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Asymmetrically bridged aroyl-S,N-ketene acetals and aroyl-S,N-ketene acetal multichromophores can be
readily synthesized in consecutive three-, four-, or five-component syntheses in good to excellent yields by
several successive Suzuki-couplings of aroyl-S,N-ketene acetals and bis(boronic)acid esters. Different
aroyl-S,N-ketene acetals as well as linker molecules yield a library of 23 multichromophores with
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Introduction

The understanding of the interplay of different, covalently
linked nonconjugated chromophores' is a key step in the
evolution of the next generation of functional dyes for photonic
applications.” A rational fine tuning of the dye building blocks
not only enables the combination of the different properties of
the constituting chromophores, but the creation of new multi-
chromophore systems with advanced features that are more
than the sum of their constituents.> The communication and
intra- and intermolecular interactions of the chromophores
play a crucial role for the control of their optical properties and
their responsivity to external stimuli.* This includes the control
of distance- and orientation-dependent energy transfer (ET) like
Dexter and Forster processes.” To fully exploit the application
potential of these multichromophoric systems, their fluores-
cence properties should be controllable in different aggregation
states and environments, ranging from the fluorescence in
solution to monomeric or aggregated systems embedded in
different matrices and rigidized or aggregated systems in the
solid-state.® Possible outputs and areas of application are dual
emission (aggregation-induced dual emission, AIDE),” white
light generation,® and optical reporters and sensors® for bio-
analysis,” medical diagnostics, and bioimaging."* Highly
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pattern-tunable emission properties.
communication pathways between the chromophores and of aggregation-induced emission (AIE) and
energy transfer (ET) properties, providing elaborate aggregation-based fluorescence switches.

This allows control of different

ambitious concepts for multichromophoric emitters present
aggregation-induced emission (AIE)** and aggregation-induced
enhanced emission (AIEE),"* which are based on the deactiva-
tion of nonradiative pathways by restriction of intramolecular
motions (RIM)"* or by restricted access to conical intersections
(RACI)."”® Herein, we present a rational one-pot access to
a library of aroyl-S,N-ketene acetal based multichromophores*®
in a consecutive diversity-oriented multicomponent synthesis
and the tunability of their AIE and ET properties. This qualifies
these molecules as aggregation-based fluorescence switches.
The highly modular nature of the aroyl-S,N-ketene acetals and
the simple access to chromophores with different optical
properties enables the precise control of the interplay of the
different chromophores. Thereby, these multichromophores
stand out from other common AIE and ET active systems.'®

Results and discussion
Synthesis

Previously, we introduced aroyl-S,N-ketene acetals as novel
AlEgens, where the N-benzyl substitution proved essential for
the occurrence of AIE." Concatenation of the condensation
with a concluding Suzuki coupling gave access to communi-
cating N-benzyl aroyl S,N-ketene acetal bichromophores with
AIE and ET properties.”” The multifaceted photophysical and
AIE properties of these bichromophores encouraged us to push
this concept further by employing different (hetero)aromatic
bispinacol esters as linker molecules for developing even more
elaborate expanded aroyl S,N-ketene acetal multichromophores
in a rational one-pot fashion. Starting from electron-donating p-
bromo substituted benzyl aroyl-S,N-ketene acetals, we employ
cesium carbonate as a base and bisborylated linker molecules
in a Suzuki-Suzuki consecutive three-component reaction in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Consecutive three-component Suzuki coupling synthesis of rt-bridged aroyl-S,N-ketene acetal bichromophores 5a—r. All reactions
were performed on a 0.50 mmol scale using aroyl-S,N-ketene acetal 3 (0.50 mmol), bisboronic acid ester 4 (0.50 mmol), Pd(PPhs)4 and Cs,CO5
(3.0 mmol) in 1,4-dioxane/ethanol 3 : 1 (4.0 mL). The reaction mixtures were stirred at 120 °C for 2 h, then a second aroyl-S,N-ketene acetal 3
(0.50 mmol) was added and the reaction mixtures were then stirred at 120 °C for 4 h. The yields are given after flash chromatography on silica gel.

