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Chapterl

General Introduction

1.1 Luminescence

Luminescence is one of the beautiful and amazing phenomeradure such as the aurora
created by nature Simultaneously the presence ofuminophoresis one of the most
fundamentaklements to life and societylhe development and breakthrough of luminescent
materials have promoted many higdth applications and practical applications
Photoluminescence (abbreviated as PL) is light emission from any famatefiak after the
absorption of photons (electromagnetic radiation) the mechanism of PL, the excited
electrons generated by optical excitatiovill return to the ground state, accompanied by
emitting photong. It is one of many forms of luminescencét can be classified into two
common formsfluorescencend phosphorescence, according to the Jablonski diggrdm

this study, wemainly introduce the luminescence phenomenon in the field of fluorescence.

1.2 Aggregation Induced Emission (AIE)

Organic fluorescent materials have attracted extensive interest due to their advantages of
flexible and adjustable structure, hifjhorescence quantum yieldnd wider applicatiofi'?
Therefore, the design and development of organic fluorescent matar@lef great
significance However, some conjugated and rigid organic fluorescent compounds with
strong emission in solution eft encounter the aggregation caused quenching (ACQ) in
aggregates or solid stateWhen the luminophores aggregate, théstancebetweenthe
moleculesbecoms closer andthe aromatic rings of the adjoining luminophores experience
i ntense i nd ersmalc&d wnlgarheseinenacioanmakeotinesexcited states

decay or relax back to the ground state via-razhative channels, resulting in the emission

1



guenchingof the luminophores.

Perylene is a typical example illustrating the ACQ effécAs shown inFigure 11(left),
the fuorescene intensity of prylenewas examined in the mixture of good solvent THF and
poor solventwater With the gradual increasef the fraction of water, the emission of
perylene becomes weakenedtil quenching® The planar polycyclic aromatic structure of
perylene enables its molecules to pack in an orda@therin the aggregate® prompt the
formation ofi nt er mo-[ ecstla&a ki nh gresuling ia the abseiverd ACQ effect
To some extentthe ACQ effect limited the realistic applicatiorof luminophoresin many
fields 1316

The emerge of aggregatiamduced emission (AIE) molecules can solve this problem.

1921, Schmidt published a paper tilét On t he Lumi nescenwhech of
showed thatmany compounds fluoresce in solidified solutions but are quench#ukiin
respective fluid solvenf€ After that, severalpapers about the luminescence of soligre
reported and the concepf aggregatiorinduced emission (AlEyas introducedby Tang in
200181  Aromatic molecules have been the focus of AIE resedtsh to their high
emission efficiencies and higHexibilities. 2*2  However, aromatic molecules often
encounter thantermolecular”-" stacking interactionsn the solid state which lead to
aggregatiorcaused quenchingTo preventthis interaction aromatic AIEmolecules have
been designed with bulky molecular size and highly twistedconformation”?® Among
them, the hexaphenylsilole (HPS)molecules which possesssix phenyl rings, and
tetraphenylethene (TPE)oleculeswherethe olefin stator is surrounded bgur peripheral

aromatic rotorsaretypical exampleillustrating the AIE effect®®2"

Water fraction (vol %) Perylene Water fraction (vol %) HPS
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90

.

Aggregation-Caused Quenching (ACQ)  Aggregation-Induced Emission (AIE)

Figure 1.1. Fluorescencephotographsof solutionsor suspension®f (leff) per yl ene (20 ¢ M)

hexaphenyl sil ol e (aidP Qixtured With gifféjent fractions bif Rvater, with

perylene andHPS showing typical ACQ and AIE effects, respectivély.
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As shown in Figure .1 (right), the fuorescence intensity of HPS was examined in the
mixture of good solvent THF and poor solvent wat&¥ith the gradual increase of fraction
of water, theemission of HPS becomasrongerand hasa bright emission when the fraction
of water reaches ~80 %Another typi@l AlEgersis tetraohenylethene (TPE? Its structure
is a propeller shape with a centralefin surrounded by four phenytings The
tetraphenylethene (TPE) is nemissive when dissolved but becomes emissive when
aggregated due to the restriction to the intramolecular rotations (RIR) of its phenyl rotors
Researchers have put forward varicassunptions about the gneral mechanism behind
aggregationinducedemission including conformational planarizatiodraggregatdéormation,

E/Z isomerization twisted intramolecularchargetransfer(TICT), and ESIPT*% Among
them, he restriction of intramoleculanotions (RIM) has been considered the main cause of
AIE effects so far, including the restriction of intramolecular rotafi®iiR) and the restriction

of intramolecular vibration (RIV¥®? As shown inFigure 1.2, the RIM can reduce the
nonradiative decaythereby resulting in the emissiétt®>3! Sincethen,as shown irFigure

1.3, a lat of AlIEgenshavebeen developed and reporf&d®
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Non-emissive Intramolecular Motion Highly emissive
[RIM (= RIR + RIV)]
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intramolecular
Dynamic vibration Vvibration (RIV)

THBA (1) in solution RIV in aggregate
Non-emissive Highly emissive

Figure 1.2. Propellershaped luminogen of tetraphenylethene (TPE) islaprinescent in a dilute solution but
becomes emissive when its molecules are aggregated, due to the restriction of intramolecular
rotation (RIR) of its phenyl rotors against its y#dne statorin the aggregate state. Shidte
luminogen of THBA behaves similarly, due to the restriction of intramolecular vibration (RIV) of

its bendable vibrators ithe aggregates stat@

With the gradual deepeningf researchon AlEgens, the application of AIE gens has
become abundant, ranging from bioimaging, chemosensing, optoelectronics to- stimuli
responsive system&7#° This indicates that themportarce of their application in the solid

state of molecules.However, many AlIEgensexhibit singlestate emission (none or weak
emission in solution and stronger emission in aggregates or solid). To some extent, this
singlestate emission also can limit some higlh applicatiosin variousfields. Based on

this, if there are molecules thaain beemissivein both solution and solid states, it will open

up more possibilities for its applicatiod herefore, the development and design of the

molecules that can possess strong emission both in solution and solisl s&atessary.



Figure 1.3. Typical examples of structural motifs of Atiens and theitechnological application?
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Dualstate emission (DSE) is a type of luminescence phenomenois #raissivein both

the solution and solid stat®ualstate emitter compounds are discrete molecular erttias

exhibit fluorescence in solution and in the solid state.comparison withtraditional AIE

molecules, DSE molecules haseveraladvantges. The emergece of DSE moleculehas

overcomesomeof the disadvantageof AIE molecules®* It has attractec wide range of

concerns due to its excellent properti#s3 Additionally, conjugated molecules with DSE

propertiesare

often designed with confor mat

o-nh a l

stacking interactions amateventfluorescence quenching in the soliét the same timgthese

molecules should keep fast molecular motions at a minimum to eradicate nonradiative

relaxation mechanisms in solution. Therefore, DSE compoundachieve a delicate

f

compromise between multiple nonradiative aspects competing with the emissive mechanisms

(Figure 14).>

The major s

trategy for constructing DSE molecules is as follows.
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(1) The wisted StructuresThe twisted structes can reduce thent er mo-l esua aki Ag
interaction that caused by conjugated aromatic rings aggregates thereby avoiohg
fluorescence quenchin This has been demonstrated in previstiglies!®>3%°

(2) Implementingdonor (D}acceptor (A)architectures.The regulation of emissiogan be
achievedoy employing donor (Bacceptor (Agarchitectures

(3) Appending long chains or voluminous peripheralAnother strategy to reduce
intermolecular interactions within DSE compounds is to include alkyl chains or voluminous
groups that promote the "sé#olation” of the fluorophoresThe derivatives that containing
tetraphenylethene (TPE) growgpe also fregently synthesized as DSE moleculésigure
15).5% Generally it is used to generate emissiém the solid state through the AIE
phenomenon. In addition, triphenylamine (TPA) derivatives, carbazole derivatiegan
stilbene derivatives single benzene derivativexoumarin derivatives anarganoboron

complexes and silicon derivativase also used to synthesize DSE molect/i&.

-1 T - e
Interactio™ C%ta\\'\na\
Amorphov®

Figure 1.4. Delicate balance between solid state emission and solution emission to attaih DSE
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Figure 1.5. Theluminophoresvith TPE as the skeletdf.

14 Cyclic Imide

Cyclic imides and theiN derivatives contain bisamidmkages with a general structure of

[ CO N(]B) Cywlio imides are valuable for synthetic, biological apdlymer
chemistryas a kind of importanbrganiccompound$*%® There ae many types otyclic

imide, including maleimide, phthalimide perylene diimideand naphthalene diimidet al.
Among themmaleimide skeleton is an electron acceptor and has functionalized sites which
can introduce three substituenBy introducing substituents with different electronic effects,
the optical band gap can be effectively adjusted to achieve diffestartof luminescenc®:
68 As shown in Figurel.6, in 2003, GT. Chen et al. obtained a fudblor luminescent
material from blue to red by introducing differefdnor oraccepor substituents at the-2nd
3-position of maleimidé® Moreover, it alsohas good chemical stability and high
fluorescence intensity. Because of these advantagesjown in Figure.Z, in our previous
works, maleimide fluorophores with fluorescence quantum efficiency is almost 100 % was

synthesized by introducing two biphémyoups on the maleimide rirf§.



Figure 1.6. Fluorescence image of 3ddaryl-substituted maleimide derivativesdichloromethane showing

varied colors®
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Figure 1.7. UV-vis spectra (A), fluorescence spectra (B), and fluorescence imagesni@jlef compounds in

THF.58

15 ResearclAims and significance

In this study, maleimides were used askaletonmaterial to synthesize new-A molecules
with either AIE or DSE propertiesMaleimides were chosen for their excellent propesies
mentioned abovewhich made them a suitablekeleton material for the synthesis of
molecules with these properties.

In Chapter 2we synthesized a series of amiawyl-maleimideswas synthesized, in which

8



different nonplanar electrordonating amino groups and a biphenyl group were introduced on
the maleimile ring., in which different nosplanar electrofdonating amino groups and a
biphenyl group were introduced onto the maleimide rifge examined their fluorescence
behavior in a wateTHF mixture to confirm emission in aggregatesThe obtained
luminophaes exhibit yellowishrgreen emission both in solution and in the solid state.
Furthermore the emissive intensity in the solid state is stronger than that in solution,
indicating aggregatiorinduced emission enhancement (AIEE) effecid/e also examined
their fluorescence behavior in solvent$ varying polarity to confirm solvatochromic
fluorescence. The resultsshowed positive solvatochromic fluorescence with increasing
solventspolarity. Subsequentlywe performedthe Density functioal theory (DFT) quantum
calculations to obtain the optimized conformation and positioisediOMO and LUMO of

all the molecules providing more information about the photophysical properties at the
molecular level.

In Chapter 3based on chapter 2, a i®sr of aminearyl-maleimides was synthesized, in
which varying the amounts of acceptors to confirm the influence of the acceptors amounts
about optical propertiesWe through examined their fluorescence behavior in a Waiér
mixture to confirm the emigsn in aggregates. The obtained luminophores show yellow
fluorescence emission both in solution and solid state, show AIEE effects. Compared with the
molecules in chapter 2, they have smaller red shift in different polarity solvents.

