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Abstract:

Maleimide compounds have a long history related to colour reactions. It has been reported that
maleimide yields bright colour when it reacts with basic reagents. Inspired by its colour
formation, we investigated the maleimide polymer produced by an organic base 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU). The resultant polyimide contains exceptional
fluorescence, which is virtually non-emissive in dilute solutions but exhibits strong pink
emission (430nm and 580nm) in the concentrated solution and solid state. The intense colour
comes from such a simple chemical structure, the unconventional fluorophore can be
undoubtedly categorized into clusteroluminogens. By controlling the organic base amount, the
intensity ratio of purple and orange-red emission can be controlled. The interaction between
maleimide and base is rapid, and it can be achieved in the solid-solid interface or solid-gas
interface. The aim herein is to highlight the recent observation and hold strong implications for

further potential applications in anti-counterfeiting, gas sensors.



Introduction:

The development of organic fluorophores has revolutionized in various fields such as
electronics,' energy,* and medicine.>’ Organic fluorophores have better structure-property
tunability, flexibility, and biocompatibility compared with inorganic light-emitting materials.
To achieve efficient fluorescent emission performance, rational design of traditional organic
fluorophores is often associated with large © conjugation (e.g., double bond, triple bond, or
aromatic ring), strong donor and acceptor functional groups.® ® However, fluorophores with
planar molecular structures are suffered severely from the aggregation-caused quenching
(ACQ) effect. Those molecules are highly emissive in solutions but become non-emissive in
the aggregate state, which significantly impedes the development of fluorophores in practical
applications. In 2001, Tang’s group coined the concept of aggregation-induced emission
(AIE).X Luminescence materials with the AIE character (AlEgens) exhibit opposite features
to the ACQ effect, that is, strong emission from the aggregated state, but no emission or weak
emission in the solution state. AIEgens generally possess non-coplanar and rotational groups,
preventing them from n- 7 stacking and limiting intramolecular rotation and vibration in the

aggregate state. % 12

On the other hand, traditional AIE or ACQ luminogens containing large m-conjugated aromatic
systems have been extensively explored, in which their luminescence generally resulted from
the most favourable m—m* transition.’® Recent studies have demonstrated an uncommon
phenomenon that some compounds devoid of a conjugated aromatic system can still emit
light.!* Unlike aromatic ACQ or AIE luminogen, nonconventional luminophores comprise
electron-rich heteroatoms with lone pair electron or isolated unsaturated bonds (e.g, C=C, C=0,
C=N, C=N).%® These chromophores can form into a cluster and the luminescence is originated
from n-m* transition. The above-mentioned luminophores reveal similar AIE characteristics
which show intrinsic emission in the concentrated or solid state. This emission mechanism is
rationalized by the clusterization-triggered emission (CTE) mechanism.'® Clusteroluminogen
is used to describe these special luminophores (CLgens). CLgens have gradually drawn many

researchers’ attention as they are not considered to be typical luminescent materials.!’

Recent studies have revealed that many natural biomolecules such as bovine serum albumin
(BSA),8 polypeptide,® non-aromatic amino acids displayed intrinsic luminescence,?*?* which
are categorized into CLgens. Inspired by these natural biopolymers, many synthetic polymeric
CLgens including poly(maleic anhydride-alt-vinyl acetate),?? poly(taconic anhydride-co-vinyl



caprolactam) 2 and polyester 2* are reported in these few years. 2> Nevertheless, the majority
of CLgens are reported at the relatively short excitation wavelength (lex < 300nm) with low
emission efficiency(®).2% 2’ By converting small molecules to polymers, longer emission
wavelength (Jem) and higher emission efficiency(®) can be realized.?® 2 Maleimide is a perfect
candidate to conduct clusteroluminescence (CL) investigation as it is a simple, cheap
heteroatom molecule with an aromatic free system and unsaturated bond, C=C, C=0). Even
though maleimide moiety was regarded as a fluorescent quencher for many years, it was used
to design for biological fluorescent probes through Michael addition.?® Our group recently
reported that maleimide and succinimide derivatives can form a heterocyclic framework and
emit light in the solid state, showing a strategy to facilitate the emission by increasing the
possibility of the non-radiative n—r* transition and stabilizing the excitons in the excited
state.?” Although the maximum emission wavelength was around 500nm, the remarkable
emissive feature of maleimide small molecules inspires us to explore the emissive
characteristic of their polymeric counterparts. A few previous works have revealed maleic
anhydride-related copolymers with emissions ranging from blue to red.?% 2% 3031 However, the
inherent mechanism is still inexplicable, and copolymer was not the perfect paradigm to
explore the fluorescence characteristics of that moiety.

