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[3]Radialene Fluorophores with pH-Switchable Emission
and Stable Absorption Maxima
Jan P. Soyka, J. Felix Witte, Anja Wiesner, Alexander R. Krappe, Dana Wehner,
Nicola Alnicola, Beate Paulus, Ute Resch-Genger, and Siegfried Eigler*

The first push–pull quino [3]radialene fluorescent dye is
reported. Herein, the novel bis(dicyanomethylene)-[3]radialene
electron acceptor is connected to a benzimidazole donor.
With protonation, a substantial redshift of fluorescence wave-
length is observed, while the absorption maximum remains
stable. This process is accompanied with an increased

fluorescence quantum yield to about 70%. Further, the findings
are explained by a combined experimental and theoretical
approach, and it is found that vibronic coupling plays a crucial
role. This study highlights the yet unexplored potential of
[3]radialene-based motifs for the design of environment-
responsive fluorophores.

1. Introduction

Fluorophores have diverse applications, e.g., in optoelectronic
devices,[1] such as organic light emitting diodes in TV screens,[2–4]

in bioimaging,[5] or as sensors.[6–8] Introducing functional groups in
proximity to chromophore units can dramatically alter excited-
state dynamics. Many small molecular dyes contain benzene-
based push–pull motifs and were presented in the last decade.[9–11]

In contrast, the benzene isomer [3]radialene (1, Figure 1) had
not been extensively investigated yet. [3]radialenes are a class
of alicyclic hydrocarbons consisting of sp2–hybridized carbon
atoms, each bearing an exocyclic double bond on each carbon
atom.[12] These cross-conjugated exocyclic double bonds exhibit
weak aromaticity within their cyclic substructures[13,14] and can
act as chromophores.[6,15,16] For the design of dyes, often push–pull
systems are integrated into the molecular structure. In this context,

the electron–poor tris(dicyanomethylene)-[3]radialene (CN6–CP, 2)
possesses an exceptionally high electron affinity of E= 5.94 eV
versus Ag/Agþ.[17]

We recently exploited this property to generate high vertical
electric fields in 2D heterostructures.[17] Moreover, CN6-CP is
currently examined to serve as an efficient organic electron
acceptor.[18–21] We thus expect the CN6-CP to act as a suitable
electron-accepting moiety in push–pull systems. Additionally,
we recently reported on a novel class of fluorescent dyes contain-
ing a dimethylene-cyclopropanide moiety,[22–24] which we utilized
in various fluorescent dyes, e.g., the DMAP derivative 3.[25]

Furthermore, we described a potential class of compounds for
nonlinear optics, incorporating diaminodicyano-quinodimethane
(DADQ) as a fluorophore motif, in which an imidazole unit acts as
a donor.[26–28] This class of dyes exhibits unusual photophysical
properties such as the formation of metastable dimers as a
result of their high dipole moments. DADQ compounds feature
a quinone system embedded in a donor–acceptor periphery
(4, Figure 1). This unique structure provides fluorescence quan-
tum yields (Φfl) of up to 90% in DMSO.[27,29,30] Herein, we combine
the previously introduced motifs by replacing the electron-
withdrawing malononitrile group of the DADQ derivative 4 with
the bis(dicyanomethylene)-[3]radialene moiety of 2 respectively
3, resulting in the novel push–pull quino [3]radialene compound
5a. To the best of our knowledge, compound 5a is the first
reported push–pull [3]radialene.[15,16,31] We validate the molecular
structure using single-crystal X-ray diffraction and investigate the
photophysical properties of this compound upon protonation.
The protonation-induced changes in fluorescence quantum yield
and redshift of the wavelength highlight the potential of this class
as fluorescent probes and sensors.