In Chapter 4,we synthesized two new dustlate emission (DSE) molecules that use
maleimide as the skeleton and introduce different amounts of bipimeluded conjugation
rigidity. We examined their fluorescenbehavior in a wateTHF mixture to confirmthe
emission in aggregates.The obtained luminophores shea bright blue fluorescence
emission both in solution and solid stawdisplaying DSE effects. Furthermore the
luminophores also display positive solvatochromic effects in solvemkvarying polarity.
Additionally, we also examined their fluorescermhavior in the presence of trifluoroacetic
acid (TFA) and triethylamine (TEA).The result indicated that they display the reversible
acidcchromic behaviour in response to the addition of trifluoroacetic acid (TFA) and
triethylamine (TEA). And Density functional theory (DFT) quantum calculations wads®

performed to obtain the optimized conformation and the positions of HOMO and LUMO of

9



all the molecules providing more information about the photophysical properties at the
molecular level.

In chapter 5, summarized the conclusions of this research and discussed the potential
applications of the molecules that synthesized in this researctiesndbed the direction in

future work.

10
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Chapter 2

Synthesis and opticaproperties of conjugatedmaleimide
molecules containing amino withaggregationinduced

emission enhancemenfAlEE)

2.1 Introduction

Maleimidetype luminophores, which have been utilized doganic luminescence, have a
simple chemical structure arade easy to synthesiz&heir emission colours and properties
can be widely adjusted by modifying the substituents on3thand 4positions of the
maleimide ring. They can be applied irvarious fields, such as fluorescent probes,
wavelengthconversionuiminophores, OLEDs, etc

However, most luminophores often encounter segeneentrationor aggregatiorcaused
guenching (ACQ), whiclean limit their hightechapplications. In response to thiproblem,
aggregatiorinduced emission (AlEluminophoreswhich are highly emissive as aggregates
are formed, wereeported in 2001 by TarmgThe restriction of intramoleculanotions (RIM)
has been considered to be the main cause ofeffiicts so far, including the restriction of
intramolecular otation (RIR) and the restriction of intramolecular vibration (RFV).
Intramolecular motion is inhibited when the molecules aggregated, thereby suppressing
the nonradiative decay, anithe molecules emit mainly through the radiatramsition.

Additionally, AIE molecules generally have nptanar molecularconformations to
suppress -~ accumulation in aggregates, atfeéreby enhance the emissioAlE molecules
have been attractinigcreasing attention and have been appliedairious fields’!! As the
classical AIE molecule, tetraphenyl ethylene (TPE) has les¢ensively researchedBy
modifying maleimide (MI) to tetraphenydthylene (TPE), a probe for thiol detection was

developed in2010 by Tang? However, it was not eissive in both solutioraggregates.
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Later, Naka reported amiraryl-maleimidesthat are emissive in aggregatesn comparison
with the AIE moleculesvith a TPE unit, aminanaleimides with AIE effects have simple
structures and are easydgnthesizeé. Therefore, as new Alholecules, aminanaleimides
enrich the types of AIE moleculesailable and are expected to bring more possibilities to the
AIE field. We reasoned that a series of luminophores with diffeferdrescence
performances ight be obtained by varying thgpe of amino group.In our previous works,
luminophoreswith fluorescence quantum efficiency of almost 100% wsnethesized by
introducing two biphenyl groups on thmaleimide ring® Therefore, in this article, we
designed a seriedf aminoearyl-maleimides, in which different ngplanarelectrondonating
amino groups and a biphenyl group wergoduced on the maleimide ringCompared with
the luminophores that are only emissive in solution or in the solid stetepbtained
luminophores show yellowisgreen emission both irsolution and in the solid state.
Moreover, the emissive intensity the solid state is stronger than that in solution, showing
aggregatiorinduced emission enhancement (AIEE) effééts.This is beneficial to the
applications of AIE molecules in OLEprobes, and other field§??2 We are currently
consideringapplication to OLED. The results were reported at the 12th SP&national
Polymer Conference (IPC2018).
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2.2 Experimental

2.2.1 Materials

All commercially obtained chemicals in this study were usethout any further
purification. Magnesium sulfate (anhydrousginc chloride and cyclohexylamine were
purchased from Kishidd&Reagents Chemicals.Dichloromaleic anhydride, palladium (ll)
acetate, piperidine, pyrrolidine and silica gel 60N-283 mm),which was used for column
chromatography, were purchasedm Wako Pure Chemical Industries. Moreover, 60F 254
silica gel plates for analytical thinlayer chromatography were purchaskEdm Merck.
1,1,1,3,3,3Hexamethydisilazane (HMDS) wagurchased from TCI, and morpholine was
available fromishizu Seiyaku. Triphenylphosphine was purchased from Ka@ioemical,
and 4biphenylbormic acid was available fron€CombiBlocks. Commercially available

products (1st grade) weused for all solvents.
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2.2.2 Measurements

Thel H (500 MHz) and'® C (125 MHz) nuclear magnetiesonance (NMR) spectra were
recorded using a JNNMAS500 spectrometer with CD@hs the solvent and TMS as an internal
standard. The abbreviations for the NMR spectroscopy data as follows: s, singlet; d,
doublet; t, triplet; m, multipletThe ultravioletvisible (UV-vis) spectra were recorded usiag
UV-1650PC (Shimadzu Corporation) spectrometer, taedphotoluminescence (PL) spectra

were recorded usingP-6300(JASCO Corporation) spectrophotometer.
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2.2.3 Synthesis

2.2.3.A Synthesis of 28lichloro-N-cyclohexylmaleimide (Compourt)
Cl Cl

Cl cl
/ N_(
Ix Q_NHZ 04?:\}:0 ZnCl, HMDS OA/NXO

NH OH >
AcOEt Toluene
DCIMAN

1

Scheme 21

Dichloromaleic anhydride (4.00 g, 24.0 mmol) was dissolved in ethyl acetate (50 mL) in a
100 mL flask, and cyclohexylamine (1.98 g, 20.0 mmol) was attmd¢de solution in ethyl
acetate (20 mLyvas added dropwise at 0 €, and then return to room temperatod stirred
overnight After that, the solution was concentratedn vacuo Then a solution of
hexamethyldisilazane (2.62 mL, 12.5 mmiolXoluene {60 mL) was slowly added dropwise
at 60 €. When the temperature was raised to 11fc chloride (3.43 g, 25.2 mmadnd
hexamethyldisilazane (7.90 mL, 37.8 mmol) was slowly added dropwise, and the mixture was
refluxed for 20hrs. Thereaction mixture was diluted with additional ethyl acetate] then
washed using distilled waterThe combined organid¢ayer was dried over MgSQand the
filtrate was concentrateith vacuo. The residue was purified on a silica gel column using
hexane/EtOAc30/1: v/v) to obtaina white powder(melting point 141-143C , 4.60 g, 18.6
mmol, 77 %).
'H-NMR(CDCk) U ( pp m B.960402(THVIS, cyclohexyl)1.99 -2.08 (2H, m,
cyclohexyl)1.17- 1.37 (3H, m, cyclohexyl)1.82 - 1.89 (2H, m, cyclohexyl),1.64 - 1.74 (3H,

m, cyclohexyl)
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2.2.3.B Synthesis oP-chloro-3-morpholineN-cyclohexylmaleimide (Compouri)
<(-C)
CI\ /CI Cl N—)
I, Om Ik
O N O —/ o) N O
:

THF
reflux, 12h
92%

1 2

Scheme 2
A THF solution of 2,&dichloro-N-cyclohexylmaleimide (0.40 g,1.61 mmol) and
morpholine (0.15 g, 1.77 mmol) was heatedder reflux for 12 s under a nitrogen
atmosphere. Theeaction mixture was diluted with additional ethyl acetate] then washed
using distilled water.The combined organiayer was dried over MgSQand the filtrate was
concentratedin vacuo. The residue waspurified on a silica gel column using-
hexane/EtOAc (4/1: v/v) to obtain a yellow powderefting point 142-144€ , 0.440 g, 1.48
mmol, 92%).
H-NMR (CDCk)a (ppm from TMS): 1.171.34 (3H, m, cyclohexyl), 1.62.68 (3H, m,
cyclohexyl),1.80-1.83 (2H, mgcyclohexyl), 1.972.06 (2H, m, cyclohexyl)3.783.80 (4H, m,
morpholine unit), 3.88.92 (1H, m:N-CH-), 3.933.96 (4H, m, morpholine unit).
13C.NMR (CDCl )a (ppm from TMS): 40.11, 40.82, 44.03, 58.62, 60.99, 73.66, 96.40,
132.47,152.50, 153.16.
Elemental analysis: Calculatddr CisH1aN203Cl: C, 56.28; H, 6.41; N9.38. Found: C,
56.29;H, 6.49; N, 9.33.
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2.23.C Synthesis of iphenyt3-morpholinaN-cyclohexylmaleimide by Suzuliviyaura

coupling reaction (Compourg)

Cl N
—\A\ Pd(OAc),
O N O PPhB
Toluene
Ethanol
Sat. NaHCO3 aq O
2 94 %

Scheme B

A mixture of2 (0.20 g, 0.67 mmol) and-diphenylboronicacid (0.160 g, 0.800 mmol) was
added to a flaskThen, tolueng4 mL), ethanol (2 mL) and sat. NaH@@queous solutio(4
mL) were added successively, and the mixture was stirregoat temperature for 20 min.
Pd(OAc) (0.0150 g, 0.0670 mmoknd PPh (0.0180 g, 0.0670 mmol) were added to the
flask. Themixture was heated under reflux for &linder a nitrogemtmosphere After that,
the reaction mixture was diluted wigtdditional ethyl acetate and then washed udistilled
water. The combined organic layer was dried over MgSeénd thefiltrate was concentrated
in vacuo. The residue was purified onsdica gel column using-hexane/EtOAc (9/1: v/v) to
obtain ayellow powder (nelting point 180-182€ , 0.26 g,0.64 mmol, 94%).

H-NMR (CDChk) & (ppm from TMS): 1.181.37 (3H, m, cyclohexyl)1.661.72 (3H, m,
cyclohexyl), 1.821.85 (2H, m, cyclohexyl), 2.68.14 (2H, m, cyclohexyl), 3.58.57 (4H, m,
morpholine unit), 3.78B.73 (4H, m, morpholine unit), 3.9800 (1H, m, cyclohexyl), 7.35
7.39 (3H, m;BPh), 7.437.47 (2H, m;BPh), 7.597.63 (4H, m;BPh).