Herein, inspired by a side reaction induced from thiol-maleimide Michael addition, 3 we
presented our recent endeavour to achieve multiple fluorescent emission of maleimide
derivatives by introducing nucleophilic catalyst 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU)
to the maleimide monomer solution. The organic base acts as both a polymerization initiator
and an external factor to induce fluorescence. The resultant polymer displayed pink emission
with the combination of purple (1em =430 nm) and orange-red (Zem =580 nm) light. By
controlling the concentration of DBU, the ratio of blue and orange-red emission intensity can
be modified to achieve white colour emission. More importantly, for the first time, the
emission resulting from the maleimide and organic base can be even achieved in solid-solid or

solid-gas interaction.
Results and discussion:

The initial search was inspired by thiol-maleimide end-group functionalization of reversible
addition-fragmentation chain transfer (RAFT) polymer in the presence of nucleophile catalyst
and polar solvents such as dimethyl sulfoxide (DMSQO). Previous studies have shown that

instead of functionalizing the maleimide end group in the polymer, the maleimide derivatives



started to self-polymerize themselves through anionic polymerization in the presence of a
nucleophile catalyst (such as amine).*? 3 The solution instantaneously became dark red with
an increased viscosity after 12 hours, which inspired us to investigate the colour origin and
emission features. We selected three maleimide derivatives monomers including maleimide
(M), (n-ethyl maleimide(eM1)), n-phenyl maleimide(pMI) and DBU as a nucleophilic catalyst
to study the effect of polymerization time, functional groups on the emission characteristics.
The solution-state absorption and PL spectra were measured to compare the monomer and
polymer state of three MI derivatives (Figure 1). Three MI derivatives display the same trend.
Both absorption and emission spectra demonstrated that the MI polymers displayed
significantly stronger UV absorption and fluorescence emission than that of their monomeric
counterparts, but the intensity varies between the three MI polymeric derivatives. All the Mi
polymers display excitation-dependent emission peaks at 430 nm (lex = 400 nm) and 580 nm
(Zex = 490 nm) without large bathochromic or hypsochromic shifted, suggesting the emitter
center could be the same one. However, the emission of eMIP is much weaker than others
(Figure 1E), this could be associated with the flexible ethyl group in the eMIP structure, which
typically relaxes via a nonradiative decay pathway upon excitation, leading to weaker
fluorescence emission. The nearly invisible photo of eMIP powder in figure 1E under UV

irradiation ( Aex =400 nm) further confirms this.

Alternatively, MIP shows stronger emission peaks at 430nm than pMIP in the solution, whereas
pMIP displays enhanced emission peaks at 580 nm (Figure 1B, C, H, 1). The pMIP solid state
also exhibits much redder form than MIP. This could be due to the phenyl substituted group in
the pMIP structure. All the phenyl groups in the polymer chain are spatially close to each other,
which increases the population of through-space electron delocalization, rendering a much
redder emission feature. Additionally, even though recent reports have shown that MI
monomer displayed fluorescence emission around 456nm in the concentrated or solid state, the
fluorescence of the monomer solution under this condition is still much weaker compared to

the polymeric one.
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Figure 1. A) UV-vis absorption of 5mM maleimide monomer(MIM) and maleimide polymer(MIP) solution in
dimethyl sulfoxide (DMSO); B) Photoluminescence (PL) spectra of MIM and MIP solution in DMSO (c=5mM,
Jex =400 nm); C) PL spectra of maleimide monomer and maleimide polymer solution in DMSO (¢ =5 mM, Aex =
490 nm), photo taken under 365 nm UV irradiation, MIM solution (top left), MIP solution(top right), MIP
powder(bottom); D) UV-vis absorption (¢ = 5mM) of n-ethyl maleimide monomer(eMIM) and n-ethyl maleimide
polymer(eMIP) solution in DMSO; E) PL spectra of eMIM and eMIP solution in DMSO (¢ =5mM, Aex =400 nm);
F) PL spectra of eMIM and eMIP solution in DMSO (c =5mM, Aex =490 nm), photo taken under 365 nm UV
irradiation, eMIM solution (top left), eMIP solution(top right), eMIP powder(bottom); G) UV-vis absorption (c
= 5mM) of n-phenyl maleimide monomer(pMIM) and n-phenyl maleimide polymer(pMIP) solution in DMSO;
H) PL spectra of pMIM and pMIP solution in DMSO (¢ =5mM, Zex =400 nm); 1) PL spectra of pMIM and pMIP
solution in DMSO (¢ =bmM, Zex =490 nm), photo taken under 365 nm UV irradiation, pMIM solution (top left),
pMIP solution(top right), pMIP powder(bottom);

