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This work describes a new approach to construct highly
conjugated molecules with asymmetric donor-acceptor-donor’
architectures (D—A—D’). Five new emissive compounds featuring
thiazole, a scarcely used acceptor, were synthesized using a
three-component Rh(ll) catalytic reaction. The asymmetric
fluorescent compounds show significant emission in solution
(QY=73%-100%) and the solid-state (QY=14%-59%), and
therefore considered Dual-State Emitters (DSE). We also eval-
uate the impact of O-alkyl chains with varying lengths in the
photophysical properties in solution, aggregates, and solid-

Introduction

The synthesis of organic fluorophores with emission in solution
and in solid-state (Dual-State Emission - DSE) has recently
attracted a great deal of interest, in part due to the plethora of
potential applications.” Several research groups have turned
their focus to design, and evaluate these exciting materials that
can be used as biological probes or components in optoelec-
tronic devices.” The development of DSE fluorophores (DSE-
gens) is still challenging because it relies on a delicate balance
between two mutually exclusive processes, in which the
fluorescent molecules experience loss of their emission in the
solid-state (Aggregation Caused Quenching-ACQ) or in solution
(Solid-state Luminescence Enhancement-SLE or Aggregation-
Induced Emission-AlIE), respectively.”
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state. Computational studies indicate that the involved elec-
tronic transitions have a significant charge transfer character
produced almost exclusively from the triphenylamine donors.
According to the single crystal X-ray data of compounds 8 and
9, the conjugated structures have a twisted molecular con-
formation that contributes to the observed emission in the
solid-state. These findings show a systematic approach to
design DSE materials, which may help to stimulate their use in
biological or optoelectronic applications.

We and others, have recently surveyed the literature and
pointed out that some specific characteristics of a molecule to
enable the desired dual-state emissive properties, i.e., a) twisted
conjugated structures, b) restricted intramolecular motion, and
¢) the inclusion of bulky or long alkyl chains.”! These guidelines
should be kept in mind when designing new DSEgens, as it
would be interesting to systematically explore the degree of
twisting or the length of aliphatic chains that render the best
properties in a specific set of compounds.

In addition to the mentioned structural features, it has been
reported that several fluorophores and some DSEgens have
Donor-Acceptor (D—A) or Donor-Acceptor-Donor (D—A-D)
architectures.”™ This is a recurring design that helps to change
the emission of the compounds by tuning their bandgap.®
From the numerous reported D—A and D—A—D compounds, we
noted that the heterocycle thiazole has been scarcely incorpo-
rated as the acceptor fragment, compared to other heterocycles
like benzothiadiazole. Remarkable examples can be found in
the reports of Huang,” Belskaya,"® Murai,"" and Nallagondu,™
in which they have explored thiazoles with different substitu-
ents, substitution patterns, and varying length of the conju-
gated fluorophore skeleton, with the resulting emission ranging
from 390 nm to 726 nm.”"® Some of these thiazole derivatives
have been used in WOLEDs,™ solar cells,"™ OFETs, and OPVs.['®
It is also important to mention that most synthetic methods
afford either 2,4,5-trisubstituted"®'” or 2,4-disubstituted
thiazoles,"™ and that fluorophores with 2,5-disubstituted thia-
zoles are very scarce, with some notable examples reported as
DSEgens.”™

In this work, we present the design and synthesis of a new
series of fluorophores 7-11 featuring a thiazole acceptor as well
as the study of their corresponding photophysical properties in
solution and in the solid-state. We consider a D-A-D’
architecture with one carbazole moiety as a constant donor

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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Figure 1. Selected structures of 2,5-disubstituted thiazole D—A—D’ fluoro-
phores with Dual-State Emission reported here. Compound 11 is not
depicted because it is a waxy solid.

fragment, a thiazole unit as the acceptor, and either carbazole
or TPA derivatives as the second donor (Figure 1 and S1).

The synthesized D—A—-D’ compounds were purposely ap-
pended with alkyl chains of varying length in the periphery of
their structures, to explore if their photophysical properties can
be further modified. As indicated above, these aliphatic
substituents usually help to achieve DSE properties by promot-
ing the self-isolation effect,”” preventing undesirable -t
intermolecular interactions and thus avoiding the aggregation-
caused quenching. This inner dilution strategy causes a some-
how similar effect to that occurring when dispersing fused
fluorophores in polymers such as polystyrene (PS) or polymeth-
ylmethacrylate (PMMA).?"

