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Nils König, a Yokari God́ınez-Loyola, b Fangshun Yang, c Christian Laube, c

Michael Laue, d Peter Lönnecke, a Cristian A. Strassert *b and Evamarie Hey-
Hawkins *a

Phosphole oxides undergo a highly chemoselective reaction with sulfonyl isocyanates forming

sulfonylimino phospholes in high yields. This facile modification proved to be a powerful tool for

obtaining new phosphole-based aggregation-induced emission (AIE) luminogens with high fluorescence

quantum yields in the solid state. Changing the chemical environment of the phosphorus atom of the

phosphole framework results in a significant shift of the fluorescence maximum to longer wavelengths.
Introduction

Since Tang et al. rst described the principle of aggregation-
induced emission (AIE) for methylpentaphenylsilole about 20
years ago,1 the interest and importance of this research area
have steadily increased, as indicated by the number of
publications per year.2,3 The potential applications of AIE range
from bioanalytics4–6 and materials science7 to optoelectronics.8

AIE describes the phenomenon of molecules that showminimal
or no emission in solutions but signicantly increased emission
in the solid or aggregated state.9

These molecular properties, especially in rotovibration
mode-rich compounds, can be well explained by the structural
characteristics of a molecule. Thus, it was noted that in AIE
luminogens (AIEgens) in the excited state, the non-radiative
decay is accelerated by intramolecular motions.13 These types
of intramolecular rotations are strongly restricted in
the aggregated state, mainly by intermolecular Caryl–H/p

interactions, which leads to an enhancement of
luminescence.14 This effect is clearly demonstrated in phenyl-
rich systems shown in Fig. 1. In diluted solutions, low
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photoluminescence quantum yields were observed (FF = 0.1–
0.3%),12,15 due to numerous possibilities for the rotation of the
phenyl rings. However, in the solid state, these compounds
become strongly luminescent (FF(solid) = 36–78%),12,15 because
of the restriction of intramolecular rotations (RIRs). In addition
to the well-known AIEgens of tetraphenylethenes (TPEs),10

phenylsiloles11 and phenylpyrazines,16 the incorporation of the
phosphole motif into p-conjugated molecular frameworks and
aryl-rich systems received considerable attention.17–23

Phospholes are ve-membered organophosphorus hetero-
cycles and the phosphorus analogues of pyrroles. Compared to
pyrroles and other conjugated ve-membered heterocycles,
phospholes have much lower aromaticity due to the pyramidal
environment at the phosphorus atom.25 Thus, the orientation of
the lone pair of electrons at the P-atom does not favor interac-
tion with the neighboring orbitals of the p system,26,27 allowing
facile modications.19 The change in the chemical environment
of the phosphorus atom has a major inuence on the photo-
physical properties of the molecule, as demonstrated for
dithienyl-phosphole (DTP, Scheme 1). The advantages of
Fig. 1 Molecular structures of AIEgens tetraphenylethene (TPE),10

hexaphenylsilole (HPS),11 and pentaphenylphosphole oxide (PPPO)12

and their fluorescence quantum yields in solution (FF) and the solid
state (FF(solid)).

Chem. Sci., 2023, 14, 2267–2274 | 2267

http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc00308f&domain=pdf&date_stamp=2023-02-25
http://orcid.org/0000-0003-4606-677X
http://orcid.org/0000-0002-3390-6250
http://orcid.org/0000-0003-4849-7485
http://orcid.org/0000-0002-6285-6934
http://orcid.org/0000-0003-4700-4247
http://orcid.org/0000-0003-1335-0897
http://orcid.org/0000-0002-1964-0169
http://orcid.org/0000-0003-4267-0603
https://doi.org/10.1039/d3sc00308f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc00308f
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC014009


Scheme 1 Chemical modification of dithienyl-phosphole (DTP) and
changes in photophysical properties.21,24
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incorporating phospholes in such p systems are based on their
electronic structure. In general, a modication of the environ-
ment around the phosphorus atom leads to a reduction of the
gap energies of the highest energy occupied molecular orbital
(HOMO) and the lowest energy unoccupied molecular orbital
(LUMO) resulting in lower energies for the emitted photons.24