In order to investigate the effect of polymerization time on the MIP absorption and emission,
we conducted time-dependent absorption and PL emission monitoring through MI
polymerization at different time intervals. Before adding DBU into the monomer solution, Ml
monomer does not display any absorption before 400nm, and PL shows a negligible emission
range between 400 and 700 nm (Figure 2 A, C, D). After adding the DBU, the absorption and



PL of the solution started to increase gradually over time. The absorption spectra presented a
gradual increase from 0 mins to 60 mins and were maintained at the level after 60 mins (Figure
2A). The pattern of gradually increasing was also observed in the PL spectra at the short
excitation wavelength (1ex =400 nm) (Figure 2B). it is interesting to note that both emission
peaks (430 nm and 580 nm) appeared progressively under the condition (50mM of MI
monomer) (Figure 2C), which is not the same case in Figure 1B, where the emission peak at
420nm is much stronger than peaks at 580nm at the short excitation wavelength. The difference
is that the solution is prepared from 0.5M of MI monomer in the former case with the same
amount of DBU initiator and diluted into 50mM. The time-dependent measurement of 0.5M
MI solution was also collected under the same condition (Figure S1B), which matched the
results in figure 1B. The underlying mechanism is still under investigation. With the condition
of 50mM Ml solution, the emission peaks at 430nm and 580nm merged after 1 day and become
white colour emission, evidenced by the photo (Figure 2C, inset). However, the emission peak
at 580nm achieved its maximum at15mins and showed a slight decline after that (Figure 2D).
This is because the solution showed a broad absorption peak from almost 600 to 400nm and
increased over time, giving rise to a significant overlap between absorption and emission
spectra. As a result, the light released from MIP is expected to be reabsorbed by itself,

attenuating its intrinsic fluorescence intensity.

On the other hand, the emission exhibits excitation and solvent-dependent wavelength. By
varying the excitation wavelength from 400 to 450 nm, the emission covers the visible light
spectrum from 400 to 650nm. The PL emission started to narrow down to yellow and orange-
red at excitation wavelengths from 460 to 510nm (Figure 2B), indicating its CL feature. Both
MIP and pMIP polymer were used to conduct its solvent-dependent measurement. Under
different solvents systems, it is worth noting that the fluorescence emission did not display any
red or blue-shifted as conventional AlEgens do, but differed in its intensity, which could be
due to its solubility in the corresponding solvents. both MIP and pMIP can only be dissolved
in the polar aprotic solvent such as DMF, DMSO, and MeCN (Figure 3A), but pMIP has better
solubility than MIP and it does not completely participate in most common organic solvents
because of the phenyl substitute. Due to the difference in solubility, the PL emission behaves
differently in the solvents. It can be concluded that protic solvents such as water and methanol
have a detrimental effect on fluorescence emission of both MIP and pMIP with the lowest PL
intensity. Water and methanol as a proton source can disturb the cluster complexes from the

polymer and DBU. On the other hand, both polarity and solubility together contribute



significantly to the PL emission of the polymers. The highest PL emission can be achieved in
non-polar solvents in 1,4 dioxane, THF, chloroform and DCM. However, MIP basically
participated in DCM and chloroform, which can be visually seen in figure 4A. Although MIP
is also not dissolved in 1,4 dioxane, THF, it forms a cluster, enhancing its luminescence, further
suggesting its CTE features. DMSO and DMF can dissolve polymers with relatively high PL

intensity as DMSO and DMF contain heteroatoms, which can stabilize the excited state.
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Figure 2. A) UV-vis absorption of 50mM maleimide monomer (MIM)+10ul DBU in dimethyl sulfoxide (DMSO)
at the different time interval; B) Photoluminescence (PL) spectra of 50mM MIP solution in DMSO at various
excitation wavelength; C) PL spectra of 50mM maleimide monomer (MIM)+10ul DBU in DMSO at the different
time interval (Aex =400 nm), inset photo was taken under 365 nm UV irradiation; D) PL spectra of 50mM
maleimide monomer (MIM)+10ul DBU in DMSO at the different time interval (Aex =490 nm).
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Figure 4. A) photo of maleimide (MIP) (top) and n-phenyl maleimide(pMIP) (bottom) polymers dissolved in
various solvents B) UV-vis absorption of 5mM MIP solution in the different solvents systems. C)
photoluminescence (PL) spectra of 5mM MIP polymer solution in the different solvent systems (1ex =400 nm). D)
PL spectra of 5mM MIP polymer solution in the different solvent systems (1ex =490 nm). E) UV spectra of 5mM
pMIP solution in the different solvent systems. E) PL spectra of 5mM pMIP polymer solution in the different
solvent systems (Lex =400 nm). F) E) PL spectra of 5mM pMIP polymer solution in the different solvent systems
(Aex =490 nm).