13C-NMR (CDCk) 8 (ppm from TMS): 40.27, 40.94, 44.189.42, 60.55, 73.54, 104.26,
121.41, 121.70, 122.08, 123.15, 123.8@4.54, 132.33, 132.48,34.37, 154.36, 156.91.
Elemental analysisCalculated for @H2sN20s: C, 74.98; H, 6.78; N, 6.72. Foun@; 74.71;
H, 6.88; N, 6.38.
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2.23.D Synthesis of Zhloro-3-piperidinaN-cyclohexylmaleimide (Compourd)

_/

_>§ ( NH —
SE N > O%N\A\O
Ethanol
rt, 12h
54 %

! 4

Scheme 24

An ethanol solution (35 mL) of 2@ichloro-N-cyclohexylmaleimide (1.50 g, 6.05 mmol)
and piperidine(0.500 g, 5.50 mmol) was stirred at room temperature fohré2inder a
nitrogen atmosphererhe reaction mixture was dilutedth additional ethyl acetate, and then
washed usinglistilled water. The combined organic layer was dried olgSQs, and the
filtrate was concentrated in vacudhe residuavas purified on a silica gel column using n
hexane/EtOA9/1: v/v) to obtain a yellow powdemlting point 165168€ , 0.880 g2.97
mmol, 54%).
IH-NMR (CDCk) d (ppm from TMS): 1.18.34 (3H, m,-CHs-), 1.631.70 (9H, m,-CH,-),
1.80-1.82(2H, m,-CHy-), 1.982.07 (2H, m;CHz -), 3.853.93 (5H, m-N-CH- and-N-CH,-).
13C-NMR (CDCb) d (ppm from TMS)39.38, 40.17, 40.87, 41.41, 44.06, 59.66, 60.88, 94.87,
133.24, 152.62, 153.51.
Elemental analysis: Calculated f@isH2:N20.Cl: C, 60.70; H, 7.13; N, 9.44. Found: C,
59.69;H, 7.16; N, 9.12
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2.2.3E Synthesis of iphenyt3-piperidinaN-cyclohexylmaleimide by Suzulviyaura

coupling reaction (Compourt)

y /@ ©—®—5(0H>2
L5

Pd(OAC);
o \ 0 PPhs .
THF
Sat. K2C03 aqg
84 %
4
Scheme 5

A mixture of4 (0.200 g, 0.670 mmol) andBiphenylboronic acid (0.170 g, 0.870 mmol)
was added to a flasklThen, THF (6 mL) and sat. BCOs aqueous solution (3 mL) were added
successively, and the mixture was stirred at room tempefatu28 min. Pd(OAc) (0.030 g,
0.130 mmol) and PRK0.100 g,0.390 mmol) were added to the flask, and the mixture was
heated under reflux for 14dwnder a nitrogen atmospher@fter that, the reaction mixture
was diluted with additional ethyacetate and then washed usidigtilled water. The
combinedorganic layer was dried over MgaCand the filtrate wasoncentrated in vacuo.
The residue was purified on a silica gelumn using rhexane/EtOAc (9/1: v/v) to obtain a
yellowish-green powderrelting point 119-124€ , 0.23 g, 0.56 mmol, 84%).

'H-NMR (CDCk)a (ppm from TMS): 1.261.37 (4H, m-CH 2-), 1.631.72 (8H, m-CH 2),
1.821.84 (2H, mCH 2-), 2.082.15(2H, m,-CH 2, 3.46 (4H, s;N-CH,-), 3.934.00 (1H,

m, -N-CH-), 7.337.39 (3H, m;BPh), 7.427.46 (2H, m;BPh), 7.587.62 (4H, m;BPh).

13C.NMR (CDCk)a (ppm from TMS): 39.2440.30, 40.97, 40.99, 44.11, 60.43, 60.46,
102.96, 121.28, 121.67,21.94, 123.11, 124.40, 124.53, 131.88, 132.66, 135.33, 154.40,
157.14.

Elemental analysisCalculated for €H3zoN202: C, 78.23;H, 7.29; N, 6.76. Found: C, 77.12;

H, 7.31; N, 6.30.
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2.23.F Synthesis of Zhloro-3-pyrrolidino-N-cyclohexylmaleimide (Compour)

N~ cl /@
of \A\O C/NH - OJ\T/KO

N
l Ethanol
rt, 12h
65%
1 6
Scheme 6

An ethanol solution (35 mL) o2,3-dichloro-N-cyclohexylmaleimide (1.50 g, 6.05 mmol)
and pyrrolidine (0.60Qy, 7.26 mmol) was stirred at room temperature for d2uimder a
nitrogen atmosphereThe reaction mixture was diluted wigtdditional ethyl acetate and then
washed usinglistilled water. The combinedrganic layemwas dried over MgS§) and the
filtrate was concentrated in vacud.he residue was purified on a siligal column using n
hexane/EtOAc (9/1: v/v) to obtain a yellgpowder (elting point 140-144€C , 1.11 g,2.88
mmol, 65%).

H-NMR (CDClk )a (ppm from TMS): 1.181.34 (3H, mCH,-), 1.631.65(3H, m,-CH. -),
1.791.82 (2H, m,-CHz-), 1.921.93 (4H, m-CH 2), 1.992.07 (2H, m-CH,-), 3.883.93
(5H, m, NCHy-).

13C.NMR (CDCh)a (ppm from TMS): 40.1840.87, 44.10, 60.2560.76, 91.89, 132.16,
152.11, 154.02.

Elemental analysisCalculated for @H1oN2OCl: C, 59.47; H, 6.77; N, 9.91. Foun@,
59.38; H, 6.79; N, 9.85.
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2.2.3G Synthesis of diphenyt3-pyrrolidino-N-cyclohexylmaleimide by Suzulviyaura

coupling reaction (Compoundg

OO Q
- @ Pd(OAc),

0
Dy - N
o=\~ 0 THF
Sat. K,CO3 aq @) N (@)
69 % |
6 O
7
Scheme Z7

A mixture of 6 (0.200 g, 0.670 mmol) andBiphenytboronic acid (0.170 g, 0.870 mmol)
was added to a flasklThen, THF (6 mL) and sat. BCOs aqueous solution (3 mL) were added
successively, and the mixture was stirred at room tempefatu28 min. Pd(OAc). (0.030 g
0.130 mmol) and PRK0.100 g,0.390 mmol) were added to the flask, and the mixture was
heated under reflux for 14dwnder a nitrogen atmospher@fter that, the reaction mixture
was diluted with additional ethyacetate and then washed using distilled watdihe
combinedorganic layer was dried over MgaCand the filtrate wasoncentrated in vacuo.
The residue was purified on a silica gelumn using rhexane/EtOAc (7/1: v/v) to obtain
yellow powdermelting pint: 195198€C , 0.18 g, 0.46 mmol, 69%).

H-NMR (CDCk )a (ppm from TMS): 1.2a1.35 (3H, m, cyclohexyl), 1.65.72 (3H,m,
cyclohexyl), 1.821.86 (6H, m-CH 2-), 2.092.16 (2H, mcyclohexyl), 3.52 (4H, sN-CH>-),
3.944.00 (1H, mcyclohexyl), 7.557.56 (3H, m-BPh), 7.567.57 (2H, m-BPh), 7.667.62
(4H, m,-BPh).

13C.NMR (CDCk) d (ppm from TMS): 40.3640.97, 44.14, 60.36, 61.31, 100.33, 120.87,
121.70, 121.86123.09, 124.63, 125.34, 131.65, 132.75, 133.71, 15358262.

Elemental analysis: Calculated fogeH28N202: C, 77.97;H, 7.05; N, 6.99. Found: C, 77.51;
H, 7.25; N, 6.37.
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2.2.4 Structure characterization

AV 0
-(CH,).-
(D o
SN ( ) ——
0 N o
O
Compound 2 J&v ML‘M
B O Aromatic protons Ll | Aromatic protons
mm
(—O
O S
= N-CH HN
0=\ 0 \
ol
Compound 3 JJN ‘ MJ
0 9 8 71 6 5 4 3
5/ ppm

Figure 2.1. *H NMR Spectra ofA) 2 and(B) 3in CDCl.
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Figure 2.3. *H NMR Spectra ofA) 4 and(B) 5in CDCl.
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Figure 2.5. *H NMR Spectra ofA) 6 and(B) 7 in CDCl.
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2.3 Results and discussion

2.3.1 Syntheses

As shown in Scheme2.l, we synthesized dichlof§-cyclohexytmaleimide 1 from
dichloromaleic  anhydride and cyclohexylamine, and 2chloro-3-aminoN-
cyclohexylmaleimides?, 4, 6) were synthesized by reactidgwith different amino groups
(morpholinyl, piperidinyl, pyrrolidinyl). Then, aminebiphenytN-cyclohexytmaleimides3,
5 and 7 containing different amino groups wergynthesized by reaction with-4
biphenylboronic acid through th8uzukiMiyaura coupling reaction, respectivelyTheir
structureswere confirmed by NMR 'H and °C), and the structureharacterization is
described in the Fige 2.1-2.6. The yieldsof aminabiphenytN-cyclohexyl maleimide$, 5

and7 are 94%84% and 69% as a yellow powder, respectively

2.32 UV/Vis absorption spectra and photoluminescence (PL) spectra

The maleimide luminophore8, 5 and 7 were investigatedhrough UV/vis absorption
spectra (Figre 27.A), photoluminescencéPL) spectra figure 2.7B) and the fluorescence
quantum yields () in dilute THF solutions and the solid stat&he results of the optical
measurements are summarized in Tdble Similar absorptiorpeaks can be observed for
these maleimide luminophorg§igure 2.7A); the absorption maximum wavelengths of
luminophore3 (d max= 410 nm) and (d max= 413 nm) were redhifted relativeto that of7
(d max=401 nm). It is indicated that the reshift of absorption was due to the difference in
the electrordonatingability of the amino groupsThe luminophores, with CIEoordinates of
(0.38, 0.57) foi3, (0.29, 0.58) fob and (0.30, 0.60for 7, show yellowiskhgreen emission in
dilute THF (Table2.1). Figure 2.7B shows that the maximum emission wavelength of
luminophore3 is 548 nm, which is red shifted by 13 nm and 14relative to those 06 (535
nm) and7 (534 nm). Moreover, we foundhat all the luminophores have a good spectral
separation olbsorption and emission with large Stokes shift90Q nm)(Table2.1). Overall,
compared with the other luminophores, luminoph8réwith morpholinyl) possessed the

longest wavelength andargest Stokes shift in the fluorescence emission spectra.
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Correspondingly, compared to piperidinyl and pyrrolidinyiorpholinyl is more helpful to
the expansion of the Stokes shiftthe compoundLarge Stokes shifts>(00 nm) (Table.1)
canprevent interference from the excitation light and scattered lightelisas the influence

caused by reabsorptidAiz® This is importanfor potential applications in biological fields.

28

Table 2.1. Optical properties of luminophotke 2 and3.

Compound  ans? dem® ms CIE (x, y)¥ a (%)
(nm) (nm) (nm) solution solid
1 410 547 137 038 0.57 1.8 27.2
2 413 535 122 029 058 10.1 14.2
3 401 534 133 030 030 6.1 11.2

a) 1.0 x 16 mol/L in THF. b)d is the fluorescence quantum yield.
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Figure 2.7. (A) UV spectra and (BPL spectra of maleimides luminophoiasTHF

(conc: 1.0 x 16* mol/L).

We reasoned thdlhe emission properties of the maleimldeninophores would be related
to the polarity of the solvent. Therefore, their UV/vis absorption spectra and
photoluminescence (PL) spectra were measured in solvents with diffeodanity to
determine whether thealeimide luminophoreshow solvatochromism effects (kg 2.8

2.10. The absorptiorspectra of these luminophores exhibited little change with various
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solvents of increasing polarity, such as toluen@HF < acetone< acetonitrile< DMF,
indicating that the ground state of ttheminophores is littlenfluenced by the solvent polarity.
However,an obvious redhift of the maximum emission wavelengthiwhinophores$ and7
was observed with increasing polarity tbe solvents. Intramolecular charge transfer (ICT)
was consideredo be the main reason, and the presence of intramolecular dnangéer

(ICT) was subsequently verified using density functighabry (DFT) quantum calculations.

