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® Enhancing Dual-State Emission in Maleimide Fluorophores

through Fluorocarbon Functionalisation
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Abstract: Herein, a library of trifluoroethyl substituted amino-
maleimide derivatives are reported with small size and
enhanced emissions in both solution and solid-state. A
diCH,CF; substituted aminochloromaleimide exhibits the
most efficient dual-state emission (@, >50% in solution and
solid-state), with reduced quenching from protic solvents.
This is attributed to the reduction of electron density on the

maleimide ring and suppressed m-mt stacking in the solid-
state. This mechanism was explored in-depth by crystallo-
graphic analysis, and modelling of the electronic distribution
of HOMO-LUMO isosurfaces and NCI plots. Hence, these dual-
state dyes overcome the limitations of single-state lumines-
cence and will serve as an important step forward for this
rapidly developing nascent field. D

Introduction

Organic fluorescent materials have attracted increasing atten-
tion over the last two decades, both in academia and industry,
due to their potential applications in photonics,"
optoelectronics,” chemosensors,” and labelling.” Traditional
organic luminophores, generally comprised of planar aromatic
rings and conjugated subunits, show efficient emission in
solutions but undergo quenching due to aggregate formation.
This phenomenon is referred to as aggregation-caused quench-
ing (ACQ) and limits the use of these luminophores for practical
applications.”’ In 2001 another phenomenon, aggregation-
induced emission (AIE), was introduced when Tang and co-
workers found a series of silole derivatives that were non-
emissive in dilute solutions but became highly luminescent
upon aggregation, owing to the twisted propeller-shaped
structures of the dye.”” Since then, various AIE molecules with
twisted shapes have been designed by suppressing intra-
molecular interactions and mi-mt stacking.”

] [4]

[a] M. Pervez, Dr. A. K. Pearce, Dr. J. T. Husband, Dr. L. Male, Prof. R. K. O'Reilly
School of Chemistry, University of Birmingham
Edgbaston, Birmingham, B15 2TT (United Kingdom)
E-mail: r.oreilly@bham.ac.uk

[b] Dr. M. Torrent-Sucarrat
Department of Organic Chemistry I, Universidad del Pais Vasco (UPV/EHU)
and Donostia International Physics Center (DIPC)
Manuel Lardizabal Ibilbidea 3, Donostia 20018 (Spain)

[c] Dr. M. Torrent-Sucarrat
Ikerbasque, Basque Foundation for Science
Plaza Euskadi, 5, Bilbao 48009 (Spain)

B Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202201877

© © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH

GmbH. This is an open access article under the terms of the Creative
Commons Attribution Non-Commercial License, which permits use, dis-
tribution and reproduction in any medium, provided the original work is
properly cited and is not used for commercial purposes.

Chem. Eur. J. 2022, 28, €202201877 (1 of 6)

In the past decade, fluorophores have been developed that
are emissive in both solution and solid-states, outperforming
traditional fluorophores for applications such as bioimaging,
optoelectronics, chiral recognition, and chemo/biosensors,”®
thus filling the gap between ACQ and AIE. However, in
comparison to ACQ and AIE dyes, only a few studies on the
design of dual-state emission (DSE) molecules have been
reported to date. A widely employed strategy is to introduce
twisted molecular conformations into the fluorophore structure,
as the torsion angle between conjugated aromatic rings plays a
vital role in the DSE properties.”’ Further approaches including
implementing donor-acceptor structures"” and appending long
flexible alkyl chains or bulky groups"" have also been reported
to develop DSE luminophores by suppressing intramolecular
interactions. Beyond these, further studies have been reported
such as conjugation-induced rigidity (CIR),"? and smart lantha-
nide bio-probes,™ which are large complex structures that can
be used in complex bioassay systems"™ to incorporate dual-
state photoluminescence into the molecules. However, there is
a major limitation in the DSE field in that reported examples
typically require complex synthetic methodologies and involve
large aromatic molecular frameworks. Therefore, despite the
rapid development thus far, there remains an urgent need to
design small and relatively simpler fluorophores, encouraging
researchers to expedite the construction of dyes that are
emissive in both solution and solid-states. Moreover, very few
studies have focused on elucidating the mechanism of
fluorescence behaviours of DSE dyes, and thus further inves-
tigation is required in this area."