To further explore the fluorescence origin induced from poly (maleimide) and DBU, we
eliminate the external factor by selecting poly (n-phenyl maleimide) (PPM) prepared from free
radical polymerization and n-phenyl maleimide monomer(pMIM). The PPM prepared from
free radical polymerization was to eliminate the DBU. Additionally, we chose to mix PPM
powder or pMIM with solid organic base 4- dimethylaminopyridine(DMAP) in the absence of
solvent. PPM powder prepared from free radical polymerization was pale white powder

without strong red emission under UV lamp, whereas the pMIP powder prepared from DBU



induced polymerization was red with the same precipitation treatment, suggesting DBU not
only act as a polymerization initiator, but some other interaction with the polymer to initiate
fluorescence. The pink colour immediately appeared when PPM is mixed with DMAP (molar
ratio 1:1) in a mortar and pestle. The pink colour started to become brighter and covered the
whole mixture after 5mins. After 10mins, there was no colour change in the mixture, indicating
the interaction between PPM and DMAP is rapid even in the solid-solid interface. Then, the
MI monomer was mixed with DMAP in the same molar ratio to explore whether the interaction
is only restricted with maleimide polymer. Using the same mixing method, the fluorescent
colour was orange and the time to appear the colour was 1 day, which was much longer than
that of that polymer counterpart. This may be due to the C-C double bond in the MI. However,

the underlying mechanism is still investigating.
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Figure 4. A) photo was taken under 365 nm UV irradiation. Poly (n-phenyl maleimide) (PPM) (prepared from

free radical polymerization) mixed with dimethylaminopyridine (DMAP) in a mortar and pestle at the different
time intervals (molar ratio 1:1); B) photo was taken under 365 nm UV irradiation. n-phenyl maleimide monomer

mixed with dimethylaminopyridine (DMAP) in a mortar and pestle at the different time intervals (molar ratio 1:1).

The interaction between PPM and DMAP was rapid in the solid-solid interface. We then try to

explore if the interaction can be achieved in the solid-gas interface. The PPM powder was



exposed to triethylamine (TEA) in a container and leave it for 30 mins. The PPM powder turned
to red and showed the pink fluorescent colour in the solid state, which may suggest the
interaction in the solid-solid interface is the same as that in the solid-gas interface. The PPM
powder was then exposed to HCI gas, and the luminescence was reversed to its original form
after being exposed to HCI gas. The powder gives rise to a luminescence on-off responsive
cycle upon exposure to acid or base vapour. The cycle was continued to 3 cycles, indicating
the interaction is highly reversible (Figure 5). The powder can be potentially fabricated into
test strip or solid-state kit for potential sensor applications.

Under daylight
1st cycle 2nd cycle 3rd cycle

A) Triethylamine Hé’]St cycle d Triethylamine 2nd cycle Triethylamine hal d
exposed EXPOse! exposed HCl exposed exposed expose!

3rd cycle

i
Under UV light
B)

Figure 5. A) Photo was taken at daylight when poly (n-phenyl maleimide) prepared from free radical
polymerization is under triethylamine (TEA) gas exposure then HCI gas exposure for 3 cycles at room temperature;
B) Photo was taken under 365 UV irradiation when PPM is exposed with TEA gas, then HCI gas for 3 cycles at
room temperature.

Conclusion:

New insights into maleimide as a luminescence emitter have been provided. DBU acts as both
a polymerization initiator and an external factor to induce purple and red fluorescence emission
at 430nm and 580nm. By controlling the DBU amount, the ratio of purple light and orange-red
can be controlled and even merged both 430nm and 580nm peaks together to achieve white
light emission. Poly(maleimide) prepared from free radical polymerization does not exhibit the
same emission as the polymer prepared from DBU induced anionic polymerization. However,
it can interact rapidly with a solid organic base DMAP to emit solid state fluorescence in the

absence of solvents. Additionally, the polymer can achieve multiple reversible fluorescence



switches in the solid-gas interaction when exposed to TEA and HCI gas. This new phenomenon

enables various potential applications and mechanism investigation in the future.
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