2. Results and Discussion

To combine the [3]radialene motif with the DADQ system, we fol-
lowed a convergent synthesis strategy depicted in Figure 2A.
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First, the 4-iodophenyl-N-methyl-benzimidazole 7 was synthe-
sized by condensation of 4–iodobenzoic acid 6 and 1,2–diamino-
benzene, followed by methylation. In the course of the synthesis,
we realized that methylation of compound 7 is essential for
increasing the yield of subsequent reactions. As coupling partner
of the methylated compound 8, the triethylamine-substituted
cyclopropene 10 was synthesized from tetrachlorocyclopropene

(TCCP).[22] TCCP itself was synthesized according to the literature.[32]

After metal–halogen exchange in 8 employing n-butyl lithium,
nucleophilic substitution with 10 yields compound 5a with
>99.5% purity (Figure 2).

The chemical structure could be confirmed by single-crystal
X-ray diffraction, mass spectrometry, and NMR spectroscopy.
As depicted in Figure 3, substituents can be introduced at the
imidazole moiety. Accordingly, the series of compounds 5a–5e
was synthesized (see Supporting Information for detailed infor-
mation). We note that cleavage of the amine-protecting groups
under standard conditions, e.g., acidic conditions for 5d and 5e
or hydrogenation for 5b and 5d, leads to complex product mix-
tures. A similar behavior was also observed for related DADQ
derivatives (Table S1–S3, Supporting Information).

The solid-state structure of 5a[33] is shown in Figure 2B and
Figure S24, Supporting Information. It crystallizes in space group
P21/n with four molecules per unit cell. The intermolecular dis-
tance is ≈3.6 Å. The central benzene ring C (Figure 2B) displays
a very weak para-quinoid geometry (Figure S24, Supporting
Information). Notably, the bonds to rings B (1.462(2) Å) and D
(1.442(2) Å) are elongated, and the molecule exhibits significant
torsion around α (Figure 2B), with a dihedral angle of 36.8°. These
features are similar to those in DADQ 4b (Figure S25, Supporting
Information). The [3]radialene ring is distorted, with shorter
bonds adjacent to the quinone (1.376/1.374 Å) compared to
the bond between malononitrile units (1.413 Å), consistent with

Figure 1. Structural motif of a [3]radialene (1), the strong electron acceptor
tris(dicyanomethylene)-[3]radialene (CN6-CP, 2), a dimethylene-cyclopropa-
nide containing fluorescent dye 3, a methyl-substituted diamino-dicyano-
quinodimethane (Me-DADQ) derivative 4, and the combined product
compound, a push–pull quino [3]radialene 5.

A

B

Figure 2. A) Synthesis of push–pull [3]radialene 5a starting from 4-iodobenzoic acid, which was condensed with 1,2-diaminobenzene to the corresponding
benzimidazole and methylated subsequently. The 2,3–bis(dicyanomethylene)-cyclopropan-1-ylium (CN4-CP)-electron-withdrawing group was obtained from
tetrachlorocyclopropene (TCCP) by substitution with malononitrile. Coupling was achieved by a lithium-iodide exchange of 8 with n-BuLi and subsequent
attack of compound 10 to yield 5a. B) Overview of different exemplary mesmeric structures and residues for the push–pull quino [3]radialene. Calculations
of electronic properties as well as synthetic protocols and photophysical properties are reported in the Supporting Information.

Eur. J. Org. Chem. 2025, 28, e202500669 (2 of 6) © 2025 The Author(s). European Journal of Organic Chemistry published by Wiley-VCH GmbH

Research Article
doi.org/10.1002/ejoc.202500669

 10990690, 2025, 33, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejoc.202500669 by Fak - B
am

