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Thienol3,2-b]phosphole-based AlEgens (Aggregation-Induced Emission Luminogens) have gained
significant attention due to their unigue solid-state emission properties. Here, we present a facile and
efficient method for the preparation of thieno[3,2-b]phosphole-based AlEgens with dual tunability of
solid-state emission. The synthesis involves the modification of the thiophene core with different
substituents and changing the environment of the phosphorus atom, leading to a library of AlEgens with
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diverse photophysical properties. By controlling the molecular packing, intermolecular interactions and
electronic structures, we successfully tuned the emission color and efficiency of the molecules in the
solid state. The results demonstrate the remarkable dual tunability of the thienol3,2-blphosphole-based
scaffold and the importance of a three-dimensional fluorophore design, making them promising
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Introduction

Luminescent materials have revolutionized numerous fields,
from optoelectronics' to bioimaging,>* by providing efficient
and controllable emission of light. Among the diverse mechan-
isms that govern luminescence, aggregation-induced emission
(AIE) has emerged as a captivating phenomenon that offers
unique opportunities for manipulating solid-state emission.*™®
Traditionally, materials that emit light in solution tend to
exhibit diminished or quenched emission upon aggregation
in the solid state, a phenomenon known as aggregation-caused
quenching (ACQ).” However, the discovery of AIE materials
reshaped this understanding, revealing a remarkable opposite
effect: enhanced light emission upon aggregation.® This para-
doxical behavior can be observed in rotation-rich systems and
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candidates for advanced luminescent materials and devices.

arises from the suppression of non-radiative processes, such as
molecular motion by the formation of intermolecular interac-
tions, unlocking a plethora of intriguing optical properties and
opportunities.”'® The exploration of AIE in combination with
tuneable solid-state emission has led to the discovery and
design of a diverse range of ground-breaking materials."'™*
Through careful engineering of molecular structures and inter-
molecular interactions, researchers have achieved unprecedented
control over emission wavelengths, intensity, and polarization in
solid-state environments.'* "' Numerous stator frameworks have
been effectively employed to achieve solid-state fluorescence
tunability in aggregation-induced emission luminogens
(AlEgens).”*! In a study conducted by Zhang et al., these effects
were demonstrated on the tetraphenylethene (TPE) scaffold
through the strategic incorporation of donor and acceptor groups
in the para position of the phenyl moieties, as well as the
construction of push-pull systems (Fig. 1).>> This rational design
strategy facilitated the synthesis of molecules exhibiting emission
wavelengths spanning from 450 to 645 nm, accompanied by
excellent quantum yields ranging from 48% to 61%.>>
Phospholes are a class of phospha-cyclopentadienes® that
exhibit unique electronic and structural properties, making
them highly suitable for modulating the emission character-
istics of fluorophores.**™** Phosphole-based fluorophores have
demonstrated efficacy in diverse applications, including
organic light-emitting diodes (OLEDs)**™*® and biomolecular
imaging,**' thus underscoring their utility and versatility.
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Fig. 1 Tunable luminescence of TPE-based AlEgens in the solid state.??

Benzo- and thieno-annellated phosphole oxides emerge as highly
advantageous candidates for achieving color tunability in fluoro-
phores due to their favorable electron-acceptor properties (Fig. 2).°*
2 In a recent study, we have described the successful synthesis of
propeller-like thieno[3,2-b]phosphole oxides that demonstrate
strong fluorescence in the solid state, coupled with significant
dependence on substituents for their optical properties.®®

Building upon these findings, our current investigation
capitalizes on this molecular framework to achieve emission
tunability spanning into the red region of the visible light
spectrum. This is accomplished through the strategic introduc-
tion of distinct substituents at the o- and B-positions of the
thiophene moiety. Moreover, we employed this system to explore
the efficacy of our recently published post-synthetic derivatization
approach for phosphole oxides, involving their reaction with tosyl
isocyanate (TSI).** This transformation led to a noteworthy
enhancement in fluorescence efficiency and a significant bath-
ochromic shift in emission wavelength. To investigate this further,
selected examples were subjected to the conversion into the
corresponding tosylimino phospholes, and the resulting impact
on the solid-state structure and optical properties was thoroughly
examined.