Results and Discussion

Our synthetic strategy relies on the synthesis of parent
derivative 4, which contains the thiazole ring with the desired
substitution pattern (Scheme 1). Although there are methods to
synthesize 2,5-disubstituted thiazoles, either through sequential
cross coupling reactions or programmed C—H activations over
the thiazole core”? the one-pot generation of the thiazole
moiety for complex dyes usually occurs with very low yields
and gives rise to side products with different substitution
patterns.®* Thus, we took advantage of a Rh(ll)-catalyzed
three-component reaction between an alkyne, a thionoester
and several azide derivatives, to prepare exclusively an interme-
diary with a 2,5-disubstituted thiazole.

The key three-component reaction was reported by Mur-
akami et al. although this approach was not used to prepare
fluorophores.*® We envisioned that the Murakami protocol
might produce new D—A-D’ thiazole-based molecules with
extended conjugation. Therefore, we carry out a retrosynthetic
analysis, where we envisioned that the analogues of 6
(Scheme 1) could be obtained by employing an Ulimann-type
coupling or Buchwald-Hartwig amination reaction, between the
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Scheme 1. Retrosynthetic analysis of the D—A—D’ products reported in this
work.
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intermediate 4 and the appropriate diphenylamine derivative 5.
The derivative 4 could in turn be prepared by using the
rhodium-catalyzed reaction (highlighted by the red dotted line)
using the simple starting materials 1-3. In parallel, the
intermediate 5 could be synthesized in a two-step sequence of
bromination of diphenylamine followed by a nucleophilic
aromatic substitution to install the aliphatic chains.

As our approach relied on the one-pot synthesis of 2,5-
disubstituted extended thiazoles, we first synthesized the
terminal alkyne 3%’ and the O-methyl 4-iodobenzothioate 1,
to access compound 4 with a moderate yield of 65%
(Scheme 2).

Subsequently, the target compound 7 was prepared using
an Ullmann type reaction with 37% vyield. The C—N coupling
reaction conditions did not produce the desired TPA derivatives,
and thus we explored a few Buchwald-Hartwig reaction
variations as indicated in Table S1 (Sl). The best reaction
conditions are in entry 4, producing the desired product 8 with
a yield of 28%. We employed these conditions to obtain the
additional derivatives 9-11 with better yields (37 %-50%). The
latter compounds have aliphatic chains of different lengths
(Figure 2) to explore the self-isolation effect, as discussed in the
introduction.

Rh,(OCO'Bu),
CuTC, CHCl, Q

St e Ot

0
1 | 3 4, 65%

Scheme 2. Synthesis of compound 4 under a Rhodium-catalyzed three-
component reaction.
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Figure 2. Chemical structures of the D—A—D’ fluorophores with 2,5-disub-
stituted thiazoles reported here with the reaction (%) and quantum yields
(®) in solution and in the solid-state.

Photophysical properties
Changes in emission due to polarity of the media

After completing the synthesis of the fluorophores, we carried
out spectroscopic experiments of compounds 7-11 to charac-
terize their photophysical properties. The absorption and
emission profiles (A,,s/Aem) Were recorded first in THF to carry
out an initial comparison. The inspection of the emission
spectra reveals that replacing one carbazole portion (compound
7, hem =440 nm) by diphenylamine (compound 8, A, =464 nm)
produced a 24 nm bathochromic red-shift of the initial
emission.

Our studies also corroborate that the aliphatic substituents
(O-Methyl 9, O-Butyl 10, and O-Heptyl 11) strengthen the donor
nature of the triphenylamine portion, with all alkyl-substituted
derivatives 9-11, showing a larger red-shift in the emission
(61 nm) (Figure 3). A notable quantum yield in solution was
observed for compound 8 (P, =100%). It is important to note
that the QY slightly decreases as the size of the alkyl chains
increases: 9 (O-Methyl; ®,;=92%), 10 (O-Butyl: ®;=83%),
and 11 (O-Heptyl; ®;,=82%). The QY reduction could come
from the additional molecular mobility of the aliphatic sub-
stituents that could transfer to the donor portion. However, in
general, the presence of the peripheral chains improved the
emission, as can be seen by analyzing the emission of
compound 7 (P, =73 %, Table 1).

After we established the emission in THF, we performed a
systematic study in thirteen different organic solvents of
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Figure 3. Fluorescence of the thiazole-based derivatives 7-11 in THF solution
[4x107° M].

Table 1. Photophysical data of compounds 7-11.