0.5 1.2
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< THF T 1 THF
8 04 Acetone g Acetonfe .
% Acetonitrile ‘» 0.8 Acetonitrile
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3 N 04
'S S
g 01 \ Eo2
S )
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2 0 \ o ke
330 380 430 480 530 580 630 420 470 520 570 620 670

Wavelength (nm) Wavelength (nm)

Figure 2.8. (A) UV spectra and (B) PL spectra of compouhia different solventsqonc: 1.0 x 10* mol/L).
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Figure 29. (A) UV spectra and (B) PL spectra of compotiid different solventsqonc: 1.0 x 16* mol/L).
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Figure 2.10. (A) UV spectra and (B) PL spectra of compoumhia different solventsqonc: 1.0 x 16* mol/L)
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Figure 2.11. The change of maximum emission wavelength of maleimides luminophores in different solvents
(conc: 1.0 x 16" mol/L).

The changes in the maximum emission wavelength ofithkeimide luminophores in
different polarity solvents arshown in Figire 2.11. In toluene, the maximum emission
wavelengths for luminophore 5 and 7 are 547 nm, 534 nnmand 533 nm, respectively,
while in DMF, they are 550 nnmg45 nm, and 545 nm respectively, corresponding to red
shifts of3 nm, 11 nm, and 12 nnThe luminophore$ and7 have darger red shift (11 nm,

12 nm) than the luminophof indicating that the piperidinyl and pyrrolidinyl give rise to
an obvious change with varying solvent polaritythis is consistenwith the metioned
results of the change of fluorescenotensity in mixed solvents (THwater). Therefore,
positive solvatochromic fluorescence was observed for all the maleiloidenophores.

This is beneficial for extensive applicationsga®d dyes in fiberg®:30

2.33 Aggregationinduced emission enhancement (AIEE)

In addition, the fluorescence quantum yields of luminoph8résr = 27.2%), 5 {r =
14.2%) and 70 r = 11.2%) in the solidtate are significantly higher than those in dilute THF
solutions(Table 2.1), revealing aggregatienduced emission enhanceméMEE) effects.
This is because the molecular motion is restriéctethe solid state, which can reduce the
nonradiative decay anésult in enhanced emissich:3? On theother hand, plananolecules
may undergo stacking, resulting in relatively stramgrmolecular interactions and leading to
concentratiorguenching in the solid statddowever, we observed ngianarconformations

for luminophores3, 5 and 7 in the optimzed molecular geometries obtained using density
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functional theory(DFT) quantum calculatian (Figure 2.13). They inhibited aggregation
caused quenching (ACQ) via the intermoleclilar stackinginteraction. Consequently, the
emission of luminophore8, 5 and 7 can be observed in the solid stati particular, the
fluorescence quantum yield €) of 3 in the solid statelF =27.2%) is more than 15 times as
high as that in dilute THFUF = 1.8%). This indicates that the participation of the
morpholinyl group is more conducive to aggregatioduced emission (AlIEEgffects than
the participation of piperidinyl and pyrrolidihy

To further confirm their AIEE characteristics, their fluorescebebaviorswas examined
in a watefrTHF mixture with differentwater ratios. As the maleimide luminophores are
insoluble inwater, increasing the water ratio in the mixed solventctemgetheir form from

solvated to aggregated gradually.
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Figure 2.12. PL spectra and change of fluorescence intensity oB(AB) 5 and (C)7 in mixing ratio THF and

water (conc.: 1.0 x TOmol/L).

Figure 2.12depicts the PL spectra and photographs ofntlaéeimide luminophoresThe
maleimide luminophore8 and7 have similar fluorescence performance when the water
is changed in the mixed solvent (&ig 2.12.Aand C). However,when the water ratio is less
than 60%, luminophor& showslittle change, while the maximum emission wavelength of
luminophore 7 shows a reghift and its fluorescence intensiig decreased. As the
luminophores contain donor and accepioits in their nolecular structures, we believe that
intramolecular charge transfer (ICT) caused by them is the raason for this changé&3®
which we subsequently verifiagsing density functional theory (DFT) quantum calculations.

For both luminophore8 and7, the fluorescence intensitgaches its highest value when the
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water ratio increases t00%, whereas it decreases when the water ratio is more7@%an
The main reason is that the aggregates are fognadually, restrictinghe intramolecular
motion and reducingionradiative transition when the water ratio is greater @%b,
showing AIEE effects.However, in mixtures with highewater ratios (more than 70%), the
dye molecules may quicklgggregate in a random way to folessemissive amorphous
particles, leading to a decrease in fluorescence intetisioreover, for the same reason,
luminophore5 also has @imilar change in fluorescence intensity when the water iatess
than 60%, whereas thiduorescence intensity increasgsadually when the water ratio is
greater than 70% (Fige 2.12B), showing obviouAIEE effects. This phenomenon is often
observed for some compounds with AIE or AIEE propertiBy. comparing the maximum
emission wavelegth when watemwas added, we found that luminophofesnd 7 show a
color change and have a small rekift when water is added to tmeixed solvent (Figre
2.12B and C). They can be used as fluorescepcebes, especially for the detection of the

content of watem Refer.
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2.34 Density functional theory (DFT) quantum calculations

To further comprehend the AIE effects and verify the intramolecular charge transfer (ICT),
density functional theoryDFT) quantum calculations weperformed at the B3LYP/81G
(d, p) level of theory with the Gaussian 09W classpadgrams to obtain the optimized
conformation of the moleculesThe highest occupied molecular orbital (HOMO) plots, the
lowest unoccupied molecular orbital (LUMO) plots cinoptimized conformations of
luminophores3, 5 and 7 are illustrated inFigure 2.13 As shown inFigure 2.13 all the
luminophores have negplanarconformations, which can hinder the strong intermolecular
stacking interaction and allow them to be esivis in theaggregated state and to show AIE
effects. On the other hand, ithe structure of the luminophores, the biphenyl and amino
groups are connected to the maleimide ring by a rotataiflesidgle bond and I bond,
respectively, which can rotateefrly inthe singlemolecule state and but are inhibited in the
aggregatedtate. This restriction of intramolecular rotation (RIR) in thggregated state can
also lead to the emission in the aggregatete and AIE effectsFurthermore, weonfirmed
the positions ofthe HOMO and LUMO of all the luminophores from thieeoretical
calculation results, and we found that they showmdilar results Figure 2.13. As an
example, the electron density of th& MO of luminophore?7 is mainly locatedon the
maleimidegroup, while that of the HOMO is distributed on the maleingdeup and the
biphenyl and pyrrolidinyl, which are connected ttee maleimide Figure 2.13.¢. This
indicates that luminophoré has adonor and acceptor, enabling the moledolexhibit an

ICT process in the excited st&fe®®
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Optimized conformation LUMO HOMO

Figure 2.13 Optimized conformation of (A3, (B) 5 and (C)7 from different orientation and calculated spatial

distributions of HOMO and LUMO at the B3LYR&LG(d) level in Gaussian 09.

2.4 Conclusions

A series of AIEE conjugated maleimide molecules with simgtieictures containing

different amino groups were synthesizadd characterized.Because the intramolecular
rotation isrestricted in the solid state, which reducesrtheradiativedecay, these molecules
show AIEE characteristicsAdditionally, their norplanar conformations are also helpful to

inhibit intermolecular” -~ stacking and enhance the emissiohheseAIEE molecules can
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solve the ACQ problems of genemableailes in the solid state, and unlike common AIE
moleculesthey can also show emission in both solution and the solid dtateddition the
moleculesrespond todifferences inthe polarity of various solvents and show positive
solvatochromism. Therefore as new AIEE molecules, conjugated ammaleimides can
enrichthe types of AIEE molecules, and they are expected to providsvastrategy for the

development of the AIE field.
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Chapter3

Synthesis and photophysical properties of aeries of
maleimide molecules withaggregationtinduced emission

enhancement(AIE E) effects

3.1 Introduction

Based on chapter 2, a series of arangl-maleimides was synthesized, in which varying the
amounts of acceptors to confirm the influence of the acceptor amounts about optical
properties.In addition, we also varying the amino group #émel molecule struatesto obtain
more information Though introducing biphenyl group to the moleculdbat containing
piperazine, & compared the differencé the photophysical propertiesf two molecules with
whether it is contained biphenylWe through examinethe fluorescence behaviasf all
moleculesin a watefTHF mixture to confirm the emission in aggregateEhe obtained
luminophoresall show fluorescence emission both in solution and solid state, show AIEE
effects. Furthermore, we alsexamined theilsolvatochromism effects different polarity
solvents. In comparisonwith the molecules in chapter 2, they have smaller red shift in

different polarity solvents.
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3.2 Experimental

3.2.1 Materials

All commercially chemicals in this study were used without any further purification.
Magnesium sulfatdanhydrous) and zinc chloride were purchased from Kishida Reagents
Chemicals. Citraconic anhydride, palladium (1) acetate and the silica gel 66AL363M)
which used as column chromatography were purchased from Wako Pure Chemical Industries.
Moreover,the silica gel plate 604 for analytical thirlayer chromatography were purchased
from Merck. Bromine,Piperazine 1,1,1,3,3,3hexamethydisilazane (HMDS3#-biphenyt
boronic acidand 44'-biphenytdiboronic acid were purchased from Tokyo Chemical Industry
(TCI). Triphenylphosphine was purchased from Kanto Chemical. Commercially available

products (1st grade) were used as all solvents
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3.2.2 Structural analysis and measurements

The 'H (500 MHz) and®*C (125 MHz) nuclear magnetic resonance (NMR) spegtee
recorded on a JNNMLA500 spectrometer, using CD£has solvents andetramethylsilane
(TMS) as an i nt er mhemeltisgtpaimsdvare récorfled on-BucbiHs0.0 )
The abbreviations for the NMR spectroscopy data are as follows: s, singletjultiplet.

The ultravioletvisible (UV-vis) spectra were recorded on WM@50PC (Shimadzu
Corporation) spectrometer, and the photoluminescence (PL) spectra were recorded on FP

6300 (JASCO Corporation) spectrophotometeitoom temperature
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3.2.3 Synthesis
3.2.3.A Synthesis of},4-bis (2-morpholinaN-cyclohexylmaleimide3-yl)-1,1-biphenyl by
SuzukiMiyaura Coupling ReactiofcompoundLl)

HO\ /OH
O ° °
) o on C D (:>
N N
li Pd(OAC), o)
Q. S § 8 O
07N Toluene = N N
Ethanol o) o
Sat. NaHCO3 aq 1

41 %

Scheme3.1

A mixture of 2-chloro-3-morpholineN-cyclohexylmaleimidg0.31 g, 1.00 mmol) and4,4-

biphenytdiboronic acid(0.130 g, 0500 mmol) was added to a flask.hen, toluendg6 mL),
ethanol 8 mL) and sat. NaHCgaqueous solutiof6 mL) were added successively, and the
mixture was stirred atoom temperature for 20 minPd(OAc) (0.0450 g, 0200 mmol) and
PPh (0.0160 g, 0600 mmol) were added to the flaskhe mixture was heated under reflux
for 24 hrs under a nitrogeratmosphere. After that, the reaction mixture was diluted with
additional ethyl acetate and then washed using distilled watee.combined organic layer
was dried over MgS£) and thefiltrate was concentrated in vacudhe residue was purified
on asilica gel column usinglichloromethane n-hexane 251: v/v) to obtain a orange
yellow powder (014 g, 021 mmol, 41 %).
IH-NMR (CDCk)a (ppm from TMS):7.62-7.63 @H, d, J=1.75 -BPh), 7.37%-7.39 (4H, d,
J=8.6,-BPh), 3.933.99 (2H, m-N-CH-), 3.7%3.73 (8H,m, morpholine unit)3.55-3.57 §H,
m, morpholine unit),2.07-2.14 (4H, m, -CH>-), 1.831.85 @H, m, -CH.-), 1.66-1.72 (6H, m, -
CHy-), 1.201.35 (6H, m,-CHy-).
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3.2.3.B Synthesis of4,4-bis (2-piperidinaN-cyclohexylmaleimide3-yl)-1,1-biphenyl by
SuzukiMiyaura Coupling Reactiofcompound?).