Several options for the chemical modication of phospholes
have already been described in the literature. Besides alkyl-
ation28 or oxidation with chalcogens (O, S, and Se),29–31 the
electronic structure of the phosphole framework can be
changed by complex formation with various metals.32–35

In this work, we present a powerful synthetic strategy for
selectively converting phosphole oxides by reaction with
sulfonyl isocyanates into the corresponding sulfonylimino
phospholes, which showed tunable phosphole-based AIE with
high FF in the solid state.
Results and discussion

Only a few reactions in which cyclic phosphane oxides are selec-
tively converted into their phosphane imines have already been
reported in the literature.36,37 Herein, we investigated the reaction
of four structurally different phosphole oxides 1–4 (Scheme 2)
with chlorosulfonyl isocyanate (5a, CSI) and p-
toluenesulfonyl isocyanate (5b, TSI). CSI 5a is the most reactive
isocyanate known.38 In addition to the well-known cycloadditions,
a wide variety of nucleophilic addition and substitution reactions
are possible, making CSI a powerful reagent.39
Scheme 2 Synthesis of sulfonylimino phospholes 6–9 a,b.

2268 | Chem. Sci., 2023, 14, 2267–2274
When phosphole oxides 1–4 were treated with a solution of
5a, we could observe a specic reaction behavior. 5a undergoes
a highly chemoselective reaction with phosphole oxides 1–4
resulting in chlorosulfonylimino phospholes 6a–9a, where the
reaction conditions strongly depend on the structure of the
phosphole oxide used (Table 1). DBPO 1 exhibits the highest
reactivity due to its planar structure and the good accessibility
of the P]O double bond. Complete conversion is achieved aer
2 h at −30 °C. In contrast, TPPO 3 and PPPO 4 show the lowest
reactivity as a result of the phenyl rings in the a position to the
phosphorus atom and the stronger steric hindrance. In these
cases, complete conversion was observed up to 24 h at RT. All
the products were isolated via recrystallization giving 6a–9a in
90–98% yields. The 31P NMR signals of the compounds 6a–9a
are shied to a higher eld by about 12–14 ppm compared to
the corresponding phosphole oxides 1–4, allowing the reaction
progress to be easily monitored by 31P NMR spectroscopy.
Phospholes 6a–9a are moisture-insensitive in the crystalline
form but show slow hydrolysis and substitution reactions in the
presence of nucleophiles in solution. p-Tolylsulfonylimino
phospholes 6b–9b can be obtained when TSI 5b is employed;
nonetheless, higher reaction temperatures are required due to
the lower reactivity of TSI 5b compared to CSI 5a. Phospholes
6b–9b were formed highly chemoselectively in good yields (80–
97%). Here, the phosphole oxides TPPO 3 and PPPO 4 required
temperatures up to 85 °C, which are signicantly higher than in
the case of DBPO 1. Derivatives 6b–9b are moisture and air
stable and can be puried by ash chromatography in addition
to recrystallization. The exchange of the chlorine group by
a tosyl moiety leads to a higher electron density at the
phosphorus atom, which is shown by a low eld shi of 4 to
5 ppm in the 31P NMR spectrum. Even though a few examples of
sulfonylimino phospholes have already been reported in the
literature, they were obtained by the reaction of phospholes
with sulfonyl azides40 or chloramine T.41,42 The advantage of
our approach is the selective and facile synthesis of
iminophospholes starting from air-stable and easily isolable
phosphole oxides 1–4.

To obtain a deeper insight into the possible reaction
mechanism of the formation of sulfonylimino phospholes,
computational studies using DBPO 1 and chlorosulfonyl
isocyanate 5a were performed at the B3LYP-D3(BJ)/TZP level of
Table 1 Conditions and characteristics for the synthesis of sulfonylimino
phospholes 6–9 a,b

Entry Solvent Time [h] Temp. [°C] Yielda % 31P NMRb [ppm]

6a CH2Cl2 2 –30 92 21.2
7a CH2Cl2 3 0 90 25.8
8a CH2Cl2 24 RT 91 28.0
9a CH2Cl2 24 RT 98 31.0
6b CH2Cl2 14 40 80 17.1
7b Toluene 14 70 97 21.0
8b Toluene 14 85 82 22.1
9b Toluene 14 85 85 26.1

a Isolated yield. b Measured in CDCl3.