 B
erlin, W

iley O
nline L

ibrary on [24/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://doi.org/10.1002/ejoc.202500669


previous reports.[25] The resolved bond lengths indicate neither a
clear quinoid nor an aromatic character. Thus, for a better under-
standing of the aromaticity in 5a, we calculated the nucleus inde-
pendent chemical shift NICS(1)zz[34,35] values, which indicate an
aromatic character for all rings labeled in Figure 2B in the ground
state, although less aromatic compared to benzene (Table S17,
Supporting Information). Remarkably, only ring A shows a strong
diatropic ring current, while rings B, C, and D exhibit weaker

currents, with NICS values lower than those of the respective
isolated rings.[6,13,36,37] Further discussion of the NICS values,
the σ�aromaticity of ring D, and the highest occupied and lowest
unoccupied molecular orbitals (HOMOs and LUMOs) is provided
in Figure 7 and Table 1 as well as in the SI (Figure S21,S23, Table
S18, Supporting Information).[27,38]

The absorption spectra of 5a (Figure 4, Figure S4, Supporting
Information) exhibit two maxima at about 285 nm and
390 nm with molar absorption coefficients between 24 000
and 35 000 L mol�1 cm�1 depending on the solvent. According
to time-dependent density functional theory calculations
(Table S15, Supporting Information), the absorption peak at
390 nm corresponds to the S0–S1 transition and involves the tran-
sition from the HOMO to the LUMO. The absorption band at
higher energies results primarily from a transition from the
HOMO �1 to LUMO. The absorption maximum displays only a
small dependence on solvent polarity and proticity, indicating
that the molecular dipole moment changes only little upon
excitation. A similar effect was found for Me-DADQ (4).[30]

However, although we discovered the formation of metastable
dimers for compound 4, the compound 5a does not show this
behavior (see concentration-dependent absorption studies in SI,
Figure S4E, S10, Supporting Information).[27,29,30]

The emission spectra of the push–pull quino[3]radialene 5a
display a vibronic fine structure with two maxima at 449 nm
and 472 nm (Figure 4), which we attribute to vibronic coupling.
We note that the different substituents of compounds 5a–5e
have no noteworthy impact on the photophysical properties
(Figure S7–10, Supporting Information).

We determined short lifetimes of about 0.2 ns; however, the
fluorescence quantum yields (Φfl) of 5a are relatively low and vary
between 7% and 22% in solutions and 2% in solids. This behavior
indicates rapidly competing nonradiative decay pathways, which
we attribute to rotations and identified by viscosity-dependent
measurements (see detailed discussion in Table S7, S8, Figure S6,
Supporting Information).

Most striking are the changes of fluorescence properties
observed upon protonation of compound 5a. By adding HClaq
to a DMSO solution of the dye, the spectral shape and intensity

Figure 3. Molecular structure in the solid state of 5a viewed from all axes and the 3D packing with cocrystallized MeOH.[33] Thermal ellipsoids are shown
at 50% probability level. Carbon is gray, nitrogen is blue, and hydrogen is white.

Table 1. Calculated NICS(0), NICS (1), and NICS(1)zz of 5a. Values were
calculated on the B3LYP/def2-TZVP level of theory. The geometry was
optimized at the ωB97XD/def2-TZVP level of theory.

Ring NICS(0) NICS(1) NICS(1)zz

A �10.06 �10.69 �22.93

B �9.36 �6.53 �12.78

C �4.00 �6.21 �14.67

D �25.75 �8.79 �13.16

Figure 4. Absorption (solid line) and emission (dashed line) spectra of 5a
in MeOH (black), MeCN (red), DMSO (blue), DMF (green). Excitation was
performed at the respective second absorption maximum for each solvent.
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of absorption spectra are barely affected. However, protonation
leads to the appearance of a new redshifted emission band at
543 nm, accompanied by a strong increase in Φfl (Figure 5)
from 22% in DMSO to 71% in DMSO/1% of 37% HClaq (Table S9,
Supporting Information). This reflects a 3.2-fold enhancement.
Titration experiments of the compound with a Britton–
Robinson (BR) buffer reveal a pKa value of 3.8 for 5aHþ. The obser-
vation of an isosbestic point at 495 nm indicates the presence of
two species and a straightforward protonation reaction without
side products. According to the charge population analysis for
compound 5a using the minimal basis iterative stockholder
method, a variation of the Hirshfeld method,[39] the methylene
carbon of the malononitrile group carries the largest amount
of negative charge, making it the most likely site for protonation
(Figure S18 and Table S16, Supporting Information).