Results and discussion
Experimental section

In our previous study, we reported the successful synthesis of
phosphole-based AIE emitters containing a thieno[3,2-b]phosphole
moiety, showcasing their exceptional optical properties in the solid
state.®® These emitters were synthesized through a straightforward
oxidative annulation reaction of secondary thienyl phosphine
oxides, employing a convenient one-pot synthesis method that
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Fig. 2 Known phosphole-based fluorophores with tuneable lumines-
cence properties and the thieno[3,2-b]phosphole scaffold reported herein.
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Scheme 1 Synthesis of synthon 2 (I), extension of the n system in a-
position via Pd-catalyzed cross-coupling reactions (ll) and synthesis of B-
substituted phospholes (I11).

yielded moderate product yields. Herein, we demonstrate the use
of previously reported synthon 2% as a building block to construct
novel AIE-based molecules. Starting from 2,5-dibromothiophene,
the mono-Grignard compound can be selectively generated by
temperature-controlled reaction with Mg in the presence of LiCl
(Scheme 1, I). Reaction with PhPCl, and subsequent hydrolysis
gives the previously reported®® secondary phosphine oxide 1.%°
Oxidative annulation with diphenylacetylene and Mn(OAc);-2H,0
leads to the formation of 2.°*°¢%® To demonstrate the potential of
compound 2, we have previously conducted experiments involving
Ni"catalyzed cross-coupling® phosphination.®® This methodology
enabled the synthesis of highly efficient fluorophores, exhibiting
solid-state quantum yields of up to 100%. Using cross-coupling
reactions, different aromatic moieties can be easily linked to the
thieno[3,2-b]phosphole scaffold (Scheme 1, II). Introducing sub-
stituents in the o-position of the thiophene segment results in an
extended 7 system, leading to enhanced conjugation and a sub-
stantial red shift in fluorescence. To achieve this, phenyl (3a),
thienyl (3b), biphenyl (3¢), p-anisolyl (3d), triphenylamine (3e),
and bis(methoxyphenyl) amine (3f) were introduced via a
Suzuki-Miyaura coupling, yielding the corresponding fluores-
cent solids in yields ranging from 79% to 94% (Scheme 1, II).
Compound 3a was previously prepared via an Mn""-mediated
oxidative annulation reaction between diphenylacetylene and
phenyl(5-bromothiophen-2-yl)phosphine oxide,*® albeit in a

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 Transformation into the tosylimino phospholes 7a-d, their
isolated yields and the proposed mechanism.®*

lower yield (49% vs. 85% via Suzuki coupling reported here) and
serves as a reference within the present study for the purpose of
comparative analysis with alternative o-substituted derivatives.
Furthermore, an ethynyltriphenylamine unit was incorporated into
the m system through a Sonogashira coupling, affording the product
3g as a yellow solid with a yield of 87%. Moreover, in order to
examine the impact and adjustability of the B-position, several -
substituted derivatives (5, 6a—c) were synthesized. Following the
synthesis of compound 1,% the corresponding secondary phosphine
oxide 4 was prepared through a Grignard reaction using 2,4-
dibromothiophene as the starting material (Scheme 1, III). Subse-
quent oxidative cyclization, followed by a Suzuki-Miyaura coupling,
yielded the desired B-substituted derivatives 6a—c in good yields (72—
94%). To explore the dual modulation of fluorescence, a series of
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phosphole oxides was reacted with TSI, leading to the formation of
their corresponding tosylimines via elimination of CO,.%*

In order to compare the results, the model compound triphenyl-
thieno[3,2-b]phosphole oxide (TPTPO)* as well as the phenyl-
substituted derivatives pentaphenylthieno[3,2-b} phosphole oxide
(PPTPO),>”® 3a* and 6a, were selected for the modification
(Scheme 2). At 85 °C for 16 hours, all phosphole oxides underwent
facile phosphole imination, resulting in the substitution with the
tosyl group. The conversion process was quantitative, devoid of any
observed side products. Consequently, a simple washing step with
Et,O after the successful reaction, followed by recrystallization,
proved to be sufficient. This procedure generated tosylimino phosp-
holes 7a-d in very good yields ranging from 74% to 92%.