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc00308f


Table 2 Selected bond lengths [Å] and angles [°] of phospholes 6a–9a

6a 7a 8a 9a

P1–C1 1.790(2) 1.791(2) 1.816(5) 1.798(2)
P1–N1 1.603(1) 1.610(2) 1.609(4) 1.613(1)
N1–S1 1.550(1) 1.548(2) 1.557(4) 1.561(1)
S1–Cl1 2.0778(5) 2.0803(9) 2.079(2) 2.077(1)
P1–N1–S1 127.13(8) 123.2(1) 122.3(3) 125.61(8)
C1–P1–C4 93.61(7) 94.0(1) 94.8(2) 94.69(7)
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theory43 using ADF.2018.107.44,45 Transition states were located
by employing the Climbing Image Nudged Elastic Band (CI-
NEB) method46 starting from the relaxed ground state
structures of the reactants (Chapter 5, ESI†).

Fig. 2 shows the relative Gibbs free energy prole of the
reaction regarding the starting materials (SM). Theoretical
calculations indicated that the phosphole sulfonylimination
reaction proceeded via an addition–elimination mechanism
and could be considered a formal [2 + 2] cycloaddition. First, the
oxygen atom of the P]O double bond attacks the carbon atom
of the isocyanate. In the resulting ionic intermediate (Int), the
negatively charged nitrogen atom attacks the phosphorus atom
of the phosphole framework, yielding the corresponding
sulfonylimino phosphole aer the elimination of CO2. In the
exergonic reaction, an energy of 67.3 kJ mol−1 is released and
the driving forces are the generation of a C]O double bond, the
elimination of CO2, and the formation of a resonance-stabilized
P–N–S moiety. Interestingly, acyclic phosphane oxides, such
as triphenylphosphane oxide, cannot be converted to the
corresponding sulfonylimines by CSI 5a. The reason is the more
stable and sterically protected P]O double bond compared to
phosphole oxides. However, TSI 5b exhibits higher thermal
stability, which allowed the conversion of triphenylphosphane
oxide to tosylimino phosphane at high temperatures and long
reaction times (Fig. S1.2, ESI†).

Sulfonylimino phospholes are characterized by excellent
crystallization properties, readily furnishing single crystals
suitable for X-ray diffractometric structure analysis by common
crystallization methods (Table 2). The P]N double bonds
(1.603–1.613 Å) in phospholes 6a–9a (Fig. 3) agree with the
calculated (1.61 Å) and reported values.47 Interestingly, the S1–
N1 bond lengths are in a range of 1.550 to 1.561 Å and indicate
double bond character. This observation suggests
delocalization in the P–N–S moiety, which is stabilized by the
neighboring electron-withdrawing groups. A comparable
delocalized P–N–S unit has already been reported by Dehnicke
et al. for sulfonylimino phosphoranes.47 The bond length of the
characteristic S–Cl bond is in a range of 2.078 to 2.080 Å and
slightly longer than in comparable compounds.47 The tolyl
Fig. 2 Relative Gibbs free energy profile of the reactionwith respect to
the starting materials.

© 2023 The Author(s). Published by the Royal Society of Chemistry
derivatives 6b–9b (Fig. 4) show structural differences compared
to their chlorine derivatives 6a–9a. The P]N bonds are shorter
by 0.01 to 0.04 Å and the S–N bonds are longer by 0.02 to 0.04 Å,
resulting in almost equal S–N and P–N bond lengths.

The interesting P–N–S bonding mode of sulfonylimino
phospholes is possibly the cause of the high kinetic stability of
this class of compounds.48 Compared to the chlorine substit-
uent, the tolyl group does not have any electron-withdrawing
properties, which leads to a stronger S–N single bond char-
acter and reduced delocalization (Table 3).49 For the annelated
derivatives 6b and 7b, a signicant increase of the P–N–S bond
angle is observed compared to the corresponding chlorine
derivatives, whereas a decrease is observed for the phospholes
with exocyclic substituents 8b and 9b. This is due to
intramolecular p interactions between the tosyl group and the
fused rings, which leads to an increased tension of the P–N–S
linker and increase of the bond angle. In 8b and 9b, the
intramolecular p interaction takes place between the tosyl
group and the exocyclic phenyl rings in the a position of the
phospholes. In addition, the derivatives 6b–8b show a decrease
in the C1–P1–C4 bond angle by 0.5 to 1.0°. Signicant
intermolecular p–p stacking could only be observed in
compounds 6b, 8a, and 8b (see Chapter 2, ESI†).

