxyquinoline.72

The higher QY upon Ca2+ binding is likely due to increased
conformational restriction of the receptor73 as suggested by a
reduced nonradiative/radiative transitions ratio (knr/kr) with
respect to free M2biQ (see pp S83−84). With the smaller Zn2+

and H+ ions, the MeO groups can be free to participate in an
n−π* fluorescence-quenching charge-transfer process to the
heterocyclic core.25,74 The ability of bipyridines to act as
electron acceptors when bound to Zn2+ and H+ ions is well
documented.75,76 This may explain the low QY for these
complexes. Also, deactivation by proton transfer77 or solvent
relaxation78 appears to be particularly in operation with the
protonated complex (see p S72). As expected, our Zn2+ and
protonated complexes appear much brighter in the solid state.
Additionally, by using the proper amount of acid or Zn2+ in
MeCN, it is possible to obtain warm, cool, or nearly pure white
light79,80 (see pp S17−20, 28−30).
Computational studies were performed using the time-

dependent density functional theory (TD-DFT) at the
B3LYP/def2-SVP level with the SMD solvation model to
account for the solvation effects of acetonitrile (see p S167).
The DFT-predicted geometries reveal that UV-excitations of
M2biQ, its protonated forms, and 1:1 metal complexes are
accompanied by contraction of the twist angle ω between the
quinoline rings in the excited states, while photon emission is
followed by expansion of ω in the ground state. For example,
for M2biQ, the ground S0 and emitting S1 states are
characterized by ω = 18.2° (∠NC−CN = 18.5°) and ω =
15.8° (∠NC−CN = 9.1°), respectively. Such photoinduced
planarization is known for other fluorophores,81,82 but those
metal-free compounds display larger dihedral angle changes
(≥16°). In the M2biQ metal complexes, the relative twisting in
the emitting state with respect to the ground state gradually
decreases from Δω = 2.7° in M2biQ·K+ to Δω = 0.3° in
M2biQ·Zn2+. Thus, metal binding reduces the conformational
differences between the ground and emitting states.

The frontier molecular orbitals of M2biQ and the key
electronic transitions are shown in Figure 4. The prominent

absorption band observed at 276 nm can be attributed to S0 →
S7(HOMO → LUMO+2) excitation, and the second broad
band at 352 nm is likely due to collective excitations S0 →
S1(HOMO → LUMO), S0 → S2(HOMO−1 → LUMO), and
S0 → S3(HOMO−2 → LUMO); the latter has the largest
oscillator strength. Since the HOMO and HOMO−2 have a
nodal plane across the central NC−CN bond, electrons in
these orbitals reduce the NC−CN bond order and facilitate
twisting between the quinoline rings. On the other hand,
LUMO and LUMO+2 do not have such a node and the
corresponding excited states adopt more planar conformations.
In M2biQ, the nonradiative decay of excited singlets is
followed by the blue S1 → S0 emission. The calculated
emission wavelength of 456 nm differs by only 12 nm from the
observed emission.
The calculations also show that, in the S1 excited state, the

electron density asymmetrically shifts away from the methoxy
groups to the nitrogen and carbon atoms in the bay area. Upon
nitrogen protonation or metal coordination, the shape of the
LUMO does not change significantly, while the HOMO
becomes increasingly more localized in one of the halves of the
ligand (see p S171). The smaller the cation, the shorter the
N−cation distance, and the greater the loss of HOMO
delocalization. This decreases the HOMO−LUMO gap and
leads to increasingly red-shifted emissions in the progression
K+ → Sr2+ → Ca2+ → Cd2+ → Zn2+ → H+. This trend is clearly
demonstrated by the strong correlations of the metal−nitrogen
distances and ionic radii83 with the emission wavelengths
(Figure 5). DFT studies involving 8-HQ and its chelates found
similar correlations.84

It is noteworthy that the S1 → S0 emission is almost
exclusively dominated by the LUMO−HOMO transitions with
no significant contributions from other orbital pairs. This
results in a strong correlation between the HOMO−LUMO
and S1−S0 energy gaps as shown in Figure 6.
In conclusion, M2biQ is a novel versatile fluorophore whose

emission wavelength is tunable throughout the visible
spectrum by binding cations. In MeCN, the free M2biQ