a one-pot fashion. Subsequent addition of a second electron-
withdrawing p-bromo substituted aroyl-S,N-ketene acetal to
the reaction mixture gives access to a library of 19 asymmetric
aroyl-S,N-ketene acetal multichromophores 5 in yields of 16-
94% (Scheme 1). By using blue emitting chromophores, we
aimed for maximizing the potential of these molecules to
undergo ET processes. A plethora of conjugated linker mole-
cules'” can be implemented in the reaction sequence (for the
synthesis of the aroyl-S,N-ketene acetals and the linker mole-
cules, see ESI (Chapters 3.1-3.4%)). This includes differently
substituted benzenes, pyridine, thiophene, benzothiadiazole,
anthracene, perylene, bisphenylacetylene, fluorene, carbazole,
aroyl-S,N-ketene acetal and phenothiazines (Scheme 1).
Employing consecutive coupling with triborylated benzene and
triphenylamine and tetraborylated tetraphenylethene allows to
implement three or four different aroyl-S,N-ketene acetals,
thereby selectively generating four enlarged multi-
chromophores 5s-v in moderate yields (48-67%) (Scheme 2). A
distinction between the different regioisomers is not possible
with this approach. Additionally, a phenanthroline bridged
multichromophore is generated in 49% yield by using the
established Masuda borylation Suzuki arylation sequence*® (for
further details, see ESI Scheme S1t). Subsequently, the
absorption and emission properties of the novel multi-
chromophoric dyes 5 are thoroughly studied in the solid state,
in solvent mixtures of different polarity, and incorporated into
polystyrene microparticles.

Absorption and emission studies in the solid-state

All aroyl-S,N-ketene acetal-based chromophore systems inves-
tigated so far enabled a tuning of their solid-state rainbow-
colored emission by variation of the electronic nature of the
substituents in para-position of the aroyl moiety.** The novel
aroyl-S,N-ketene acetal multichromophores are no exception to
this rule. In contrast to previous systems, substituents in para-

© 2022 The Author(s). Published by the Royal Society of Chemistry

position of the aroyl moiety were now kept constant and only
the linker molecules were changed. Consequently, color tuning
is still feasible, but the covered emission color range is nar-
rowed. Nevertheless, the multichromophoric dyes 5 can be
readily distinguished by their solid-state emission color ranging
from greenish to orange-red (Fig. 1). Thiophene bridged mul-
tichromophore 5i exhibits the shortest wavelength emission
maximum (A, = 524 nm), while the benzothiadiazole bridged
multichromophore 5j displays the most red-shifted emission
maximum (A, = 566 nm) (Fig. 1; for details see ESI, Chapters 7
and 8t). Subsequently done measurements of the solid-state
fluorescence quantum yields (®¢) of selected multi-
chromophores 5 revealed only low ®; values of 0.01 to 0.04 for
most of multichromophores 5. However, the phenylene and
xylene bridged dyes 5a and 5e have increased @ of 0.10 and
0.11, respectively, presumably due to the proximity of both
solid-state emissive aroyl-S,N-ketene acetals. Also the aroyl-S,N-
ketene acetal bridged multichromophore 5p has a slightly
higher &¢ of 0.08. The highest @¢ of 0.16 was observed for star-
shaped multichromophore 5s.

Absorption and fluorescence in ethanol

The absorption maxima of the aroyl-S,N-ketene acetal multi-
chromophore family 5 vary between 250 and 400 nm. Our
previous studies suggest that the absorption maxima around
400 nm can be ascribed to the aroyl-S,N-ketene acetal core,?
while maxima occurring in the wavelength region of 250 nm to
330 nm can be unequivocally ascribed to the different linker
molecules. Apparently, the multichromophores’ absorption
maxima originate from the sum of the absorption bands of the
constituents of each dye.

With exception of the dimethylamino-substituted aroyl-S,N-
ketene acetal,'® aroyl-S,N-ketene acetals do not fluoresce in
solution. Thus, the observed luminescence of our multi-
chromophores is ascribed to the linker molecules. Except for

Chem. Sci., 2022, 13, 5374-5381 | 5375
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Scheme 2 Consecutive four-component and five-component Suzuki coupling synthesis of aroyl-S,N-ketene acetal multichromophores 5s—v.
All reactions were performed on a 0.50 mmol scale: aroyl-S,N-ketene acetal 3 (0.50 mmol), bisboronic acid ester 4 (0.50 mmol), Pd(PPhsz)4 and
Cs,CO3 (3.0 mmol) in 1,4-dioxane/ethanol 3 : 1 (4.0 mL) were stirred at 120 °C for 2 h, then additional aroyl-S,N-ketene acetals 3 (0.50 mmol)
were added stepwise and the reaction mixture stirred at 120 °C for 2 h. After addition of the final aroyl-S,N-ketene acetals 3, the reaction mixture
was stirred at 120 °C for 4 h. The yields given in % present the yields obtained after flash chromatography on silica gel.