Small molecule organic fluorescent probes show potential
in this area. In particular, maleimides are small-sized, non-
invasive  organic  fluorophores  with facile  structural
modification,"® high sensitivity, and good responsivity to the
physical nature of their environment."” Hence, they are widely
applicable for the optical imaging of targets, having the virtues
of structural tunability, decent cell permeability, and low
cytotoxicity,™ and as such serve as promising candidates for
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applications as biological"™ and chemical sensors.”*?" Unsub-
stituted maleimides behave as fluorescence quenchers due to
non-radiative excitation decay through n-m* transitions® or
photoinduced electron transfer (PET).”® while functionalisation
with amines, alcohols, or thiols turns them into powerful
fluorescent probes.'**? This is due to the small charge differ-
ences between C=C carbons atoms, resulted from the rational
introduction of electron donating and electron withdrawing
groups to the maleimide motif, thus reinforcing the push-pull
model.”” Moreover, these dyes exhibit great environmental
responses with significant solvatochromic effects caused by the
large dipole moment change upon excitation. Unfortunately,
this effect is more pronounced in polar solvents, and leads to
the quenching of fluorescence as a result of electron driven
proton transfer (EDPT) from protic solvents to maleimide
fluorophores, which remains a major concern to be
overcome.”

Previous research in our group has shown that thiol-
substitution® or amino-substitution” to the C=C bond of the
maleimide ring results in the formation of bright emissive ACQ
fluorophores. It was reported that addition of an electron-
donating group on the imide ring increases the emission.®
Moreover, introducing more electron-withdrawing halogens
adjacent to the electron donor group resulted in an increase in
quantum vyield due to lower electron density on the donor
nitrogen atom.” Introducing an aromatic thiol adjacent to the
donor amine group in a di-substituted maleimide fluorophore
resulted in weak DSE contributed by the twisted conformation
of a benzene ring.” However, despite these efforts to achieve
higher emission wavelengths and brighter fluorophores, the
phenomenon of fluorescence quenching continues to be
problematic, and high universal emission is yet to be realised.
This is either due to intermolecular interactions, which limit
high emission in the solid-state as a result of ACQ, or hydrogen
bonding between protic solvents and the C=0 group in
maleimides, thus restricting their suitability as fluorophores in
polar environments.

Considering the typical electron donor-acceptor mechanism
in maleimide-based fluorophores, where the C=0 groups and
the group on the C=C moiety act as the electron acceptor and
donor respectively, it was hypothesised that the incorporation
of fluorine atoms to the maleimide ring could result in
enhanced fluorescence in different solvents towards optimal
dual-state emission (DSE). The incorporation of these electron-
withdrawing groups was expected to lower the electron density
on the maleimide ring, which has previously been reported to
enhance emission and reduce interactions between the
carbonyl (C=0O) of the maleimide ring and protic solvents,
reducing EDPT. Therefore, fluorine-containing aminochloroma-
leimide (ACM) and monoaminomaleimide (MAM) derivatives
were targeted in this work, as thus far they are the brightest
known maleimide dyes” and are more widely reported and
better understood.”” The effect of adding a CH,CF; group at
different positions of the maleimide ring on the resultant
optical properties was explored both in solution and in the
solid-state.
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Results and Discussion

A series of monoaminomaleimide (MAM) and aminochloroma-
leimide (ACM) dyes with CH,CF; groups attached at the amine
and/or imide positions were synthesised starting from the
appropriate anhydride (Figure 1). Dyes with different functional
groups on the amine and imide positions were synthesised in a
two-step process (Figure 1a, route I), while dyes bearing identi-
cal substituents at these positions could be conveniently
synthesised in a single step (Figure 1a, route Il). Control dyes
lacking the CF; groups (Et-ACM and Et-MAM) were synthesised
for comparative purposes using the same method.

In order to understand the effect of introducing fluorine to
different positions on the maleimide ring, optical properties
were investigated for the three ACM compounds containing the
CH,CF; substituent (CF;-ACMa, CF;-ACMb, and diCF;-ACM) and
one control (Et-ACM), using a range of solvents with different
polarities (Figure2 and Table S1). diCF;-ACM  showed an
obvious red shift in absorption (A,,=352 to 367 nm) and
emission peaks (A.,=461 to 503 nm) when moving from a
nonpolar solvent (diethyl ether) to a polar solvent (methanol),
which was attributed to stabilisation of the excited state in
polar environments, and thus correlated with the trend
observed for non-fluorine systems as reported previously."”?
To quantify emission, the fluorescence quantum yields (&)
were measured, using quinine sulfate (59%, 0.105 M HCIO,) as
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Figure 1. a) Synthetic routes for the dye series using an anhydride precursor.
To generate the maleimide derivatives with different groups at R? and R®
positions, route | was followed. For identical groups at R? and R, route Il was
followed, and b) the resultant ACM and MAM library investigated in this
study.
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Figure 2. Solution-state quantum yields for the series of dyes in a range of
different solvents, calculated via a reference method.®” (10 uM; slit widths:
1.0 nm, 1.0 nm).