Compound A hem [NMI® Stokes shift  Agy [NM] @y /D™
[nm]®  solution [nm/cm™"]  solid [%)

7 365 440 75/4670 471 73/14

8 388 464 76/4220 502 100/59

9 397 525 128/6141 533 92/18

10 400 528 128/6061 526 83/22

1 399 526 127/6051 N.D 82/N.D

[a] Measured in THF [4x 1072 M]. [b] Absolute quantum yields. N.D: Not
determined.

different polarities at room temperature (Figures S2-S3, S10,
and Table S2). Despite that thiazole has been considered a
‘weak’ acceptor,”” pairing this core with the selected carbazole
or triphenylamine donors renders good D—A-D’ compounds.
The changes in emission show that fast reorientations of the
molecules take place in the excited state, with the larger
response observed in polar media for compounds 9, 10, and 11
(Figure 4), resulting from stronger donors due to the O-alkyl
substituents.

Computational modelling

To get a deeper understanding of the photophysical properties
presented in the previous section, we have modelled the
electronic transitions to the first bright state S, with the method
TD-CAM-B3LYP/6-311 + + G** and considering two solvents to
represent media of small and large dielectric constant
(cyclohexane, €=2.02, and methanol, £€=32.61, SI). The
absorption wavelengths agree very well with the experimental
values (see Table S2). For all molecules, the electronic transition
So—S; is a HOMO-LUMO m-n* with charge transfer (CT)
character. The electron density is transferred from the external

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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Figure 4. Plot of compounds 7-11 against their emission maxima, in solvents
of different polarities. Insert: Changes of compound 10 are visible to the
naked eye.

donors to the central part of the molecule as indicated by the
HOMO-LUMO separation (see Figure 5a, S7 and S8).

Vibrational cooling, occurring after light absorption, drives
the system from the Franck-Condon region to the minimum in
S; (Symin)- This process involves angular displacements between
the thiazole and the two central benzene rings adopting a
planar conformation, with the additional motion of the D’
moiety (Figure 5b and S9). This significant structural change
justifies the big Stokes shifts observed experimentally and
supported by our calculations (Table S2). These molecular
distortions are in line with the obtained crystalline structures
(vide infra). The predicted S,—S, fluorescence wavelengths in
cyclohexane and methanol also agree with the experimental
values (Table S2). Additionally, the general trend observed for

Figure 5. (a) Electron density difference of the transition S,—S, for
compounds 8 and 10 calculated with TD-CAM-B3LYP/6-311 + + G(d,p)
considering methanol as a solvent. The positive and negative densities are
shown in red and blue, respectively. (b) Optimized geometries of 8 and 10 at
So (Somin) @Nd Sy (Symin) states.
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the changes in emission with the media polarity is also
reproduced by the calculations (Figure 4 and Figure 6a.

The increase in the bathochromic shifts observed when
going from 7 to 11 corroborates that the electron-donating
nature of this portion is strengthened when one carbazole is
replaced by triphenylamine, and then again when this amine is
substituted with O-aliphatic chains (Figure 3). Likewise, the
bathochromic shifts increase with dielectric constant of the
solvent (Figure 4). Compound 7 shows the smallest CT whereas
compounds 9-11 exhibit the greatest CT. We have also
calculated the changes in the permanent electric dipole
moment Als,s, (Figure 6b). Because of the significant charge
separation, CT transitions are accompanied by a noticeable Ap.
In line with the behavior observed for the charges, the Ap is
smaller for 7 (Ap~0.5 Debye), considerably larger for 8 (Ap
~4.0-5.5 Debye), and even larger for 9-11 (Apn~8.0-8.8 De-
bye). Besides, Ap values are slightly larger for compounds 8-11
by changing the dielectric constant from 2.02 (cyclohexane) to
32.61 (methanol), as expected for CT transitions (Figure 6b).

The differences between the natural charges at S; and S,
(AgS;-Sy) show a significant charge migration due to the
electronic excitation (Figure 6c and Figure 6d). Except for
compound 7, for which D=D’, charge donation occurs almost
exclusively from D’ to A. The derivatization of the triphenyl-
amine by including O-alkyl chains has a positive effect on its
donation strength. However, the natural charge analysis shows
that longer chains do not increase the donation strength, in line
with the similar redshifts observed for 9-11 (Figure 3 and
Figure 4). As expected, the charge donation becomes more
significant when the polarity of the media is increased.
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Figure 6. S,—S, emission wavelengths (a), permanent electric dipole mo-
ment differences Aps, .5, (b) and natural charge differences Aps;.s, ()
computed with TD-CAM-B3LYP/6-311 + + G(d,p) in cyclohexane and meth-
anol (blue and red lines respectively). (d) Definition of the donors (D and D’)
and the acceptor (A) fragments for compound 10.
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Evaluation of the intramolecular motion by viscosity changes

The fluorescence changes and the theoretical results motivated
us to explore how the molecular reorientations could be
changed in high viscosity media. For a more direct comparison,
we present here the results for compounds 8 (unsubstituted
donor D’), and 10 (donor D’ with —OButyl groups), measuring
their emission in different mixtures of methanol-glycerol
(MeOH/GIyOH), a system known to dramatically increase the
viscosity with small variations in the polarity.