HO, OH
\ /
O~
/ \
HO OH
Cl N N N
— Pd(OAc), o o
A Pens \ at
(e} N o > N N
Toluene
Ethanol o o
Sat. NaHCOgz aq
20 %

Scheme3.2

2

A mixture of 2-chloro-3-piperidinaN-cyclohexylmaleimide(0.21 g, 0.67 mmol) and4,4-
biphenytdiboronic acid(0.120 g, 0470 mmol) was added to a flask hen, toluend6 mL),
ethanol 8 mL) and sat. NaHCgaqueous solutiof6 mL) were added successively, and the
mixture was stirred atoom temperature for 20 minPd(OAc) (0.0210 g, 0094 mmol) and
PPh (0.0740 g, 0280 mmol) were added to the flask.he mixture was heated under reflux
for 24 hrs under a nitrogeratmosphere. After that, the reaction mixture was diluted with
additional ethyl acetate and then washed using distiligr. The combined organic layer
was dried over MgS§) and théfiltrate was concentrated in vacudhe residue was purified
on asilica gel column using-hexane/ EtOAc (©/1: v/v) to obtain a orangeyellow powder
(0.062g, 0092mmol, 20 %).

IH-NMR (CDCh)a (ppm from TMS): 7.667.62 (4H, d, J=8, -BPh), 736-7.38 (4H, d,J=8, -
BPh),3.943.99 (2H, m-N-CH-), 3.46 (8H, s;N-CH,-), 2.09-2.18 (6H, m,-CH,-), 1.821.85
(6H, m-CHy-), 158-1.72 (14H, m,-CHy-), 1.261.3 (6H, m,-CHy-).
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3.2.3.C Synthesis of4,4-bis (2-pyrrolidino-N-cyclohexylmaleimide3-yl)-1,1-biphenyl by
SuzukiMiyaura Coupling Reactiofcompound3)

Cl

B —B

N
IL Pd(OAc), o [ \. o
PPh3 \ /
(6] -
Y - NQ . . ;N
Toluene
Ethanol 9 o]
Sat. NaHCO3 aq 3
16 %
Scheme3.3

A mixture of 2-chloro-3-pyrrolidino-N-cyclohexylmaleimide(0.210 g, 0710 mmol) and
4,4-biphenytdiboronic acid(0.120 g, 0500 mmol) was added to a flask.hen, THF (6 mL)
and sat. KCOs aqueous solution (3 mL) were addmaetccessively, and the mixture was stirred
at roomtemperaturdor 20 min. Pd(OAc) (0.024 g, 0099 mmol) and PPf(0.078g, 0.300
mmol) were added to the flask, and the mixture tvaated under reflux fa24 hrs under a
nitrogen atmosphereAfter that, the reaction mixture was diluted wittiditional ethyhcetate
and then washed using distilled watd@rhe combinedrganic layer was dried over Mg30
and the filtrate wasoncentrated in vacuoThe residue was purified on a silica gelumn
usingdichloromethané n-hexane /35: v/v) to dbtain orangeyellow powder(0.05 g, 0076
mmol, 16 %).

IH-NMR (CDCk )a (ppm flom TMS): 757-7.70 (4H, m, -BPh), 7.267.32 (4H, m, -BPh),
3.96-4.01(2H, m,-N-CH-), 353 (8H, s,-N-CH;-), 2.052.13 (6H, m,-CH,-), 1.84-1.87 (10H,
m,-CHy-), 1.69-1.72 GH, m, -CH-), 1.23-1.34 (6H, m, -CHy-).

49



3.23D Synthesis 0f4,4-bis (2-chloro-N-cyclohexylmaleimide3-yl)-1,1 piperazino by
SuzukiMiyaura Coupling Reactiofcompound4)

HN NH 0 / \
J\— / YN ¢
e} N O - N \__/ N
5 w Ur 70

Y. 60 %

Scheme3.4

2,3-dichloro-N-cyclohexylmaleimidg1.20g, 4.84 mmol) was dissolved iTHF (30 mL) in
a flask, andpiperazine(0.25g, 290 mmol) was added tthe flask Thenthe mixture was
heated under reflux fot0 hrs under a nitrogematmospherat 60 . After that, thereaction
mixture was diluted witladditional ethyl acetate and then washed using distilled wates.
combined organic layer was dried over MgS@nd thefiltrate was concentrated in vacuo.
The residue was purified onsdlica gel column usinglichloromethane/ n-hexane 4/1: v/v)
to obtainyellow powder (B3 g, 074 mmol, 60 %).
H-NMR (CDCk)s (ppm from TMS):4.02 (8H, s,-N-CH,-), 388-3.94 (2H, m, -N-CH-),
1.982.05 (4H, m,-CH,-), 1.81-1.84 (4H, m:CHy-), 1.82-1.67 (6H, m,-CHy-), 1.18-1.35 (6H,
m, -CHy-).
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3.2.3E Synthesis o#4,4-bis (2-biphenytN-cyclohexylmaleimides3-yl)-1,1-piperazinoby
SuzukiMiyaura Coupling Reactiofcompoundb).

™ /

O«

N "“ ~ 5D
/—\j\( Pd(OAC), o

\\T/\\_N N~ PPhs SN N \

|
N N \
\( —/ >/ > N _/ o
S 0 Toluene o

Ethanol
Sat. NaHCO3z aq

Y. 63 % @

Scheme3.5

A mixture of 4,4-bis (2-chloro-N-cyclohexylmaleimide3-yl)-1,1-piperazino(0.30 g, 0.59
mmol) and4-biphenytboronic acid(0.26 g, 1.30mmol) was added to a flask'hen, toluene
(8 mL), ethanol 4 mL) and sat. NaHC&aqueous solutiof8 mL) were added successively,
and the mixture was stirred r@tom temperature for 20 mirRd(OAc) (0.026 g, 0118 mmaol)
and PPh (0.093 g, 0353 mmol) were added to the flaskThe mixture was heated under
reflux for 24 hrs under a nitrogemtmospherat 130 . After that, the reaction mixture was
diluted with additional ethyl acetate and then washed using distilled watke combined
organic layer was dried over Mg@@nd thdiltrate was concentrated in vacu@he residue
was purified on ailica gel column usinglichloromethané n-hexane(2/1: v/v) to obtain a
orangeyellow powder (28 g, 037 mmol, 63 %).

IH-NMR (CDChk)a (ppm fran TMS): 756-7.59 (8H, m, -BPh), 741-7.44 (4H, m, -BPh),
6.91-7.36 (6H, m-BPh),3.95-4.13(2H, m,-N-CH-), 357 (8H, s,-N-CHy-), 2.052.09 (4H,
m, -CHz-), 1.821.84 (4H, m;CHz-), 168-1.71 (6H, m,-CHz-), 127-1.34 (6H, m,-CHy-).
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3.2.4 Structure characterization
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Figure 3.1. *H NMR Spectra ofcompoundL in CDCl.
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3.3 Results and discussion

3.3.1 Syntheses
As shown in Schem®.1-3.5, 4,4-bis (2-aminaN-cyclohexylmaleimide3-yl)-1,1-biphenyl

1, 2 and 3 containing different amino grougsnorpholinyl, piperidinyl, pyrrolidinyl) were
synthesized by reaction witd,4-biphenytdiboronic acid through the SuzukiMiyaura
coupling reaction, respectively.And 4,4-bis (2-chloro-N-cyclohexylmaleimide3-yl)-1,1-
piperazino (compound 4) and 4,4-bis (2-biphenytN-cyclohexylmaleimide3-yl)-1,1-
piperazino(compounds) were synthesized Their structuresvere confirmed by NMR'A).

The spectra characterization is described in FigBreFigure 3.5 The maleimide
fluorophores are astable solids that are soluble in common organic solvents but insoluble in
water. The yieldsof aminabiphenytN-cyclohexyl maleimideg, 2 and3 are41 %, 20 % and

16 % as a orangeyellow powder respectively And the yieldsof compoundst and5 are

60 % and 63%.
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3.32 UV/Vis absorption spectra and photoluminescence (PL) spectra

The maleimide luminophores 2, 3, 4 and5 were investigatethrough UV/vis absorption
spectraphotoluminescencéPL) spectraand the fluorescence quantum yields) in dilute
THF solutiong(Figure 3.6). The results of the opticaheasurements are summarized in Table
3.1. Similar absorptiorpeaks can be observed faminomaleimideluminophoresl, 2 and3
(Figure 3. 6. A). The absorption maximum wavelengting of luminophorel (J max = 416
nm) and2 (d max = 420 nm) were reeshifted relativeto that of3 (d max = 404 nm). It is
indicated that the reghift of absorption was due time difference in the electredonating
ability of the amino groupsLuminophoreb (d max = 419 nm) wasred-shifted relativeto that
of 4 (d max = 402 nm). This is owing to the indumn of the biphenyl. In addition, the
luminophores, with CIEoordinate of (0.40, 0.58) fod, (0.40, 0.57) fo2 and (0.39, 0.58)
for 3, show yellow emission in dilute THF (Tabl&1). The luminophores, with CIE
coordinats of (018, 045) for 4, and (0.3, 060) for 5, showblue emission(4) andyellow
emission(5) in dilute THF (Table3.1). Figure 3.6.B shows that the maximum emission

wavelength of luminophorg, 2, 3, 4 and5 are548 nm,549nm, and548 nm, 498 nm and 547

nm, respectively

We found that there is little impact in excited state forluh@&nophoreswith the change of
amino groups. This is different from the compounds slgathesizedn chapter2, indicating
the amount of acceptor maybe have some influencepticab propertes In addition,we
found that all the luminophores have a good spectral separatiabsoirption and emission
with large Stokes shifts (100 nm)(Table 3.1). Overall, in comparisonwith the other
luminophores, luminophore3 (with pyrrolidinyl) possessed the largest Stokes shift.
Correspondingly, compared to morpholinyl gpigeridinyl, pyrrolidinyl is more helpful to
the expansion of the Stokes shoftthe compound.Large Stokeshifts ( 100 nm) (Table
3.1) canprevent interference from the excitation light and scattered lightyedisas the
influencecausedoy reabsoption3 This is importanfor potential applications in biological

fields 16
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Table 3.1. Optical properties odll luminophores

Compound Aaps? dem? s CIE (x, y)¥
(nm) (nm) (nm)
1 416 548 132 040 058
2 420 549 129 0.40 0.57
3 404 548 144 0.39 0.58
4 402 498 96 0.18 045
5 419 547 128 037 060
a) 1.0 x 16 mol/L in THF.
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Figure 3.6. (A) UV spectra and (BPL spectra of maleimides luminophoiasTHF (conc: 1.0 x 10* mol/L).