reference.®’” On moving from an aprotic solvent dioxane (55 %)
to a protic solvent methanol (6 %), a decrease in quantum yield
is observed along with a longer fluorescence lifetime (com-
pound diCF;-ACM 232 ns v/s Et-ACM 0.48 ns; Figure S18).
Notably, whilst low, this is the highest @; of a substituted
maleimide (ACM) recorded in a protic polar solvent - for
example Et-ACM exhibits a @; of <1% in methanol (Figure 2).
In addition, the single CH,CF; substituted ACMs, CF;-ACMa and
CF;-ACMb, exhibited lower fluorescence efficiencies in compar-
ison to the diCF;-ACM in all the solvents. The higher @y
recorded for diCH,CF; substituted ACMs and MAMs than their
respective single substituted ACMs/MAMs is in agreement with
a decrease in electron density on the maleimide ring, as a result
of electron withdrawal into the CF; groups, which is discussed
further below.

Additionally, on comparing CF;-ACMa (an imide substituted
CH,CF;) and CF;-ACMb (an amine substituted CH,CF;), CF;-
ACMb exhibited lower @, particularly in non-polar solvents.
This corresponds to lower electron densities modelled and is
also explained below (see Supporting Information, for more
details). This suggests that the trifluoroethyl group (CH,CF;) has
a greater electron withdrawing effect when directly linked to
the imide nitrogen instead of the amino position, eventually
contributing to higher emissions in the polar solvents.

Though all the fluorinated maleimide derivatives and their
non-fluorinated controls displayed a similar trend in fluorescent
emission across the solvent series, the MAMs vyielded slightly
lower emissions relative to their respective ACMs (e.g. the diCF;
dye drops from around 55% in dioxane for the ACM to around
35% for the MAM) (Figure 2 and Table S1). This is due to the
electron withdrawing nature of the chlorine atom reducing the
electron density on the maleimide ring, in accordance with
work previously reported by our group.*

To investigate the potential for DSE, the solid-state @, of the
series were measured using an integrating sphere set-up. The
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compounds diCF;-ACM and diCF;-MAM exhibited the highest
solid-state @, (53% and 49%, respectively), but all the single
CH,CF;-substituted ACMs/MAMs showed increased solid-state
@, compared to the non-fluorinated aminomaleimides, ranging
from 12-36% (Figure 3). These results reflect the trend
observed for the solution-state experiments conducted in
methanol, emphasising the significance of the attached CF,
groups for achieving efficient DSE.

We next sought to rule out the possibility that the higher
fluorescence efficiencies exhibited by trifluoroethyl maleimide
derivatives in polar solvents (e.g. methanol) were caused by
aggregation, resulting from the increased hydrophobicity of the
added CH,CF; substituents. To explore this, emission spectra for
diCF;-ACM in methanol and solid-state were compared. We
observed that the emission spectra were completely different in
the solid-state compared to MeOH. When aggregated, this
compound generated an emission maximum around 475 nm,
but was red-shifted in methanol (503 nm), signifying that the
fluorophore was soluble in methanol (Figure 4). This suggests
that the quantum efficiency observed in methanol is due to the
dissolved species and not as a result of aggregation.

We further attempted to force aggregation to occur by
investigating the emission behaviour of diCF;-ACM in mixtures
of methanol with progressively larger fractions of water (f,). A
weak emission peak at 503 nm was observed in pure methanol
solution. As f,, increased from 10-40%, a decrease in intensity
and a slight red shift of the emission were observed (Fig-
ure S17a). In the case of intramolecular charge transfer
fluorophores, such as maleimides, excitation leads to the
formation of a charge separated ground state (HOMO) and
excited state (LUMO). In order to reduce the columbic
interactions the molecule may rotate, generating a twisted
intramolecular charge transfer state (TICT), leading to the
fluorescence quenching.”? The solvent molecules tend to
stabilize these charge states, and this effect is more pronounced
with an increase in the polarity of the solvent.®" Accordingly, a
decrease in fluorescence intensity with the increase of water
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Figure 3. Solid-state quantum yields for the dye series, measured by an
absolute method using an integrating sphere.®”
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Figure 4. Normalized emission spectra and (inset images under UV-light in
dioxane and in solid-state) of diCF;-ACM in solvents of different polarities
and in solid-state (10 uM; slit widths: 1.0 nm, 1.0 nm).

content was observed. When f,, reached 40% a slight blue shift
(514 to 510 nm) was observed, which was attributed to the
onset of aggregation (Figure S17b). This observation further
supported the full dissolution of the fluorinated dye in
methanol, and therefore that dual-state emission behaviour was
being exhibited.