Table 3. Quantum Yields and Lifetimes for RGB and Yellow
Emitters in Acetonitrilea

Substance
Quantum
yield, φ Reference Standard Lifetime τ (/ns)

M2biQ 0.25 Quinine sulfate69,70 5.55 ± 0.03
M2biQ·Ca2+ 0.44 Fluorescein70,71 17.3 ± 0.01
M2biQ2·Zn2+ 0.01 Ru(bpy)3Cl2

70,71 6.88 ± 0.03
M2biQ·H+ 0.001 Ru(bpy)3Cl2

70,71 Unable to
measure

aCounterion: CF3SO3
−. For details, see S83−S163. Figure 4. M2biQ frontier molecular orbitals at the equilibrium

geometry of the ground state.
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fluorophore, its metal complexes, and the monoprotonated
form span the spectral range from 468 to 690 nm with
unusually large Stokes shifts up to ∼300 nm (∼12 000 cm−1).
The emission colors of all studied compounds remain
qualitatively the same in the solid state. Single crystal X-ray
structures show that, for 1:1 complexes, the smaller the cation,
the shorter the N−cation bond, and the greater the
planarization, consistent with the bathochromic shift of
emission. These concepts can be useful for the design of
chemosensors consisting of ligands containing chromophores
that geometrically respond to binding of various cations. While
cation binding lowers the energies of both HOMO and
LUMO, the stabilization of the HOMO is less efficient due to
decreasing delocalization in the progression K+ → Sr2+ → Ca2+

→ Cd2+ → Zn2+ → H+. This reduces the HOMO−LUMO gap
and the S1−S0 gap and leads to an exceptional red shift in the
emission spectra. Thus, M2biQ-based materials with nearly
universal emission tunability may be used as fluorescent
chemosensors and luminophores in various applications,
including OLEDs. Such materials can be fabricated by simply
doping an M2biQ-containing matrix with appropriate salts
and/or acids.
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thanked for completing the refinement of the crystal structure
of the 2:1 Zn2+ complex.
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(84) Nuñ́ez-Zarur, F.; Vivas-Reyes, R. Ab initio study of luminescent
substituted 8-hydroxyquinoline metal complexes with application in
organic light emitting diodes. J. Mol. Struct.: THEOCHEM 2008, 850,
127−134.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://dx.doi.org/10.1021/jacs.0c08182
J. Am. Chem. Soc. 2020, 142, 20306−20312

20312

https://dx.doi.org/10.1002/1521-3773(20010417)40:8<1536::AID-ANIE1536>3.0.CO;2-R
https://dx.doi.org/10.1002/1521-3773(20010417)40:8<1536::AID-ANIE1536>3.0.CO;2-R
https://dx.doi.org/10.1002/1521-3773(20010417)40:8<1536::AID-ANIE1536>3.0.CO;2-R
https://dx.doi.org/10.1039/a805336g
https://dx.doi.org/10.1039/a805336g
https://dx.doi.org/10.1016/S0040-4039(97)10811-5
https://dx.doi.org/10.1016/S0040-4039(97)10811-5
https://dx.doi.org/10.1016/S0040-4039(97)10811-5
https://dx.doi.org/10.1021/jp971293u
https://dx.doi.org/10.1021/jp971293u
https://dx.doi.org/10.1021/jp971293u
https://dx.doi.org/10.1021/ja056523u
https://dx.doi.org/10.1021/ja056523u
https://dx.doi.org/10.3390/ma10060657
https://dx.doi.org/10.3390/ma10060657
https://dx.doi.org/10.1002/chem.201503927
https://dx.doi.org/10.1002/chem.201503927
https://dx.doi.org/10.1002/chem.201503927
https://dx.doi.org/10.1021/jo202215x
https://dx.doi.org/10.1021/jo202215x
https://dx.doi.org/10.1021/jo202215x
https://dx.doi.org/10.1107/S0567739476001551
https://dx.doi.org/10.1107/S0567739476001551
https://dx.doi.org/10.1016/j.theochem.2007.10.036
https://dx.doi.org/10.1016/j.theochem.2007.10.036
https://dx.doi.org/10.1016/j.theochem.2007.10.036
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c08182?ref=pdf