Since fluorescent push–pull [3]radialenes are a novel class of
fluorescent dyes, we performed quantum chemical calculations
to explain the photophysical properties. Structural freedom or
rigidity is often a key factor in rationalizing spectroscopic prop-
erties, particularly fluorescence features.[27,29,30] As mentioned
before, we assessed rotations in compound 5a by conducting
(relaxed) potential energy surface scans for the ground state
and the first excited state at dihedral angles α, β, and γ (Figure S15
and 2B, Supporting Information, left). The scan at γ indicates a
very shallow second minimum at 90°, but the corresponding
transition energy (675 nm) clearly deviates from the experimental
data, and the oscillator strength of the S0–S1 transition
approaches zero. Nevertheless, these calculations support that
the observed fluorescence bands at about 450 nm and 470 nm
originate from the coupling of electronic states and vibrational
motions. Therefore, we used the excited-state dynamic module
of ORCA package and calculated the ground- and excited-state
Hessians of the respective optimized structures. Subsequently,
an excited-state dynamics run was performed using a path inte-
gral approach suggested by de Souza et al.[40] The resulting fluo-
rescence spectrum shown in Figure 6 agrees relatively well with

the experimental one in MeCN. Further, we identify the three-
membered ring playing a crucial role in the shape of bands.
The Fourier transform infrared (FTIR) spectrum of compound
5a shows distinct peaks of the [3]radialene and the nitrile groups,
while other vibrational modes appear with negligible intensity
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Figure 5. Titration of 5a using a DMSO/BR buffer solution with different
pH values shows an increased fluorescence quantum yield Φfl and a shift
of the emission wavelength to longer wavelengths.

A

B

Figure 6. A) Calculated emission spectra (dashed line) and measured emis-
sion spectra (solid line) of 5a. B) IR spectrum of 5a featuring two distinct
vibrational bands from the cyclopropane ring, the symmetric (orange) and
asymmetric (blue) valence vibrations.

A B C

Figure 7. A) HOMO and B) LUMO of 5a calculated at the ωB97X-D3/def2-
TZVP level in MeCN, isovalue=�0.015 a0�3/2 C) shows 5a with the rings A
to D and the three possible rotation axes.
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(Figure 6B). The calculated apparent band splitting of ≈1800 cm�1

can be attributed to the coupling of the electronic S1–S0 transition
to the vibrational modes of the three-membered ring. The experi-
mental band splitting is 1200 cm�1 and thus supports that the
vibrational progression originates from the coupling with the
symmetric mode, measured at 1860 cm�1, and the asymmetric
mode at 1462 cm�1 of the three-membered ring (Figure S16,
Supporting Information). The results highlight the unique prop-
erties of the [3]radialene motif, which is dominant compared to
the related DADQ structures.[6,27]

However, in the case of protonated 5aHþ (see Figure 5), the
bands of the calculated IR spectrum of the S0 state also contain
contributions from the quinoid system. More importantly, in the
S1 state manifold, intense combination bands dominate the spec-
trum (Figure S20, Supporting Information). As a result, the
vibrational coupling leads to the broad and continuous emission
between 500 and 700 nm (Figure 5). Comparing the optimized
geometries of the neutral 5a and protonated 5aHþ in both the
S0 and S1 states suggest that the reduced torsion angle α leads
to better π-orbital overlap and enhanced delocalization in the first
excited state. This partially explains the observed redshift in the
emission upon protonation. The absence of a shift in the
absorption spectra of 5a and 5aHþ can be explained by the tor-
sion α not affecting the π-overlap in the S0 state (Figure S20,
Supporting Information).