For compound 8, the initial emission showed a substantial
decrease at viscosities higher than f,,=40% (Figure 7a, Fig-
ure 7b). Conversely, we observed a ten-fold increase in the
emission intensity of compound 10 at higher viscosity con-
ditions. This suggests that the triphenylamine with the aliphatic
chains experiences a high degree of mobility in pure MeOH.
These vibrations are subsequently restricted at high glycerol
content, reaching a maximum intensity at fy,=70% (Figure 7c,
Figure 7d). The observed changes in emission are in line with
the Restricted Intramolecular Motion model (RIM).*® Afterwards,
the emission decreases probably due to scattering effects.
Compound 9 showed a similar behavior, reaching its higher
emission intensity at f;, =90 % (Figure S6).

Aggregation behavior and self-isolation effect in compounds 7-
11

Aggregation-induced emission (AIE) experiments were subse-
quently performed to elucidate which compounds can form
highly emissive aggregates. These experiments also helped us
evaluate the role of the peripheral aliphatic chains in the self-
isolation effect. Based on previous reports,®* this effect occurs
when the long or bulky substituents minimize the deleterious
intermolecular mt-it interactions that arise upon aggregation and
may cause fluorescence quenching. The emission of the
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Figure 7. Plots of fluorescence response of 8 (a) and 10 (b) in methanol-
glycerol fractions. Plots of glycerol fractions (%) versus emission intensity of
8 (b) and 10 (d).
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fluorophores is monitored as a function of the water fraction f,,
in a THF solution.

Our studies indicate that compound 7 showed a steady
emission intensity up to f, =50%, with a drastic loss of intensity
at or above f,=60%. Similarly, compound 8, in which the
second donor does not have aliphatic substituents, also
presented an ACQ behavior, with emission quenching with the
addition of water fractions (Figure 8b). Compound 9 with the
-OMe substituents showed a slightly different behavior, with
the emission being reduced at low water contents (f, <70%),
but then increased above f,=80%. Nevertheless, the observed
intensity is still lower than that observed in pure THF, and
higher water fractions cause a significant loss of fluorescence.

In stark contrast, compounds 10 and 11, both with longer
aliphatic chains attached to their structures, showed a remark-
able increase in emission at f,=60% and above, with an
intensity comparable to that in pure THF (Figure 8d, Figure 8e,
Figure 8f, and Figure S4). These results indicate that the chains
of four (compound 10) and seven carbon atoms (compound 11)
might enable the creation of highly emissive aggregates,
attributed to the presence of the self-isolation effect in these
compounds.?®

To provide deeper insights, we carried out a detailed
comparison of the I/l, ratio between compounds 8 and 10
(Figure S5). The emission intensity (l,) of compound 8 continu-
ously decreases at high water fractions, associated to delete-
rious interactions. Conversely, the initial decrease in emission
intensity for compound 10, between f,=10% and 60%, could
be attributed to the changes in polarity caused by water.
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Figure 8. Aggregation experiments for compounds 7 (a), 8 (b), 9 (c), 10 (d,f)
and 11 (e) Plot of water fraction (f,) against emission intensity [4x 1073 M].

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

European Chemical
Societies Publishing



EurJOC

European Journal of Organic Chemistry

Research Article

doi.org/10.1002/ejoc.202200372

Chemistry

Europe

However, when f, >60%, the compound experiences less
deleterious interactions showing good emission attributed to
the appended alkyl chains.

Single crystal X-ray diffraction of compounds 8 and 9

After exploring numerous crystallization conditions, only single
crystals of compounds 8, and 9 were obtained. These crystals
grew after a few days by slow evaporation from a mixture of
dichloromethane/ethanol. They crystallized as needles or
prisms, showing strong fluorescence in green and yellow,
respectively (Figure S11). The X-ray data collected at room
temperature, the compounds were indexed and solved in either
orthorhombic Pbca and triclinic P-1 space group, respectively
(CCDC: 2161512 for 8 and 2161513 for 9) (Table S3). As
expected, their molecular structures unveiled torsions among
the rings. To provide a better picture of the molecular distortion
we calculated the torsion angles between contiguous planes
(p) compiled in Table S4. We observed that the molecules
showed torsions with angles as high as 64° (Figure 9a, Fig-
ure 9b). Similar molecular distortion was also found in our
calculations of isolated systems in solution. This indicates that
the molecular electronic structure determines the geometry in
the solid-state (Table S4). The overlapped structures revealed a
higher distortion in compound 9, attributed to the O-Methyl
group (Figure 9¢).