Thieno[3,2-b]phosphole oxides

The thieno[3,2-b]phosphole unit is a powerful scaffold and
exhibits remarkable photophysical properties, encouraging
comprehensive investigations about the fluorescent character-
istics of phosphole oxides 3a-g, 5 and 6a-c. The goal was to
understand the influence of the substituents in the o- and f-
position, and their capability to produce a strong bathochromic
shift of luminescence into the deep red region. To investigate
this, in-depth photoluminescence studies were conducted,
comprising photoluminescence spectra, excited state lifetimes
(1), and photoluminescence quantum yields (PLQY, @) in various
environments, namely liquid solutions at room temperature (in
CH,Cl,), in frozen glassy matrices at 77 K (in CH,Cl,/MeOH 1:1)
and solid state (Table 1). As a result of the complexity arising
from the coexistence of different conformers under the studied
conditions, the time-resolved photoluminescence measurements
displayed multiexponential decays. To address this, amplitude-
weighted average lifetimes (7,y_amp) were employed for discussion
and to estimate in a robust manner average radiative rate
constants (k; = 1/Tay_amp = Pp/Tav_amp) and non-radiative rates
(kar = 1 — Pp/Tay_amp), as suggested by Engelborghs et al.** These
parameters provide valuable insights into the excited state
dynamics of the fluorescence processes and their efficiency in
the studied materials, allowing a deeper understanding of their
photophysical properties.

Table 1 Photophysical properties of 3a—g, 5 and 6a—c in liquid CH,Cl, solutions at rt and frozen CH,Cl,/MeOH (1:1) glassy matrices at 77 K

Glassy matrix at 77 K

Compound j'absa [nm] Zema [nm] Tav_amp(sol, rt)ab [HS] ¢F[1iq, rt) (iz) [O/O]ad ;Lemc [nm] Tav_amp(77 K)bC [HS]

3a° 248, 308, 408 567 0.23 + 0.01 2 552 8.44 + 0.01

3b 256, 420 584 0.42 + 0.01 3 568 8.46 + 0.01

3c 265, 311, 416 572 0.45 £ 0.01 4 557 6.82 £ 0.02

3d 256, 419 593 0.25 + 0.01 2 579 7.55 £ 0.01

3e 273, 323, 444 649 2.36 + 0.01 25 425, 615 1.89 + 0.03, 6.10 &+ 0.02
3f 288, 343, 458 703 0.89 £ 0.02 7 412, 645 0.87 £ 0.02, 5.89 £ 0.02
3g 297, 348, 432 634 4.62 £ 0.01 60 590 4.81 £ 0.01

5 248, 379 522 0.51 £ 0.01 2 515 11.33 £+ 0.02

6a 250, 386 525 0.50 £ 0.02 2 510 10.67 £+ 0.02

6b 258, 392 530 0.21 + 0.01 2 515 10.35 £ 0.02

6¢c 242, 337, 400 640 0.29 £ 0.01 3 570 3.22 £ 0.06

Measured in liquid CH,Cl, solutions at rt.

b Amplitude-weighted average lifetimes (74 amp)-”°
77 K. ¢ Absolute @ values were obtained usmg a calibrated integrating sphere. ¢

¢ Frozen glassy matrices of CH,Cl,/MeOH (1:1) at
The photoluminescence properties of 3a have been previously

reported in liquid MeCN solution at rt and in a frozen glassy matrix (butyronitrile) at 77 K.**

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Photoluminescence spectra of a-substituted phospholes 3a—g in
liquid CH,Cl, solutions at rt.