To gain a deeper understanding of the electronic structure,
we calculated the frontier molecular orbitals (HOMO and
LUMO) at the ωB97X-D3/def2-TZVP level of theory using the
conductor-like polarizable continuum model, simulating the
dielectric constant corresponding to acetonitrile (see Figure 7).
Unusual for classical push–pull fluorophores, the HOMO is
predominantly localized on the electron-accepting moiety. In
contrast, the LUMO shows more electron density on the
donor-substituted imidazole unit, while being primarily delocal-
ized over the entire π-system. We attribute this reversed orbital
character to the significant ground-state dipole moment with a
calculated dipole moment of 45.9 D at the ωB97X-D3/aug-cc-
pVTZ level of theory, which remains high upon excitation (S1:
44.4 D). The HOMO energy of ≈–5.6 eV alone does not explain
the unusual localization of electron density on the acceptor, indi-
cating that a pre-existing ground-state charge separation is the
more plausible explanation. This interpretation is consistent with
the absence of pronounced solvatochromism and suggests that
no classical intramolecular charge transfer occurs upon excita-
tion, as the charge-separated state is already established in S0.

Radialenes[13] possess low aromaticity, whereas triafulvene[36]

exhibits an aromatic character. The NICS(1)zz[34,35] values for
compound 5a indicate an aromatic character for all ring substruc-
tures (Figure 7C) in the ground state (see Table 1). Remarkably,
only ring system A shows a strong diatropic ring current,
whereas ring systems B, C, and D exhibit only weak ring currents,
which are considerably lower than for imidazole, benzene,
and [3]radialene only.[6,37] Compared with DADQ 4 (Table S18,
Supporting Information), the aromaticity in the rings B and C
in 5a is slightly stronger than in the corresponding rings of
4.[27] To assess the σ�aromaticity and improve the understanding

of the system’s aromaticity, we focused solely on the
σ�electron framework by excluding π–contributions (Figure S23,
Supporting Information).[38] Herein, we observed a comparably
large σ–contribution in the anisotropies of ring D, typical for
cyclopropanes.

3. Conclusion

We have investigated the influence of the electron-withdrawing
group 2,3–bis(dicyanomethylene)-cyclopropan-1-ylium (CN4-CP),
a radialene-like electron-withdrawing motif, on the photophysical
properties of compound 5a. A new synthetic approach was devel-
oped to construct [3]radialenes covalently connected via a C─C
bond to a quinone unit, and we obtained the first push–pull radi-
alene fluorescent dye, reported so far, which presents a push–pull
system with a CN4–CP electron acceptor and a benzimidazole
donor. Single-crystal X-ray diffraction was used to prove the con-
nectivity, bond lengths, and dihedral angles.

Spectroscopic studies of the influence of the electron-
withdrawing group 2,3–bis(dicyanomethylene)-cyclopropan-1-
ylium (CN4-CP), a radialene-like electron-withdrawing motif, on
the photophysical properties of compound 5a in solvents of
different polarity, proticity, and viscosity revealed only a small
sensitivity of the absorption properties to dye microenvironment.
This was attributed to the similarly high dipole moments of the
dye in the S0 (45.9 D) and S1 (44.4 D) states. The emission, which is
also barely affected by polarity, shows a pronounced vibrational
progression, which is dominated by the strong vibrational modes
of the [3]radialene motif. An increase in solvent viscosity by addi-
tion of PEG 400 led to an increase in fluorescence quantum yield
Φfl by a factor of about 2, suggesting rotation caused nonradiative
pathways. Most striking, the dye’s fluorescence quantum yield
increased to 71% upon protonation, accompanied by the appear-
ance of a new redshifted emission band at 543 nm, while the
absorption spectrum remained almost unaffected. We attribute
the shift of emission wavelength to improved π-conjugation as
a consequence of lower torsion of the system. In addition, we
show that the broad emission band is due to the more intense
vibrational combination modes. These modes are activated
by protonation. Our findings underscore the potential of
[3]radialene-based motifs in fluorophores and open avenues
for new sensing applications, such as pH values.
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