The analysis of the crystal packing of 8 showed that
molecules were stacked along the a-axis in an antiparallel
fashion (Figure S12a). The nitrogen of the thiazole ring sustains
a weak hydrogen bond with adjacent phenylene with the CH—
N distance d=2.620 A and angle of 152.47°. In addition, we
observed a parallel displaced m-mt interaction d=3.379 A
between neighboring molecules (Figure S12b). For compound 9
the molecules are arrayed in a staggered motif (Figure S13a).
We noted several CH-mt interactions, for example between
carbazole and a neighboring phenylene with a distance d=
3.517 A. A weak interaction was also observed between the CH
of a thiazole acceptor and one ring of a triphenylamine donor
with a distance d=3.211 A (Figure S13b).

Figure 9. Crystal structure and torsion angles between rings for a) com-
pound 8, b) compound 9, and c) overlapped structures to highlight the
different molecular conformations.
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Solid-state emission of compounds 7-10

After establishing the emissive properties in solution and the
structural features from the X-ray data, we set out to character-
ize the solid-state emission of the compounds. It is relevant to
note that compound 11 with the longer aliphatic chains gives
rise to a waxy solid that was difficult to crystallize and since it
was no longer studied in this section, we focused our efforts on
compounds 7-10.

The solid-state emission of compound 7 (A,,=471 nm) is
red-shifted by 31 nm when compared to its fluorescence in
solution. A similar redshift is observed for compound 8 (A.,,=
502 nm). Similarly, behavior for compounds 9 (A.,=533 nm)
and 10 (A,,=526 nm) (Figure 10). Regarding the quantum
yields in solid, when the synthesis at higher scale was
performed, compounds 7 and 8 were obtained as crystalline
solids whereas compounds 9 and 10 as amorphous solids
(Figure S14-516). A quantum yield of ®,,;=0.14 was deter-
mined for compound 7, but when the carbazole fragment is
replaced by a diphenylamine group a 4-fold increase is
observed (8; ®,,;,4=0.59). The smaller QY for compound 7 is in
line with its larger reorganization energy (A=0.49 and 0.39 eV
for 7 and 8 in methanol respectively), which may indicate a
larger probability of nonradiative decay. The rise in emission
could be attributed to the torsion generated by the diphenyl-
amine fragment, which was observed in the X-ray structure
above. Conversely, for compounds 9 and 10 moderate values
were observed (®,,;q=0.18 and d,,;4=0.22), respectively,
although higher QY values were expected for the latter
compounds, their amorphous nature may account for the
discrepancy. It is possible to correlate the observed DSE
properties with seminal works of thiazoles, previously men-
tioned in the introduction section. For instance, the QY values
of the fluorophores 7-11 reported here are higher than those
found in compounds reported by Belskaya,"” but comparable
to or even lower than those found in compounds reported by
Murai'[ﬂb,ﬂa]
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Figure 10. Fluorescence of the thiazole-based derivatives 7-10 in solid-state.
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Conclusion

Using a three-component, Rh(ll) catalyzed reaction; we success-
fully prepared a new series of D—A-D’ compounds using 2,5-
disubstituted thiazoles as the acceptor fragment. The synthe-
sized series showed the Dual-State Emission property with
excellent fluorescence in solution (P, =73-100%) and moder-
ate solid-state emission (®,,q=14-59%). Furthermore, the
aggregation experiments allowed us to understand that
including O-alkyl substituents facilitates the self-isolation effect,
with the best results achieved using four carbon atoms chains
(compound 10). Polarity studies and computational simulations
helped us rationalize the effect of the dielectric constant on the
emissive response and the role of the charge transfer between
the molecular D—A-D’ components. Our systematic approach
indicates that a multicomponent synthetic approach can be
implemented to develop DSE materials, which could be used in
future biological and/or optoelectronic applications.

Experimental section

Crystallographic data

Deposition Numbers 2161512 (for 8) and 2161513 (for 9) contain
the supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service www.ccdc.cam.ac.uk/structures.
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