In liquid CH,CI, solutions, the UV/Vis spectra of the phos-
phole oxides exhibit 2-3 maxima. Specifically, within the wave-
length range of 242-292 nm, the transitions into n-n*-configured
excited states of the thiophene units are observed. Moreover, for
the push-pull systems 3e-g and 6c, bands are observed in the
323-343 nm range, which can be attributed to transitions into the
n-n* states of the phenylamine units. The transition maxima
corresponding to n-m* excitations of the a-substituted derivatives
3a-g are found in the 408-458 nm range.

Notably, the position of these absorption and emission maxima
strongly relies on the nature of the substituent and its electronic
structure. The B-substituted derivatives are clearly blue-shifted and
show bands in the range of 379-400 nm. The synthesized
thieno[3,2-b]Jphosphole oxides exhibit varying fluorescence inten-
sities in liquid CH,Cl, solutions, and are assigned to fluorescence
processes. These compounds demonstrate a wide spectral cover-
age, spanning from 522 to 703 nm (Fig. 3). Notably, derivatives 3a-
d display yellow-orange fluorescence with emission peaks falling
within the range of 567 to 593 nm. These emission wavelengths are
significantly red-shifted compared to the unsubstituted model
compound TPTPO, for which the emission peak is located at 502
nm.* The observed red shift in the emission of derivatives 3a-d is
attributed to the extension of the m-conjugated system. The ®p
values for the synthesized compounds range from 2-4%, while the
7 values fall within the range of 0.2-0.4 ns. The presence of a
flexible, propeller-like structure facilitates rapid relaxation of the
excited fluorophores to their ground state through vibrational
relaxation. This is evident in the large values of k,, (see Section
S5.1, ESIt). Such characteristics are consistent with those com-
monly observed in AlE-based materials” and are in agreement
with our previously published work.®® To achieve red-emitting
fluorophores, we previously designed and reported a push-pull
system with strong amine donor groups (D)”>”* and utilized the
phosphole oxide scaffold as the acceptor moiety (A). The deriva-
tives 3e and 3g, which are substituted with diphenylamine, exhibit
intense red luminescence with emission wavelengths of 649 and

7800 | J Mater. Chem. C, 2024,12, 7797-7806
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634 nm, respectively. Despite their propeller-like structures, these
compounds show notably high ®r values, with 3e reaching 25%
and 3g up to 60%. This enhancement in fluorescence efficiency
can be attributed to the D-A system. The extended conjugation
and subsequent intramolecular charge transfer (ICT) in the mole-
cular framework induce increased rigidity, thereby reducing the
occurrence of non-radiative relaxation channels, thus leading to
higher fluorescence efficiency.”® Moreover, the increased polariza-
tion of the molecules and the resulting dipole moment are evident
through pronounced solvatochromism (see Section S5.5, ESIt).
Similar findings have been reported by Tang et al*® and Hissler
et al.*® in their studies on amine-substituted phosphindole deri-
vatives. Due to the conjugation-induced rigidity, the investigated
compounds lose their AIE characteristics and can be classified as
dual-state emitters, exhibiting intense fluorescence both in the
solid state and in solution.”®”® Remarkably, the introduction of a
dimethoxydiphenylamine moiety results in an even more signifi-
cant red shift. Specifically, phosphole oxide 3f demonstrates a high
red emission with an emission maximum at 703 nm (Fig. 3) and a
@y value of 7% even in liquid CH,Cl, solution. Similar red-shifted
phosphole derivatives have been previously reported by Baumgart-
ner and Yamaguchi et al®® for boryl- and amino-substituted
dithienophospholes with distinct D-A-A 7 systems, but observed
only in polar MeCN solutions. In contrast, the B-substituted
derivatives 5, 6a and 6b do not exhibit a clear red shift compared
to their o-substituted counterparts but display weak green lumi-
nescence with emission wavelengths ranging from 522 to
530 nm and low @y values of only 2%. The limited influence
of the substituents in the B-position can be attributed to their
inductive nature, as the conjugation is not extended through
this position.** However, the diphenylamine derivative 6¢ shows
a pronounced red shift and weak emission at 640 nm, which can
be attributed to an ICT process. Except for the push-pull
systems, the thienophospholes generally exhibit low lumines-
cence efficiencies in liquid CH,Cl, solutions at rt. This can be
ascribed to the high density of rotational degrees of freedom at
the exocyclic substituents, leading to higher k,, values. At low
temperatures, these AIEgens experience reduced rotovibrational
degrees of freedom, which has a significant impact on their
optical characteristics. Consequently, an investigation into the
performance of these compounds in frozen CH,Cl,/MeOH (1:1)
glassy matrices at 77 K was conducted.