We reasoned that the emission properties of the maleiomgi@ophores would be related

to the polarity of the solvent. Therefore, their UV/vis absorption spectra and
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photoluminescence (PL) spectra were measured in solvents with diffeodatity to
determine whether the maleimide luminophabew solvatochromism effectdhe changes
in the maxmum absorption wavelength and maximum emission of themaleimide
luminophores in different polarity solvents aeown in Figire 3.7. The absorptiorspectra
and PL spectra of these luminophores exhibisedmallchange with variousolvents of
increasing polarity, such as toluene THF . acetone acetonitrile, DMF, indicating
that theseluminophores is littlanfluenced by the solvent polarityThis is different from the

molecules that possess one accesynthesizedn chapter?).
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Figure 3.7. The change of maximum emission wavelength of maleimides luminophores in different solvents
(conc: 1.0 x 16 mol/L).

3.33 Aggregationinduced emission enhancement (AIEE)

In addition,as shown in Figer3.8, we observed the yellow emission both in solution and
solid, revealingaggregatiorinduced emission enhancem&AlEE) effects. This is because
the molecular motion is restrictéa the solid state, which can reduce the nonradiative decay

and result in ehanced emissioh® On the other hand, plananolecules may undergo
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stacking, resulting in relatively stromgtermolecular interactions and leading to concentration
qguenching in the solid stateThey inhibited aggregationaused quenching (ACQ) via the
intermolecular -* stackinginteraction. Consequently, the emission of luminophoteg, 3,
4 and5 can be observed in the solid state.

To further confirm their AIEE characteristics, their fluorescepeleaviors was examad in
a waterTHF mixture with differentwater ratios. As the maleimide luminophores are
insoluble inwater, increasing the water ratio in the mixed solvent can cltaegdorm from

solvated to aggregated gradually.
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Figure 3.8. PL spectra and change of fluorescence intensitgaléimides luminophorea mixing ratio THF
and water §onc: 1.0 x 16* mol/L).
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Figure 3.9. Thechangeof fluorescence intensity df, 2, 3, 4 and5 in mixing ratio THF and watercénc: 1.0 x
10“ mol/L).

Figure3.8 andFigure 3.9 depicts the PL spectra atite change dfluorescence intensitgf
the maleimide luminophores. The maleimide luminophores have similar fluorescence
performance(the reduceof fluorescence intensityith the ncreaseof water ratioin the
mixture solution when the wateratio less tharb0 % (Figure3.8 and Figure 3.9). As the
luminophoes contain donor and acceptanits in their molecular structureprobably the
intramolecular charge transfer (ICT) caused by them is the reason for this changeln
addition, thefluorescence intensitgf all luminophore is graduallyincreasedvhen the water
ratio is more than 50%. The main reason is that the aggregates are forgnadually,
restricting the intramolecular motion, and reducimanradiative transition, showing AIEE
effects. For theluminophore<2, the fluorescence intesity is increased with the increase of
water ratio showing obvious AIEE effectsHowever, br luminophoresl, 3, 4 and5, after
the fluorescence intensitgachng the highest valugit begins to declineThe main reason is

thatin the mixtureswith higherwater ratios, the dye molecules may quicibgregate in a

random way to form lessmissive amorphoysarticles, leading to a decrease in fluorescence
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intensity. This phenomenon is ofteabserved for some compounds with AIE or AIEE

properties?
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3.4 Conclusions

Based on the molecules that synthesized in chapter &rias of AIEE conjugated
maleimide molecules with simpletructures containing different amino groups were
synthesizedand characterizedBecause théntramolecular rotation isestricted in the solid
state, which reduces the nonradiatibecay, these molecules show AIEE characteristics.
Additionally, we speculatahat themolecules that synthesized in this chapter also have
planar conformationehich can benelpful to inhibitintermolecular -° stacking and enhance
the emissionin solid state The highest occupied molecular orbital (HOMO), the lowest
unoccupied molecal orbital (LUMO) and optimized conformation will be verified in future
study by @nsity functional theory (DFT) quantum calculation&s new AIEE molecules,
conjugated aminmonaleimideswith different number of acceptoese expected to provide a

new stréegy for the development of the AIE field.
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Chapterd

Synthesis and photophysical properties of blue emission
maleimide molecules with DualState Emission (DSE)

effects

4.1 Introduction

Organic fluorescent materials have attracted extensive interest due to their advantages of
flexible and adjustable structure, high fluorescence quantum yield and wider appfiéation.
Therefore the design and development of organic fluorescmaterials is of great
significance. However, most conjugated and rigid organic fluorescent compounds with
strong emission in solution often encounter aggregation caused quenching (ACQ) in
aggregates or the solid state. This limits their realisticien in many field$:> The
emergence of aggregation induced emission (AIE) molecules can solve this problem. In 1921,
Schmi dt published a paper titled AOn the Lu
how many compounds fluoresce in solidified solutions but are quenchtb@ respective
fluid solventst® After that, several papers about the luminescence of solids were reported,
and the concept of AIE was introduced in 2001 by T4ig.The AIE phenomenon is mainly
caused by the restriction of intramolecular motionMRmechanism, which includes the
restriction of intramolecular rotation (RIR) and the restriction of intramolecular vibration
(RIV). The RIM can reduce nonradiative decay, thereby resulting in the emi&&o8ince
then, many AIE molecules have beggveloped and reportéd?® However, some higkech
applications of many AIE molecules that emit strongly only in a single state and AIEE
molecules that emit weakly in solution but exhibit enhanced emission upon aggregation may

be limited in certain fi@ls.
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Dualstate emission (DSE) is a type of luminescence phenomenon that emits in both the
solution and solid state. The emergence of DSE molecules compensates for the disadvantage
of many AIE molecules that only emit in a single st4fé. It has atracted a wide range of
concerns due to its excellent properé®¥. Among them, fewer blue emission DSE
molecules have been reported. Therefore, designing and developingnibttieg DSE
molecules is important for covering entire visible region amdnoting practical applications.

One major strategy to design DSE molecules is to construct a twisted molecule that has a
conjugationinduced rigidity unit. The conjugatieinduced rigidity unit facilitates emission

in solution, and the twisted structuexoids the fluorescence quenching that caused by

i nter motecsutlaaaki 'ng i nteraction in tstate sol i d
emission (DSE§#* 3233

On the other hand, maleimide is a highly reactive organic compound with unsaturated
cyclic imides and electrepoor dienophile properties, which can affect its fluorescence
properties® The presence of double bonds in the maleimide can lead to the formation of a
rigid, planar structure, which can enhance the fluorescence properties afcitopliore by
increasing its conjugation and reducing its flexibility. However, the double bonds in
maleimide can also lead to the change of fluorescence by electron transfer mechanisms.
Additionally, the maleimide skeleton acts as an electron accemldieatures functionalized
sites that can accommodate up to three substituents. The introduction of substituents with
varying electronic effects enables effective tuning of the optical band gap, resulting in
different luminescent colof$*® Moreover, italso boasts good chemical stability and high
fluorescence intensity. Due to these advantages, malebagbxd dyes are extensively
utilized in various domain¥* And in our previous works, we synthesized maleimide
fluorophores with almost 100% fluorescence quantum efficiency by introducing two biphenyl
groups on the maleimide rirf§. In addition, we also designed and synthesized a series of
conjugated maleimidemolecules that contain different amino groups, displaying AIEE

effects in the solid staf&.

Based on our previous work, in this article, we synthesized new DSE molecules by
replacing the amino group of the conjugated maleimide molecule with a methyl group.
Specifically, we designed and synthesized new DSE molecules using maleimide as the
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skekton and introducing a different number of conjugatiuced rigidity biphenyl by
SuzukiMiyaura coupling. They show bright blue fluorescence emission both in solution and
in solid state, displaying DSE effects. Moreover, they also display positivatachromic

effects in solvent of different polarity. In response to the addition of trifluoroacetic acid
(TFA) and triethylamine (TEA), they display the reversible acidochromic behaviour.
Compared to the conjugated maleimide molecules containing ah@havere synthesized in

our previous work, these molecules exhibit higher fluorescence quantum yields both in
solution and in the solid state. This is because the eledtnoating ability of the amino

group is helpful for intramolecular charge transfi&T) effect, resulting in a reduction of
fluorescence quantum vyields. However, the replacement of the methyl group can to some
degree avoid some twist activity and increase the fluorescence quantum yield. At the same
time, the norplanar structure of mieyl can also increase the steric hindrance, preventing the

i nter mo{ eculaacrki ng i nteractions that are cau
together. Thus, the introduction of a methyl group with a simple structure may provide new

ideas for the castruction of new DSE molecules.
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4.2 Experimental

4.2.1Materials

All commercially chemicals in this study were used without any further purification.
Magnesium sulfate (anhydrous) and zinc chloride were purchased from Kishida Reagents
Chemicals. Citraconic anhydride, palladium (1) acetate and the silica gel 66AL363M)
which used as column chromatography were purchased from Wako Pure Chemical Industries.
Moreover, the silica gel plate 68 for analytical thinrlayer chromatography were purchased
from Merck. Bromine, 1,1,1,3,38examethydisilazane (HMDS) and 4phenytdiboronic
acid bis(pinacol) Ester were purchased from Tokyo Chemical Industry (TCI).
Triphenylphosphine was purchasedrfi Kanto Chemical. -Biphenylboronic acid was
available from CombBlocks. Commercially available products (1st grade) were used as all

solvents
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4.2.2 Structural analysis and measurements

The 'H (500 MHz) and™*C (125 MHz) nuclear magnetiesonance (NMR) spectra were
recorded using a JNMAS500 spectrometer and CDLas solvent, with tetramethylsilane
(TMS) as an internal standard (0 = 0.00). Th
560. The NMR spectroscopy data abbreviations afmetl as follows: "s" for singlet and
"m" for multiplet. The ultraviolewisible (UV-vis) spectra were recorded using a-U&50PC
(Shimadzu Corporation) spectrometer, while the photoluminescence (PL) spectra were
recorded on an FB300 (JASCO Corporatigrspectrophotometer at room temperature. The
fluorescence quantum yields were determined using a C11347 Quar@Uriisamamatsu
photonics K. K). The density functional theory (DFT) was conducted using the B3LYP/6
31G (d) level of theory with the Gaussi®9 program. The graphical outputs of the
computational results were then generated using Multiwfn softfvarel VMD - Visual

Molecular Dynamics software.
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4.2.3 Synthesis

4.2.3.A Synthesis of 2roma3-methykN-cyclohexylmaleimide (compourMMI )

Me — Me Me /Br
NH OH HMDS 0] N CH3COONa N
© © © Toluene @ Toluene ('j in C6|_é3§/:000H (’j
BMMI

Schemed.1

A solution of cyclohexylamine (2.05 mL, 17.8 mmol) in toluene (50 mL) was dropwise to a
solution of citraconic anhydride (1.60 mL, 17.8 mmol) in toluene (150 mL), anahittiare
was stirred at room temperature for 1 hr. Then, added the, Zh@8 g, 17.8 mmol) and
during the temperature was raised to 80 €, a solution of HMDS (5.68 mL, 26.8 mmol) was
dropped. The mixture was stirred at 80 € for 5 hrs under nitrogerosgpinere. Then, the
solvent was removed and extract with ethyl acetate. The residue was purified on a silica gel
column usingn-hexane / EtOAc (30/1: v/v) to obtainr@ethytN-cyclohexylmaleimide (2.70
g, 14.0 mmol). Then, 2-methytN-cyclohexylmaleimidg2.70 g, 14.0 mmol) in acetic acid