To further investigate the origins of the unexpected high
solid-state fluorescence efficiencies, single-crystal structures
were obtained for the fluorinated ACMs (CF;-ACMa, CF;-ACMDb,
and diCF;-ACM), fluorinated MAMs (CF;-MAMa and diCF;-MAM),
and Et-ACM (control). Unfortunately, the dyes CF;-MAMb and
Et-MAM didn't crystallise due to their amorphous nature and
therefore were unable to be compared with the other members
of the series. From the molecular packing, it was observed that
CF;-MAMa and Et-ACM formed dimers connected by N—H--O
bonds, while for CF;-ACMa and CF;-ACMb relatively open
structures were observed, which was attributed to the twisted,
propeller-like arrangement of CF; (Figure 5, Figure S20-24). The
molecules were alternately arranged up and down and formed
parallel layers through N—H--O interactions 2.09 to 2.16 A long
(Table S2). In the case of CF;-MAMa, it is noteworthy that dimers
were connected by weak C—H--O interactions which were
absent in the ACM fluorophores. Additionally, intermolecular -
nt stacking between the parallel layers led to a m-m-packed
zigzag arrangement (Figure S20-24). We propose that the high
solid-state emission can be explained by these more distant -1t
interactions: we have reported how m-m stacking interactions
result in fluorescence quenching of the dyes.* To quantify this,
we evaluated inter-ring centroid distances, and it was observed
that the ring spacings are consistent with m-m stacking
interactions. Higher inter-ring centroid distances observed for
the fluorinated dyes >4 A correlated with higher solid-state @,
(Figure S19 and Table S3). The control EtACM, with the shortest
observed ring centroid distance i.e. 3.69 A gave the lowest
solid-state @; This can be most likely explained as the result of
intermolecular quenching interactions, and was also further
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Figure 5. Molecular alignments of diCF;-ACM (top) and Et-ACM (bottom) in a
single crystal.

envisaged by the visualisation of the noncovalent interactions.
The observed molecular conformations of the fluorinated dyes
in the crystals owing to the intermolecular interactions block
the non-radiative relaxation,®¥ which contributes to their high
solid-state @, (Table S3).

Finally, to gain further insights into the origin of the efficient
dual-state emission of the CH,CF;-functionalised maleimide
derivatives, time-dependent density functional theory calcula-
tions were performed. The lowest-energy absorption and
emission peaks were computed at CAM-B3LYP-GD3BJ(PCM)/6-
311G(d,p) level (see Supporting Information for more details). A
good agreement between the theoretical and experimental
values was obtained. All excitation and emission energies
correspond to the first excited state (m-m* and m*-xt transitions,
respectively).

Additionally, a thorough analysis of the natural population
charges was performed to quantify the electron redistribution
of the different substituents in the aminomaleimide derivative
rings. The higher fluorescence efficiency in methanol is
attributed to the presence of the fluorine substituents (CH,CF;)
reducing the electron density on the C=0 bonds, decreasing
their ability to abstract solvent protons, and therefore undergo
EDPT. The effect of the position of the trifluoroethyl group on
the maleimide ring is thus shown to be vital. Its position in CF,-
ACMa, with the CH,CF; group attached to the imide position,
offers a more important electron withdrawing effect than CF;-
ACMb when the CH,CF; is attached to the amine position.
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Further, higher @; (%) for the di-CH,CF; substituted ACM and
MAM than their respective single-CH,CF; substituted ACM/MAM
agrees with the reduction of the electron density in the
aminomaleimide ring. Finally, the visualisation of the non-
covalent interaction descriptor allows for validation of the m-t
interactions hypothesised in the crystal data (Figure S20-24).

Conclusion

Rational substitution of MAMs and ACMs with trifluoroethyl
groups has allowed us to tune electron density on the
maleimide dye core, helping realise increased fluorescence
efficiency in the solution and solid-state. The enhanced
solution-state @, in protic solvents (up to 6-10%) was explained
through the withdrawal of electron density away from carbonyl
quenching interactions and into the trifluoroethyl groups. In
addition, enhanced solid-state @; emission (up to 53 %) was
achieved through the steric hindrance of the trifluoroethyl
groups, reducing the quenching induced by the intermolecular
interactions; for example m-;t stacking. These advances make
these compounds great candidates for dual-state emission
applications. It is envisioned these will be powerful in various
biochemical and materials applications, where dyes with
efficient dual-state emission, small size, and neutral polarity are
needed.

Experimental Section

Detailed information on general procedures, computational details
and results, product characterisation, and fluorescence analysis can
be found in the Supporting Information.

Deposition Numbers 2161051-2161056 contain the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service www.
ccdc.cam.ac.uk/structures.
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