Under these specific conditions, all derivatives exhibited an
enhanced fluorescence due to rotovibrational constraints of the
exocyclic phenyl rings at low temperature. It is worth noting
that, in frozen matrices without solvent reorganization, the
emission bands of all phosphole oxides exhibited a blue shift
compared to measurements conducted in liquid CH,Cl, solu-
tions. Additionally, a notable rise in the lifetime values up to 49
times (6b) was observed. The AIE-based thienophospholes pre-
sented in this study demonstrate a characteristically low-
intensity fluorescence in solution, primarily attributed to the
rotovibrational relaxation process occurring upon photoexcita-
tion. However, in the solid state, this non-radiative decay path-
way is effectively suppressed due to enhanced intermolecular
interactions and increased molecular rigidity. Consequently,

This journal is © The Royal Society of Chemistry 2024
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Table 2 Photophysical properties of 3a—g, 5 and 6a—c in the solid state

Compound Jem” [nm] Tay_amp [1S] Drsolia) (£2) [%]°
3a? 548 6.17 + 0.02 75
3b 596 7.16 & 0.04 20
3¢ 566 3.81 + 0.03 51
3d 585 8.72 £ 0.02 61
3e 646 1.91 £ 0.06 16
3f 649 4.43 + 0.02 52
3g 591 1.54 £ 0.04 27
5 492 5.09 & 0.02 45
6a 508 5.67 £ 0.02 40
6b 499 6.46 & 0.02 65
6¢ 547 3.64 £ 0.02 16

“ Solid state at rt. © Amplitude-weighted average lifetimes at rt. ¢ Absolute
&y values of solids at rt were obtained by using a calibrated integrating
sphere with a suitable sample holder. ¢ The photoluminescence proper-
ties of 3a have been previously reported in solid state at rt.%*

these thienophospholes exhibit intense fluorescence in the
solid state (Table 2). In particular, the phenyl derivative 3a®®
displays a strong yellow fluorescence emission at 548 nm,
boasting a notable @ of 75% and an amplitude-weighted
average lifetime of 6.2 ns. On the other hand, the thienyl species
3b exhibits a significant red shift in its fluorescence emission to
596 nm compared to its solution behavior, resulting in an
orange emission. However, this luminescence is accompanied
by a reduction in fluorescence efficiency, with a @ of 20%. It is
worth mentioning that previous investigations on phosphinated
thienophosphole oxides have demonstrated a similar fluores-
cence behavior, which aligns well with the findings reported by
Tang et al.®* These observations suggest that AlE-active fluor-
ophores containing thiophene residues generally experience
elevated k,, values due to the sulfur atoms in their molecular
structure, which favour intersystem crossing. Substitution with
a biphenyl moiety (3¢) induces a red shift of 18 nm compared to
the reference compound 3a.°® This red shift can be attributed to
the extension of the delocalized n system, accompanied by a
small torsion angle of 4.2° (Fig. 4), which enhances the mole-
cular conjugation. However, the @y value decreases significantly
to 51% due to the twisted structure and consequent molecular
flexibility. In the case of compound 3d, which incorporates an
anisole group with methoxy functionality, a yellow-orange solid-
state fluorescence is observed. The @y value for 3d is 61%, and it

Ce®*NeOepP S

25.0°

43.5°

)

3d
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displays a relatively long fluorescence lifetime of 8.7 ns. The D-A
system 3e exhibits red emission at 646 nm, consistent with its
behavior in solution. However, the fluorescence efficiency drops
to 16%. This reduced efficiency arises from poor molecular
packing and limited intermolecular interactions which conse-
quently lead to high ky, values (44 x 107 s™'). Efficient red
emitters based on organic scaffolds pose a challenging task due
to the energy gap law.5*%*