(25 mL), bromine (B#) (1.07, 20.9 mmol) in acetic acid (5 mL) and sodium acetate
(anhydrous) (1.15 g, 14.0 mmol) were added into the flask. The mixture was heated in under
reflux for 3 hrs under a nitrogen atmospheighen, removal of the acetic acid and extract
with ethyl acetate to give therude product, which was purified by recrystallizatioom
ethyl acetate’-hexane to obtain white solid (2.45 g, 9.01 mmol, 65 %).
IH-NMR (500 MHz, CDC) & (ppm f r o397 imMBH), 1.992.00(M, 5H),
1.82- 1.85 (m, 2H), 1.57 1.68 (m, 3H), 1.26 1.33 (m, 3H).
13C.NMR (125 MHz, CDC4) U (ppm f r o nb62.4, M3)p,:120D,565.4, @4.1,
40.80, 40.1, 28.6.
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4.2.3.B Synthesis of anethyt3-biphenytN-cyclohexylmaleimide (Compournt) by

SuzukiMiyaura Coupling Reaction

7\
— — OH /
/
HaC Br <\ />@—B\ </:\>
\N—( OH HaC —
Pd(OAC), 3
i PPt é?\: \A\
| > 0PN O
Toluene
O Ethanol
BMMI Sat. NaHCO3 aq
90 %
1
Schemed.2

A mixture of obtaine®-broma3-methykN-cyclohexylmaleimide (0.360 g, 1.33 mmol) and
4-biphenylboronic acid (0.310 ¢,57 mmol) was addedtmthe flask. Then, toluene (2 mL),
ethanol (1 mL) and sat. NaHG@queous solution (2 mL) was added, successively and the
mixture was stirred at room temperature for 20 min. Added PdB®&300 g, 0.130
mmol) and PP$(0.0300 g, 0.110 mmol) into the flask. The mixture was heated under reflux
for 5 hrs under a nitgeen atmosphere. After that the reaction mixture was extract with ethyl
acetate. The residue was purified on a silica gel column undmegane / EtOAc (7/1: viv) to
obtain paleyellow solid (m.p. 103109 €, 0.41 g 1.20 mmol, 90 %).

IH-NMR (500 MHz,CDCl) (gpm from TMS): 7.62 7.70 (m, 6H), 7.45 7.48 (m, 2H),
7.36- 7.39 (M, 1H), 3.96 4.02 (m, 1H), 2.22 (s, 3H), 2.02.16 (m, 2H), 1.84 1.87 (m, 2H),
1.59- 1.73 (m, 3H), 1.24 1.38 (m, 3H).

13C.NMR (125 MHz, CDC}) U (ppm f r % b57.0; BS.B, 132.3,320.1, 129.0,
124.1, 123.2, 122.6, 122.4, 121.9, 121.8, 60.8, 44.1, 40.9, 40.2, 28.1.

Elemental analysis: Calcd for2€123NO2: C, 79.97; H, 6.71; N, 4.05. Found: C, 79.69; H,
7.04; N, 3.77.
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42.3.C Synthesis of 4,4-bis (2-methyFN-cyclohexylmaleimide3-yl)-1,1-biphenyl
(Compound?) by SuzukiMiyaura Coupling Reactian

00O,

H3C

Ethanol
Sat. NaHCO3z aq
95 %

BMMI

Scheme4.3

A mixture of obtained -bromao3-methykN-cyclohexylmaleimide (0.140 g, 0.520 mmol)

Br H H3C
J\:L Pd(OAc) ° 3 - 3 ) °
)2 A\ 4
© Toluene O/ 0 2 o O

and4,4biphenytdiboronic acid bis(pinacol) ester (0.100 g, 0.250 mmol) was added into the

flask. Then, toluene (2 mL), ethanol (1 mL) and sat. Nakl@fdeous solution (2 mL) was

added, successively and the mixture was stirred at room temperature for .20Anled

Pd(©OACc)2 (0.0110 g, 0.0600 mmol) and PHB.0130 g, 0.0500 mmol) into the flask. The

mixture was heated under reflux for 5 hrs under a nitrogen atmosphere. After that, the

reaction mixture wagxtract with ethyl acetate. The residue was pedifon a silica gel

column usingr-hexane / EtOAc (9/1: v/v) to obtain patellow solid (m.p. 182 185¢€, 0.11
g, 0.20 mmol, 95 %).

IH-NMR (500 MHz, CDC§) U ( ppm f r ehv4 InM3H), 3.964.0B(&, 2H),
2.23 (s, 6H), 2.052.18 (m, 4H), 1.851.88 (m, 4H), 1.57 1.74 (m, 6H),1.25 1.37 (m, 6H).
3C-NMR (125 MHz, CDC¥) U (ppm from TMS): 157. 6,
123.1, 121.860.9, 44.1, 40.9, 40.2, 28.1.

HRMS (TORES+): calcd for GHarN2O4 + 537.2753 [M+ H], found 537.2750.
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4.2.4 Structure characterization
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4.3 Results and discussion

4.3.1Syntheses and characterization

Two maleimide derivatived and 2, were designed as DSE fluorophores with high yields
(> 90 %) and both emit in dilute THF solutions and in solid state. As shown in Scheme 1, we
synthesized -bromao3-methykN-cyclohexylmaleimide from citraconic anhydride and
cyclohexylamine. The maleimide fluorophoreand?2 were then achieved from&omao3-
methykN-cyclohexylmaleimide by reacting it with -Biphenylboronic or 4,4
biphenyldiboronic acid bis(pinacol) estéwrdugh the SuzukMiyaura coupling reaction, and
their structures were confirmed by NMRH(and '3C). The spectra characterization is
described in Figurd.1-Figure4.4. The maleimide fluorophores are-atable solids that are
soluble in common organaolvents but insoluble in water.

The absorption spectra (Figu#ebA) and fluorescence spectra (Figur®B) of maleimide
fluorophoresl and 2 in dilute THF were examinedand all the photophysical data are
summarized in Tabld.1 An absorption peak ( dandtawx = 26
similar absorption peaks of fluorophd2d = max = 241 nm, & max = 2¢
- * el ectron tr ans ystem®fnthe onbleintida eng, canrb¢ obgeavéde d s
(Figure4.5A). This is because fluorophorésand?2 differ in the number of maleimide rings
they have. Moreover, a similar absorption peak of the two maleimide fluorophores can be
observed, which is caused biphenyl (Figure4.5A). The absorption maximum wavelength
of fluorophore2 ( = max = 3 6 Bhiftedmdlativevtd shatoid & max = 349 r
Furthermore, fluorophore$ and 2 exhibit similar fluorescence emission at 461 nm with a
large Stokes shifof 6961 cm' and 5705 cm upon excitations at 349 nm and 365 nm,
respectively (Figuret.5B, Table4.1). The large Stokes shift result in almost no spectral
overlap between the absorption and emission peaks, creating good spectral separation. This
canprevent the interference brought by the excitation light and scattered light, as well as the
fluorescence intensity produced by saifsorption, thereby improving the response sensitivity

of fluorescent molecule$:#8
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Figure 4.5. (A) UV spectra, (B) PL spectra at the excitation wavelength of 349 nm for fluorophore
1 and 365 nm for fluorophor2 in THF (conc.: 1.0 x 1® mol/L), (C) PL spectra of
fluorophoresl and 2 in powder and (D) photographs under the visible and UV light
(352nm).

Table 4.1. Optical properties of fluorophordsand2

Bapd) V3 oem? o CIE (x, y)? 0 (%)

(nm) (L/(mol.cm)) (nm) (cmh) in solution in powder
1 263, 349 2.69x10, 1.00x10 461 6961 0.14 0.15 81 81
2 241, 281, 3652.07x10, 2.85x10, 1.78x13 461 5705 0.14 0.15 77 22

a) 1.0 x 1 mol/L in THF. b)a is the fluorescence quantum yield
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4.3.2Dual-State EmissiofDSE) effects

Both fluorophorel and?2 exhibit strong blue emission in dilute THF, as shown in Figure
4.9D. Their CIE coordinates are (0.14, 0.15) and (0.14, 0.15), respectively. Specifically, as
depicted in Figurd.5D, the fluorophores also exhibit airg emission in the solid state. Their
CIE coordinates are (0.20, 0.38) and (0.14, 0.21), respectively. In particular, fluordphore
exhibited high fluorescence quantum vyields of 81 % both in THF solutions and in the solid
state, revealing remarkable dhstate emission (DSE) effects (Tabkld and Figure4.5D).
Similarly, fluorophore2 obtained high fluorescence quantum yields of 77 % in THF solutions
and relatively lower fluorescence quantum yields of 22 % in the solid state. Despite this, it
still exhibited the duastate emission (DSE) effects (Tadlda and Figuret.5D). The lower
fluorescence quantum vyields in the solid state may be caused by stronger intermolecular

guenching effects, as fluoroph@eontains a larger conjugated plane.

The fluorescence spectra of these maleimide fluorophores in the solid state were analyzed, as
shown in Figuret.5C. For fluorophorel, the fluorescence maximum wavelength at 495 nm
has a 34 nm red shift relative to that in dilute THF. Similarly, forrfipbore 2, the
fluorescence maximum wavelength at 466 nm has a 5 nm red shift relative to that in dilute
THF. These results indicate that fluorophatemnd?2 overcome the limitation of emitting in
only one state, (solution or solid), and exhibit fluoegsme in both solution and the solid state.

In solution, high conjugation can enhance the fluorescence performance of fluorescent
molecules. In addition, although these molecules have freedom of motion in solution, their
interactions with the solvent cawestrict their vibrational and rotational motions to some
extent, reducing nonradiative decay and increasing radiative decay, which enhances the
emission efficiency of fluorescent molecules in solutiddowever, in the solid state, the
emission of fluoropores occurs due to significantly restricted molecular motion, which
reduces nonradiative decay and increases radiative decay, leading to fluorescence Emission.
0 Furthermore, the biphenyl unit of fluorophotds connected to a maleimide ring by a
rotatable GC single bond, which allows for free rotation in the single molecule state but is
hindered in the aggregated state. In contrast, the biphenyl unit of fluordpisocennected

to two maleimide rings by eotatable CC single bond. Due to its more flexible molecular
structure, fluorophoré exhibits weaker emission in the solid state compared to fluoroghore

which has a more restricted molecule motion.