Phosphole-based conjugated p systems are characterized by
remarkable photophysical properties. Therefore, in-depth
Fig. 3 Molecular structures of 6a, 7a, 8a, and 9a. Thermal displace-
ment ellipsoids shown at 50% probability. Hydrogen atoms have been
omitted for clarity.

Chem. Sci., 2023, 14, 2267–2274 | 2269
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Fig. 4 Molecular structures of 6b, 7b, 8b and 9b. Thermal
displacement ellipsoids shown at 50% probability. Hydrogen atoms
have been omitted for clarity.

Table 3 Selected bond lengths [Å] and angles [°] of phospholes 6b–9b

6b 7b 8b 9b

P1–C1 1.792(1) 1.807(2) 1.814(1) 1.802(8)a

P1–N1 1.591(1) 1.587(2) 1.595(1) 1.585(6)a

N1–S1 1.582(1) 1.586(2) 1.591(1) 1.591(6)a

P1–N1–S1 128.99(8) 129.5(1) 121.73(6) 123.6(4)a

C1–P1–C4 93.03(7) 93.0(1) 94.18(6) 94.4(4)a

a Average bond lengths and bond angles of the three molecules.

Fig. 5 Photoluminescence spectra of 1–4 and 6–9 a,b in MeCN at RT
(for lex, see Chapter 4, ESI†).

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
fe

br
ua

r 
20

23
. D

ow
nl

oa
de

d 
on

 1
.2

.2
02

6.
 1

8.
24

.0
6.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
photophysical studies of phospholes 6–9 a,b were carried out to
understand the inuence of the new modication method on
the optical properties. Relating to this, photoluminescence
spectra and excited state lifetimes (sav_amp), as well asFF in uid
solution at RT, in a frozen glassy matrix at 77 K and in the solid
state were measured (Table 4). In general, we observed that
all time-resolved photoluminescence measurements yield
biexponential decays, due to the coexistence of different
Table 4 Photophysical properties of 6–9 a,b in MeCN solutions at RT a

Compound lex
a [nm] 3a [103 mol−1 dm3 cm−1] lem

a [nm] sav_am

6a 335 1.59 385 2.33 �
6b 330 1.69 378 12.57
7a 357 5.80 480 0.84 �
7b 353 4.30 472 0.74 �
8a 410 12.60 555 0.104
8b 405 16.30 537 0.407
9a 405 5.20 558 n. d.f

9b 398 5.00 547 3.54 �
a Measured in MeCN solutions at RT. b Amplitude-weighted average lifetim
FF(IS) was obtained using a calibrated integrating sphere. e FF(SR) was det
(DPHT) in cyclohexane as the standard reference (FF(RT) = 0.78). f Not de

2270 | Chem. Sci., 2023, 14, 2267–2274
conformers; thus, amplitude-weighted average lifetimes were
used to estimate deactivation rate constants.50 It became
apparent that the chemical modication of the phosphorus
atom strongly inuences the optical properties. All derivatives
show that the transformation from oxides 1–4 into
sulfonylimines 6–9 a,b leads to a bathochromic shi of the
absorption (lex) and emission maxima (lem) (Fig. 5). Similar
observations were already reported by Matano et al.40

The shis in the UV/vis absorption spectra are in the range of
8–18 nm for the chlorine derivatives 6a–9a and 2–13 nm for the
tosyl derivatives 6b–9b. However, this effect is even more
evident in the steady-state uorescence spectra, wherein the
emission maxima show changes in a range of 21–48 nm for 6a–
9a and 14–29 nm for 6b–9b, if compared with their oxide
precursors. The largest bathochromic shi is observed in 8a,
which shows a difference of 47 nm compared to the oxide 3
(lem = 508 nm). The bathochromic shi can be explained by the
fact that sulfonylimino phospholes have a more extended p

system than their corresponding oxides. The transformation
leads to a reduction of the HOMO–LUMO energy gaps resulting
in longer wavelength photons (Fig. S5.1, ESI†). Herein, the
chlorine derivatives 6a–9a show the highest bathochromic shi
due to the electron-withdrawing properties of the sulfonyl
nd frozen glassy matrices of butyronitrile at 77 K

p (sol, RT)
a,b [ns] sav_amp(77 K)

bc [ns]
FF(IS)

a,d

[�2%]
FF(SR)

a,e

[�2%]
FF(77 K)

c,d

[�2%]