Decreasing the HOMO-LUMO energy gap results in an
exponential increase in k. values while hindering an efficient
red fluorescence. Nevertheless, and improved molecular design
may offer promising avenues to mitigate non-radiative decay and
facilitate the development of efficient red emitters.®® The replace-
ment of the diphenylamine moiety with a dimethoxydiphenyla-
mine unit demonstrated a remarkable positive effect in the
phosphole 3f. This structural modification resulted in the mani-
festation of intense deep red luminescence, characterized by a @g
of 52% and a fluorescence lifetime of 4.4 ns. As a consequence,
this compound stands out as one of the few highly efficient red-
emitting solid-state fluorophores,®**® and to the best of our
knowledge, it represents the most potent red-emitting phosphole
derivative identified to date. The heightened efficiency of this red
emitter can be ascribed to its well-defined molecular structure.
Both the torsion angles between the thiophene and phenyl units,
as well as between the phenyl and amine moieties, exhibit very
small values of only 0.7° and 9.1°, respectively. This observation
implies a significant conjugation effect and a rigid molecular
framework, both of which contribute to the resulting red-shift
phenomenon. Additionally, the presence of methoxy groups in
compound 3f facilitates intermolecular interactions, specifically
involving Cai-H: - -m and C,—H- - -O interactions, thereby effec-
tively decreasing the probability of non-radiative decay processes.
In a broader context, it is recognized that the introduction of
anisole substituents, beyond inducing a red shift and augmenting
quantum yield, also correlates with extended t values. The {3-
substituted derivatives 5 and 6a-c follow a similar trend as
observed in liquid CH,Cl, solutions. Among these, compound
6b, characterized by an emission maximum of 499 nm and a @ of
65%, attains the most superior performance characteristics.

Fig. 5 demonstrates the expansive potential for modulating
the characteristics of the thieno[3,2-b]phosphole scaffold. The

48.6°,

\ /\< 0 /
y p //\
9.10«\/‘6\ e

3f

Fig. 4 Molecular structures and torsion angles of phospholes 3¢, 3d and 3f (molecular structures and details of compounds 5, 6a and 6c are given in

Section S4, ESIT).
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Fig. 5 Overview of the optical properties in the solid state of different substituted thieno[3,2-blphosphole oxides and selected crystals under irradiation

of UV light (395 nm).

model compound TPTPO®® exhibits a blue emission profile
(Zem = 485 nm) accompanied by good quantum efficiencies.
Through strategic incorporation of substituents in the o-
position that exhibit either inductive or weak mesomeric effects
(-Me, -Br, -P(O)Ph,), it becomes feasible to generate AIEgens
with tunable cyan to green luminescence.®® The extension of
the conjugated n system through the introduction of aromatic
substituents leads to the development of compounds display-
ing luminescence spanning from yellow to orange. To engineer
red-emitting species, the implementation of a push-pull
configuration alongside the introduction of potent donor
groups, such as diphenylamines, proves to be effective. In
contrast, the B-position does not serve as a straightforward
avenue for manipulating the color of the luminescence due to
the inherent limitations imposed by inadequate conjugation
phenomena.>®

-
$

Aem =543 nm
De=58+* 2%
Tav_amp = 8.5ns

Aem =570 nm
De=84 £ 2%
Tav_amp = 9.2ns

Tosylimino phospholes

The conversion of phosphole oxides (TPTPO,** PPTPO,* 3a,* 6a)
to their respective tosylimino phospholes 7a-d induces substan-
tial alterations in the photophysical characteristics.®* These
changes arise due to modifications in the chemical environment
of the phosphorus atom, alongside additional intermolecular
interactions and variations in molecular packing. Across all
instances, a notable red shift of the solid-state fluorescence
spectra, ranging from 13 to 58 nm (Fig. 6), is observed when
compared to their corresponding phosphole oxides. Two plausi-
ble explanations account for these observations. Firstly, an
intramolecular n-n interaction between the tosyl group and the
annulated thiophene moiety occurs within the conjugated n
system (Fig. 6).