the phenylene and bisphenylene bridged dyes 5a and 5b and the
tetraphenylethene bridged multichromophore 5v, all multi-
chromophores emit mostly blue light in solution (A, = 440-
470 nm). Only benzothiadiazole and perylene bridged dyes 5j
and 5m show a green fluorescence in the wavelength region of
Aem Of 479-500 nm (for details, see ESI, Table S9 and Chapter
71). @¢ of dyes 5 in ethanol have values in the range between of
0.01 to 0.05. Moreover, solely anisylcarbazole aroyl-S,N-ketene
acetal 50 exhibits an excitation wavelength dependence of its
emission. For this dye, excitation at 395 nm leads to a weak
emission maximum at 500 nm, whereas excitation at 295 nm,
where also the short wavelength emissive phenylcarbazol
moiety is excited, two emission maxima can be observed, one at
500 nm and one at 380 nm." This is ascribed to the simulta-
neous emission of both chromophores at this excitation wave-
length. Therefore, we assume that a partial ET is operative in
carbazole linked multichromophore 50, similarly as observed
for the phenylcarbazole bichromophore in our previous work.”

AIE studies

Aggregation-induced emission (AIE) and aggregation-induced
enhanced emission (AIEE) have proved to be characteristic for
aroyl-S,N-ketene acetal-based chromophores. Therefore, and

5376 | Chem. Sci, 2022, 13, 5374-538]1

encouraged by the observed solid-state emission, we performed
AIE studies with multichromophores 5. Most of the multi-
chromophores 5 are soluble in common, polar organic solvents
such as acetonitrile, THF, 1,4-dioxane, and ethanol, but insol-
uble in water. Multichromophore 5s-v with their enlarged -
electron systems are more hydrophobic and have a reduced
solubility in these solvents. Therefore, for these dyes lower
concentrations had to be used. Subsequently, samples of the
bichromophores were diluted in different organic solvent/water
mixtures with water contents varying from 0% to 95%. As
previously observed for aroyl-S,N-ketene acetals, the most
promising spectroscopic results were obtained in ethanol/water
mixtures, which were therefore used for all further AIE studies.
These data are representatively discussed in detail for selected
examples of each class of bichromophores. Due to solubility
reasons, multichromophore 5u was examined in acetone/water
mixtures.

As shown in Fig. 2, upon aggregation, dyes 5e, 5f, and 5g
exhibit a similar fluorescence behavior in terms of emission
color and band shape. At a low water fraction, the chromo-
phores only fluoresce very weakly (¢ < 0.01). With an increase of
the water content, the compounds begin to aggregate, thus
resulting in a bathochromic shift of the emission maxima from

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Normalized absorption and emission spectra of selected bridged aroyl-S,N-ketene acetals 5 in ethanol using dye concentrations of
10> M (absorption) and 10~7 M (emission; Aexe = Aabs,max); (B) normalized solid-state emission spectra; (C, right) solid-state fluorescence colors
of selected bridged aroyl-S,N-ketene acetals 5 (Aexc = 365 nm) revealing the rainbow-colored fluorescence and emission color tuning by
substitution pattern. The absorption and fluorescence measurements were done at T = 298 K with a calibrated photometer and a calibrated
fluorometer; the fluorescence was excited at the absorption maximum (Aexc = Aaps,max)-
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Fig. 2 (Top, from left to right) Visualization (photographs) of the AIE features of 5e (A), f (B) and g (C) in ethanol/water mixtures of increasing
water content upon excitation with a UV-lamp (c = 1077 M, Aexe = 365 nm); (Middle) emission spectra of 5e (D), f (E) and g (F) in ethanol/water
upon increasing water content revealing an earlier start of aggregation (recorded at T =298 K, ¢ = 107/ M, Aexc (5€) = 385 NM, Aeyc (5f) = 390 nm,
and Aexc (5f) = 390 nm); (G) comparison of fluorescence intensity of compounds 5e, f and g upon aggregation.
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around 450 to 550 nm and in enhanced &, values of 0.07-0.08.
This equals an increase in fluorescence by factors of 4 to 5.
These effects are ascribed to a blocking of non-radiative decay of
the excited singlet state by RIM™ or to a restricted access to
conical intersections (RACI).*

Interestingly, our results also underline the control of the
onset of dye aggregation by varying the aliphatic chain length
attached to the phenylene linker and thereby, dye hydropho-
bicity. Whereas xylene bridged dye 5e starts to aggregate at
a water fraction of 60%, prolonging the linker, shifts the onset
of aggregation to a lesser water content, e.g. to a water content of
40% for a hexyl chain. Incorporating two dodecyl substituents
into the phenylene linker, yielding more hydrophobic 5g, leads
to aggregation already at a water fraction of 30% (Fig. 2).
Furthermore, an increasing aliphatic chain length also results
in an enhanced steric hindrance thereby reducing m-m-stack-
ing. This can further elevate AIE effects.