76



Since the maleimide fluorophoreés and 2 are solible in common organic solvents but
insoluble in water, we used water as a poor solvent in this solvent system to examine their
fluorescent behaviours in a mixture of water and THF under different water volume fractions.
Our aim was to further confirm tlwgohotoluminescence properties in aggregates. As shown

in Figure 4.6- Figure 4.8, fluorophoresl and 2 exhibit different levels of red shift and a
similar trend in fluorescence intensity change with varying water volume fractions in the
mixed solvent. When the water volume fraction ranges from 0% to 60%, the fluorescence
spectra exhibit a red shift forutbrophorel (48 nm) and fluorophor2 (39 nm), along with a
change in color (Figuré4.8). The CIE coordinates of fluorophateange from (0.14, 0.15) to

(0.22, 0.48), and the CIE coordinates of fluorophore 2 range from (0.14, 0.15) to (0.19, 0.41).
Additionally, the PL intensity also decreases. These results may be attributed to the change in
polarity of the mixture of solvents with the addition of water, which results in a decrease in
PL intensity by an intramolecular charge transfer (I€THowever,when the water volume
fraction is more than 60%, the PL intensity increases with an increase in the water volume
fraction. This is because the aggregates gradually form with an increase in the water volume
fraction, and the molecular motion is restrigtedsulting in aggregates induced emission.
The formation of aggregates can also be confirmed by the changes of absorption spectra of
fluorophorel and fluorophore in waterTHF mixtures with varying water volume fractions
(Figure 4.6, Figure4.7). With an increase in the water volume fraction, a red shift of the
absorption maximum wavelength occurred. And the leffebff tails of the absorption peaks
appeared in the visible region, which can be attributed to-$ighitering effects and indicate
theformation of aggregates>?
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Figure 4.6. Absorption spectrurand emission spectruof fluorophorel in a mixture of watei HF.
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Figure 4.8. (A) PL spectra and (B) fluorescence intensity of PL spectra at the excitation wavelength of 349 nm

for fluorophorel and 365 nm for fluorophor2in a mixture of watefTHF (conc: 1.0 x 16 mol/L).
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In most synthetic reactions, the presencevater can cause many problems, such as the
generation of byroducts and a reduction in product yietéisln recent years, some organic
fluorescent dyes have been developed as fluorescence sensors for detecting water in organic
solvents’*%8  Similarly, we believe that the fluorophores can provide some possibilities as

fluorescent sensors for the water detection.

4.3.3 Density functional theory (DFT) quantum calculations

The photophysical properties of maleimide fluorophdtesnd 2 at the molecular level
were investigated using density functional theory (DFT) at the B3L-8R{® (d) level of
theory with the Gaussian 09 program. The highest occupied molecular orbital (H@O
lowest unoccupied molecular orbital (LUMO) and optimized conformation of fluoroplores
and 2 were investigated. The computational results were visualized using Multiwfn
softwaré® and VMD - Visual Molecular Dynamics software. The results indidateat the

HOMOf LUMO transitions were the dominant contributors for fluorophoteand 2,

accounting for 90% and 94% respectively. As shown in Figua&, the highest occupied
molecular orbital (HOMO) of fluorophoré was primarily localized on the biphg unit
(donor moiety), while the lowest unoccupied molecular orbital (LUMO) was mainly localized
at the maleimide ring (acceptor moiety) to form the deasmeptor (DA) construct. The
HOMO - LUMO gap for fluorophorel was 3.64 eV, with the HOMO a6.04 eV and the
LUMO at -2.40 eV. Similarly, the HOMO of fluoropho2was primarily localized on the
biphenyl unit (donor moiety), while the LUMO was mainly localized at the two maleimide
rings (acceptor moieties) to form the accemonoracceptor (AD-A) construct. The
HOMO - LUMO gap for fluorophore was 3.47 eV, with the HOMO a6.06 eV and the
LUMO at-2.59 eV. The cyclohexane ring in the fluorophore moledud@d2 makes little
contribution to either the HOMO or the LUMO energy level. The spatial distribution between
the HOMO and LUMO indicated typical intramolecular charge transfer (ICT) between the

donor and acceptor componehttn addition, the donor biphenyl is connected to the acceptor
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maleimide ring by a rotatable carboarbon single bond. In the optimized conformatiod,of

the diheral angle between the maleimide ring and its adjacent phenyl ring is 297 while the
dihedral angle between two phenyls of biphenyl is 37° For fluoropRotbe dihedral angle
between the maleimide ring and its adjacent phenyl ring is 31°and the dlredyle between

two phenyls of biphenyl is 34? Furthermore, we also observed theirptamar structure
through the optimized conformation of fluorophores (Figdr@B). These structures also
contribute to the emission in the solid. Because thepfemmar molecule structures can inhibit

ACQ, which is caused ®dtyadchieng nt erencdetciudmari n

-2.40 eV

3.64eV 3.47 eV

HOMO
HOMO 6046 -6.06 eV

Figure 4.9. A) HOMO and LUMO distribution and (B) Optimized conformations of fluorophdrésft) and2
(right)at the B3LYP/631G (d) level in Gaussian.
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434 Solvatochromism

The ground state or excited state of the organic molecules may change when the compound
is dissolved in a different solvent, which can further alter the absorption or fluorescence
spectra. Therefore, we investigated the absorption spectra and fluorespect@ of
maleimide fluorophore% and2 in solvent of different polarity such as toluene, THF, acetone,
acetonitrile and DMF. As shown in Tab{e2 absorption spectra of these fluorophores
exhibited little changes with varying solvent polarities, @ating that the ground state of the
fluorophores is minimally influenced by solvent polarity. However, for fluorophiorine
emission maximum wavelength showed an 18 nm red shift when the solvent polarity was
varied from toluene (460 nm) to DMF (478 nm). This shift was accompanied by a color
change from purplisblue (CIE coordinates: 0.14, 0.14) to blue (CIE coordindtds, 0.25)
(Figure4.1Q Figure4.11and Table4.2). A similar result was observed for fluorophd&e
with the emission maximum wavelength showing a 26 nm red shift when the solvent
polarities were varied from toluene (458 nm) to DMF (484 nm). Thiswhs accompanied
by a color change from purplish blue (CIE coordinates: 0.14, 0.13) to greenish blue (CIE
coordinates: 0.16, 0.30) (Figu#elQ, Figure4.11and Table4.2). This phenomenon should
be attributed to the effectiveness of the intramolecalarge transfer (ICT) mechanism,
which was subsequently confirmed by the change of dipole moment obtained from the

LippertMataga equation.
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Figure 4.11 The change of the emission maximum wavelength of fluorophare?2 in solvent of different
polarity (conc: 1.0 x 16° mol/L).

Table 4.2 Optical properties of fluorophores in different solvent.

1 | 2
Solvent  8w® Ber® ®S CIE(XXY) Pl ows? @em® s CIE(Xy) * P
(nm) (nm) (cm™®) (nm) (nm) (cm™)
Toluene 353 460 6590 0.14,0.14 123D 368 458 5340 0.14,0.13 209D
THF 349 461 6961 0.14,0.15 5.03D| 365 461 5705 0.15,0.16 862D

Acetone 348 469 7414 014,019 6.09D | 360.5 474 6642 0.15,0.23 109D
Acetonitrile 349 472 7467 015,024 6.36D | 359.5 480 6983 0.15,0.28 115D
DMF 351 478 7569 0.15,0.25 6.13D | 3645 484 6774 0.16,0.30 11.1D

a) 1.0 x10°mol/L
b) peandpqrepresents the Dipolar moments in the exci®@d groundd) states, respectively

The LippertMataga equation is a model that is used to study the influence of solvent
polarity on the photophysical properties of fluorophdP&s. It is expressed by the following

equation:

Yyt &t — wéEi @)

(Where &g r epr es erdpesentshithe Pl&tkocknstant, s fepresents the
Speed of light, a represents the Onsager cavity ragiand pg represents the Dipolar
moments in the excite@)and groundd) states, respectively.)

Y49 )
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(WhereUandn represents the Permittivity and the refractivity of the solvent, respectively.)

The change in the position of absorption and emission spectra due to solvation is often
explained based on the degree of stabilization of the ground sipte (Be first excited state

(S1), which is determined by their respective dipole mom&t#s. We obtained the dipole
moments difference of they&nd S of fluorophoresl and2 in various solvents according the
LippertMataga equation, which are summarized in Tdb2{The Onsager cavity radius was
obtained using Gaussian and Multiffin The dimle moment of the excited state with
respect to the ground state in solvent of different polarity all shows an increase. For example,
the dipole moment differenceefeg) of fluorophoresl and2 in toluene is 1.23 D and 2.09 D,
respectively, while in the polar solvent DMF, they are 6.13 D and 11.1 D, respectively. The
significant increase in the dipole moment differenegcf) observed in polar solvents
compared to weakly polar solvents suggesiie effectiveness of the ICT mechanism.
Additionally, we further examined the effect of solvent polarity changes on the change in the
position of absorption and emission spectra using the Lippatdaga equation. We studied

the relationship of Stokeshs f t ( &g) and sol versd)ineoiveneoht at i o
different polarity using the LippeNlataga equation. As shown in Figutel2 the Stokes

shift of fluorophorel increased with the solvent orientation polarizabilig)( exhibiting a

linear correlation with a slope of 3239 ¢mThe Stokes shift of fluorophogalso increased

with the solvent orientation polarizabilitg(), exhibiting a linear correlation with a slope of
5364 cmt.  Furthermore, the correlation between the Stekéfs and the empirical solvent
polarity parameter=r(30) also helps to confirm the solvedgpendent effeé®® The
empirical polarity parameteEr(30) was proposed by Reichardt, which is an empirical
parameter used to characterize solyaoiarity with a specified compound as a standard.

is applicable to various polar solvents. As shown in Figuls the dependence of the
Stokes shift of the empirical polarity paramea(30) proceeds linearly for fluorophorés

(R? = 0.92) and2 (R? = 0.95). The observed linear changes in Stokes shift also provide
evidence that the obtained maleimide fluorophores are sensitive to solvents and exhibit a

positivesolvatochromic fluorescence effect.
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4.35 Acid/ alkali responsive properties

In order to confirm the acid/ alkali responsive properties of fluorophores, we have made the

dilute THF solution of fluorophores and2, and we also have drop casted the solution on a

thin layer chromatography (TLC) plate and allowed the solveewvéporate to form a film.

As shown in Figuret.14 both the solution and the film exhibit acidochromic behawioen

they are stimulated by trifluoroacetic acid (TFA). And the color is recovered when the TFA

mixture solution isubsequendtimulated byriethylamine (TEA).
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Figure 4.14. Photographs showing the response of the THF solution (A) and the film on a TLC plate (B) of
fluorophoresl (up) and2 (down) on addition of TFA and then with TEA.

The UV-vis spectra and PL spectra were also obtained in a dilute THF solution with the
addition of TFA and TEA to confirm this change. It showed the same response as the
addition of TFA and TEA observed in the film. The PL intensity decreased with diteoad
of TFA, while it recovered with the subsequent addition of TEA, demonstrating reversible
acidochromic behavior (Figu#e15. The emission maximum wavelength of fluorophdtes
(& max = 282 mmx and73 nm) wit h-shiftecerelaineed i t i ot
to their THF solution (& max = 461 nm), resyg
enhanced ICT between the biphenyl donor and protonated maleimide ring with the addition of
TFA.527071 |n the UV-vis spectra of fluorophorelsand?2, we observed that after adding TFA,
the shape of the peak -"a*t etlheect24o7/n nm amasu $d dn
conjugated system changed, becoming sharper, and the peak intensity increased significantly
(Figure4.195. At the same the, the position of the peak also shifted upon adding TFA: for
fluorophorel, from &aps= 263 NM to&-abs= 247 nm, and for fluorophor2 from a-ans= 241
nm toaans= 247 nm. These observations suggest that upon addition of TFA, protonation of
the malei m de conjugated system occur s, | e
structure and charge distribution. These changes affect the electronic energy nevels a
transitions within the molecule, consequently leading to modifications in its absorption
spectrum’/? Moreover, when the maleimide conjugated system becomes protonated, it causes
a change in the electron density distribution of the molecule, whiclaltenthe chemical
environment and cause changes in the shifts of peaks itHtINMR spectra. Therefore,

based on the analysis 31 NMR spectra upon the addition of TFA for fluorophdrand?2,
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