This through-space conjugation exerts a stabilizing effect on
the excited state, leading to a reduction in the energy difference

Aem =561 nm
De=75 £ 2%
Tav_amp = 7.6ns

!.».

Aem =521 nm
De=T75*+ 2%
Tay_amp = 71ns

Fig. 6 Molecular structures of 7a—d (hydrogen atoms have been omitted for clarity) with intramolecular interactions (distances in A) and their
photophysical properties in the solid state. Pictures of selected crystals under irradiation of UV light (395 nm).
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between the frontier orbitals, particularly the lowering of the
LUMO level.**°° Consequently, the decrease in the HOMO-
LUMO energy gap is responsible for the observed bathochromic
shift in the emission wavelength. The distances involved in
these intramolecular n-n interactions range from 3.3 to 3.8 A,
consistent with previously reported compounds.®* To provide
further insights, exemplary non-covalent interaction (NCI) plots
were calculated for compounds 7a and 7c (Fig. 7).”"°> The non-
covalent interactions predominantly arise from m-m interac-
tions between the tosyl group and the thiophene unit. In the
case of compound 7¢, an additional C,y,~H-- nt interaction
occurs between the methyl group and the exocyclic phenyl ring.
The stabilization associated with the n-m interaction was esti-
mated by performing theoretical calculations involving the
rotation of the tosyl moiety (see Section S6, ESIt).

Compound 7a exhibits a stabilization energy of approximately
—6.6 k] mol ', whereas compound 7¢ shows an energy of —14.4
k] mol™!, attributed to the additional Caiy~H- - -1 interaction.
Moreover, a secondary explanation for the observed changes in
the photophysical properties arises from the alteration in the
chemical nature of the phosphorus atom, which exerts a sub-
stantial influence on the emission wavelength within phosphole
derivatives. In the case of tosylimino phospholes, a delocalized P-
N-S moiety is present, resulting in an additional red shift in the
emission spectrum.”® This is evidenced by P=N bond lengths
within the expected range (1.58-1.59 A), while the S-N bonds are
significantly shorter (1.58-1.59 A) than expected for a single
bond, matching the lengths of the PN double bonds. This
unique electronic structure is also manifested in the remarkable
chemical and thermal stability exhibited by the tosylimino phosp-
holes. In addition to influencing the emission maxima, certain
effects on the efficiency and lifetime of the emitted light were
observed. It is noteworthy that in the solid state, multi-
exponential decays were observed due to the presence of various
conformers and different proportions of mono-dispersed or
aggregated states; in addition, the polycrystalline nature of
the solids provides different microenvironments that also con-
tribute to a complex photoluminescence decay. Therefore, the
calculation of radiative and non-radiative constants using
amplitude-weighted average lifetimes should be regarded as an
approximation of the dynamics of the excited states. Notably, all

as well as C—H- - -m interactions.