The most remarkable AIE behavior was observed for ani-
sylcarbazole bridged chromophore 50 and triphenylamine star
shaped multichromophore 5u, both revealing an excitation
wavelength dependent fluorescence. Excitation at Aexc = 295 nm
leads to the blue emission of the anisylcarbazole chromophore.
Consequently, at low water fractions, only the emission band of
the carbazole is observed. At water fractions above 40%,
a second band appears at 525 nm, that originates from the
aroyl-S,N-ketene acetal unit. Simultaneously, the carbazole
emission is diminished and finally completely quenched. Upon
excitation at the longest wavelength maximum of 395 nm only
the emission band of the aroyl-S,N-ketene acetal is observed.
These findings are further underpinned by measurements of ®¢
and the fluorescence lifetime 7. For Aexe = 395 nm, & amounts
to 0.02 and 7 is below 1 ns. Upon excitation at 252 nm, @
increases to 0.06 but is eventually reduced upon further aggre-
gation. This goes hand in hand with the disappearance of the
carbazole emission band. This effect is even more pronounced

»
g
3
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in time-resolved fluorescence studies. With a 7 of 6-8 ns at lower
water fractions, 50 displays a remarkably long lifetime. The
maximum value of 7 is reached at the onset of the appearance of
dual emission. Again, in parallel with the disappearance of the
carbazole emission band, 7 is reduced. Therefore, we conclude
that the observed mixed emission color originates from a rare
dual emission, which is a clear hint for an emerging energy
transfer (Fig. 3, right). This dual fluorescence is possibly caused
by the AIE characteristics of both chromophores in combina-
tion with solvent-induced changes of the spectral position of the
absorption and emission bands and hence the spectral overlap
of the emission of the anisylcarbazole donor and the aroyl-S,N-
ketene acetal acceptor. This can have a significant effect on the
ET efficiency. In the aggregates, a partial (frustrated) intra- and
intermolecular energy transfer**** can occur from the ani-
sylcarbazole donor to the aroyl-S,N-ketene acetal acceptor
yielding an aggregation-induced dual emission (AIDE).
Triphenylamine multichromophore 5u reveals a similar
behavior. Exciting the triphenylamine chromophore at 330 nm
yields an emission band at 420 nm. This fluorescence disap-
pears at a higher water fraction while simultaneously a second
emission band appears at 540 nm, which is ascribed to the
aroyl-S,N-ketene acetal. This intertwining aggregation behavior
of emission-quenched triphenylamine and emission-enhanced
aroyl-S,N-ketene acetal give rise to AIDE. Selective excitation of
the aroyl-S,N-ketene acetal unit at 387 nm results in a different
behavior, i.e., the observation of only the emission band of the
aroyl-S,N-ketene acetal acceptor. Again, the @; maximum is
reached at water fractions of 50-70% where intertwining
aggregation and potential energy transfer are effective. The
same trend can be observed for t which is more than five times
higher when the dual emission starts to appear (Fig. 3, right).
Overall, the presented photophysical data clearly illustrate the
possibility to simultaneously exploit the photophysical properties
of linker molecules and aroyl-S,N-ketene acetals. Therefore, the

Aexc=387.nm

¥
E

1.0x10* 4

Relative fluorescence intensity [a.u.]
Relative fluorescence intensity [a.u]
g
]

3% 40 50 50 550 800 450 500 %0 60 850 700
Wavelength 5. [nm] Wavelength . [nm]

water content [%

Watr cordent 1] =
Water cortent [%]

Aexc=295 nm Aexc=395 nm

Relative fluor escence intersity [a.u.)
Relative flucresconce intensity [a.u]

= QY T QY T
0.025 ¥ - 2
c :D G *H
s 5
: - £, L0
c oo e - . 3 | 1 I I 11 T
5§ E 25 . - - 2 1 | '[ -
g i 3 e : |1 £,
e : 1 ’ ; : 1l
. ! 'g peim Nt T A O
0.000 05 L a T T o
) © ) 1w R 2 © © ) T

vater content [%] water content [%]

Fig.3

water content [%] water conent [%]