This journal is © The Royal Society of Chemistry 2024
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tosylimines 7a-d demonstrated strong fluorescence in the solid
state, with @ ranging from 58% to 84%, and fluorescence
lifetimes ranging from 7.1 to 9.2 ns. Particularly noteworthy is
the significant increase in @r values observed in 7b-d as com-
pared to the starting materials. This enhancement is evident
when comparing the average deactivation rate constants, as 7b-d
exhibit significantly lower non-radiative deactivation rates. For
example, in 7b and 7d, the modification led to at least a one-third
reduction in the average non-radiative decay rates, resulting in
values of 3.3 x 10’ s~ " and 3.5 x 10’ s, respectively. Conse-
quently, the increase in fluorescence efficiency in these cases was
24% for 7b and 35% for 7d. Furthermore, the conversion of the
strong yellow emitter 3a® to 7c led to a noteworthy increase of @y,
by 9%. This enhancement can be attributed to two main factors.
Firstly, the formation of intramolecular n-n interactions signifi-
cantly increased the rigidity of the molecular framework,
thereby enhancing the fluorescence properties. Secondly, the
introduction of the relatively large tosyl group caused signifi-
cant alterations in the molecular packing in the solid state,
leading to additional C-H---heteroatom interactions (mainly
S=O0- - -H-Cyyy; or P=N---H-C,,). These interactions further
constrained the flexibility of the fluorophores, resulting in a
notable reduction in the non-radiative relaxation channels.
Among the tested compounds, only 7a exhibited no change in
the average k,, values (Fig. 8). In contrast, for the other
compounds, variations were observed in the average k, values,
which had a notable impact on the fluorescence efficiency.
Specifically, when the k, was reduced to 6.9 x 10" s, a
discernible 11% decrease in fluorescence efficiency was
observed. In 7a-d, we observed a significant increase in fluores-
cence lifetime by 1.4-3.6 ns. In particular, compound 7b stands
out with a lifetime of 7.6 ns, which is almost double the lifetime
of the starting compound PPTPO®® (4.0 ns). The increase in the
7 values can be attributed to the formation of the through-space
conjugation and the resulting stabilization of the excited
state.”*

Overall, the observations suggest that the strategic incor-
poration of tosyl groups in the molecular structure of the
fluorophores can yield substantial improvements in fluores-
cence efficiency and lifetime, making these tosylimines promis-
ing candidates for various optoelectronic applications.

> (>

Fig. 7 NCI plot of the phospholes 7a and 7c with top (a) and (c) and side view (

b) and (d) of the tosylate group. The insets (e)-(g) show various N---H-C
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Fig. 8 Average radiative (k,) and radiationless (k) deactivation rate con-
stants of phosphole oxides TPTPO,%® PPTPO,%* 3a,%® 6a and tosylimino
phospholes 7a—d in the solid state. The average rate constants are
estimated according to ky = 1/tay_amp = P¢/Tav_amp aNd Knr = 1 — ®p/Tay_amp
by using amplitude-weighted average lifetimes, as suggested by Engel-
borghs et al.’® The uncertainties are not presented in this diagram for
clarity (for k, and k. in liquid CH,Cl, solutions at rt and frozen glassy matrix
in CH,Cl,/MeOH (1:1) at 77 K, see Section S5, ESI{).

Conclusions

In conclusion, the study presented herein demonstrates the
remarkable versatility and potential of thieno[3,2-b]phosphole-
based fluorophores for achieving tuneable solid-state lumines-
cence. The strategic manipulation of molecular structures and
intermolecular interactions has enabled the design and synth-
esis of a diverse range of innovative materials with interesting
optical properties. Through systematic exploration of different
substituents in o- and B-positions on the thieno[3,2-b]phos-
phole scaffold, a comprehensive understanding of the factors
influencing emission characteristics has been established. The
introduction of various electron-donating groups and the exten-
sion of the conjugated n system has enabled the tuning of
emission wavelengths across the visible spectrum, from cyan to
deep red. Additionally, the incorporation of push-pull systems
and potent donor moieties has led to the development of a
highly efficient red-emitting fluorophore with a maximum at
649 nm and an efficiency of 52%, a challenging endeavor in the
field of organic luminescent materials. The investigation
also delved into the conversion of phosphole oxides to their
corresponding tosylimino derivatives, revealing that these
modifications can further enhance the fluorescence efficiency
and prolong the excited state lifetimes. The synergistic effects
of intramolecular interactions and altered molecular packing
resulting from the introduction of tosyl groups contribute to
these improvements and emphasize the significance of the
3-dimensional fluorophore design. This work showcases the
power of rational molecular design in achieving precise control
over solid-state emission properties by dual modulation of the
thieno[3,2-b]phosphole framework, offering new avenues for
the development of luminescent materials with tailored optical

7804 | J Mater. Chem. C, 2024,12, 7797-7806
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characteristics. The insights gained from this study provide a
foundation for future research in the design and engineering of
advanced materials for a wide range of applications.
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