(Top, left) Emission spectra of 50 in acetone/water mixtures upon increasing water content (Aexc (50) =295 nm (A), Aeyc (50) = 395 nm (B));

(Top, right) emission spectra of 5u in acetone/water mixtures upon increasing water content (Aexc (5u) = 330 NM (E), Aexc (5u) = 387 nm (F));
(Bottom, left) @¢ (C) and z (D) of 50 depending on the water fraction of the acetone/water mixture; (Bottom, right) @¢ (G) and 7 (H) of 5u depending
on the water fraction of the acetone/water mixture. The measurements were done at T = 298 K using dye concentrations of 10~/ M.
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Fig. 4 Normalized fluorescence excitation and emission spectra (Aexc = 401 nm) of 8 um-sized PSP loaded with dye 50 (A) and dye 5u (B)

dispersed in water.

photophysical features of these multichromophores are more
favorable than the properties of the individual moieties consti-
tuting these molecules. The linker molecules control the fluo-
rescence in solution while the solid-state emission properties and
the AIE behavior can be fine-tuned by the interplay of linker and
aroyl-S,N-ketene acetals that is responsible for the ET efficiency
and the nature of aggregation. Enlarged flat 7-systems as linker
molecules lead to a drastically reduced AIE behavior, whereas
sterically demanding and nonpolar linkers encourage a more
pronounced AIE behavior. Furthermore, the emission color and
intensity of multichromophores 5 can be established by
combining the respective aroyl-S,N-ketene acetals and linker
molecules in a rational tool box approach (for details, see ESI
Chapter 87) for applications as polarity sensors and in analytics

as previously shown.”

Encapsulation of selected multichromophores in polystyrene
particles

Encapsulating aroyl-S,N-ketene acetals in a nonpolar solid matrix
like polystyrene can improve the fluorescence properties of the
multichromophores 5. Particularly, it can enhance ¢ and t by
sterically restricting or attenuating intramolecular rotations of
the matrix-entrapped dye molecules.** For these studies, exem-
plarily, phenylcarbazole bridged multichromophore 50 and tri-
phenylamine multichromophore 5u were chosen due to their
intense solid-state fluorescence and pronounced AIE behavior. A
high encapsulation concentration (6 mM) was used to ensure an
enhanced probability of dye-dye interactions in the 8 um poly-
styrene particles (PSP). The emission spectra of PSP stained with
50 and 5u (Fig. 4) reveal an emission behavior similar to the AIE
behavior of these chromophores in ethanol-water mixtures when
excited at the longest absorption maximum. Due to the dual
emission observed in the aggregated state, excitation at 295 nm
was applied as well. However, in contrast to previous AIE studies
this did not lead to a different emission behavior, indicating the
absence of ET processes. Additionally, upon PSP encapsulation
& is increased to 0.034 (50) and 0.016 (5u), surpassing @; found
for 50 and 5u in ethanol, ethanol-water mixtures, and in the
solid-state. Simultaneously, 7 increased to 1.63 ns (50) and 0.44
ns (5u).

© 2022 The Author(s). Published by the Royal Society of Chemistry

Conclusion and outlook

In summary, a highly diverse library of 23 bridged aroyl-S,N-
ketene acetals and aroyl-S,N-ketene acetal-based multi-
chromophores was generated with moderate to excellent yields
in a one-pot fashion by either three-, four-, or five-component
Suzuki reactions. The emission behavior of all chromophores
was thoroughly studied in the solid-state, in organic solvents,
upon aggregation induced in mixtures of organic solvents and
water and encapsulated in polystyrene particles (PSP). These
spectroscopic studies confirm the substitution pattern control
of the solid-state emission color and the aggregation-induced
emission (AIE) of the dyes. The nature of the linker molecule
determines the underlying different communication pathway
for all chromophores and the aggregation behavior, ie., the
onset of aggregation in mixtures of organic solvents and water.
The latter is ascribed to the tuning of the dye hydrophobicity by
the length and chemical nature of the linker. Complete or
partial energy transfer, modulated by the linker molecule, was
observed for selected multichromophores 50 and 5u, leading to
a dual emission or an aggregation-induced switching of the
fluorescence.

As demonstrated in this study, the interplay of different
chromophores and linker molecules is the key to the rational
design of multichromophoric emitters and the control of
(partial) energy transfer in aggregates and in solution. In the
future, we will perform detailed mechanistic studies to confirm
the control of the photophysical properties of aroyl-S,N-ketene
acetals required for exploiting and fine-tuning the application
potential of this dye class.
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