0.01 3.82 � 0.06 16 15 98
� 0.04 13.7 � 0.1 10 12 77
0.01 12.21 � 0.08 5 4 85
0.01 12.16 � 0.04 5 10 98

� 0.002 6.46 � 0.04 <2 <2 78
� 0.001 7.63 � 0.02 3 4 62

11.1 � 0.1 <2 <2 83
0.08 14.9 � 0.1 <2 <2 89

es (sav_amp).50
c Frozen glassy matrices of butyronitrile at 77 K. d Absolute

ermined by a comparative approach using 1,6-diphenyl-1,3,5-hexatriene
tectable due to weak uorescence.

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc00308f


Fig. 6 Photoluminescence spectra of 9b in different MeCN/water
mixtures (lex = 398 nm) (A) and emission intensity of 8b and 9b in
MeCN/water for increasing water content (fw) (B).

Fig. 7 Solid-state fluorescence of phospholes 6–9 under irradiation
of UV light (395 nm).
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chloride group. The respective uorescence quantum yields in
uid solutions at RT (FF(IS)) were obtained in acetonitrile using
a calibrated integrating sphere system and showed a strong
dependence on themolecular structure. TheseFF(IS) values were
additionally conrmed by a relative method and the use of
DPHT as a standard reference.

In MeCN solutions at RT, dibenzophosphole derivatives 6a
and 6b have FF values of 16% and 10%, respectively, which
are signicantly higher than that of the corresponding DBPO 1
(FF = 4.2%).22 Similar observations were made with the
phosphindole derivatives 7a and 7b. The FF values for both
derivatives are 5%, which is considerably higher than that of
their precursor TPPIO 2 (FF = 1.2%).12 The higher knr values of
compounds 7a-b (if compared with 6a-b) explain their lower
quantum yields, which can be attributed to their reduced
rigidity. The lowest FF values are shown by derivatives 8 and 9.
This behavior can be explained by comparison of the
corresponding rates, where higher radiationless constants knr
were observed for derivatives 8 and 9 (Table S4.1, ESI†). This
illustrates that these compounds, as well as the corresponding
oxides 3 and 4, are weak emitters in solution with FF values < 2-
3%. For these molecules, high rates of vibronic radiationless
relaxation can be inferred, due to the rotation of the exocyclic
phenyl rings, which favors a non-radiative decay and ultimately
leads to a decrease in the emission intensity. 6a and 6b have
signicantly more rigid and planar congurations and thus
show a stronger emission in solution. The rotation of the
exocyclic phenyl rings and non-radiative decays can be hindered
in frozen matrices, meaning that the emission can be strongly
enhanced.51 For this purpose, the compounds were dissolved in
butyronitrile and cooled down to 77 K. All derivatives show
a signicant increase in emission intensity at 77 K; this can be
conrmed by FF(77 K), whose values are in a range of 62–98%.
Moreover, the excited state lifetimes (sav_amp(77 K)) are longer
than at RT. 8a has a sav_amp(77 K) of 6.46 ns, which means
a lifetime extension of more than 60 times compared to RT.
Except for 6a, the kr values for all compounds are comparable to
RT when cooling down to 77 K. However, an important decrease
of until two orders of magnitude in the knr values is observed for
all derivatives in frozen glassy matrices, if compared with RT.
This behavior is explained by the lack of vibronic radiationless
relaxation in the frozen matrices. Interestingly, derivatives 8
and 9, which are those with the largest number of phenyl
substituents, are the ones with the most signicant drop in the
knr value. These results are in agreement with the detected
FF(77 K) and sav_amp(77 K).

AIEgens are characterized by weak uorescence in solution.
By adding a solvent in which the compound is not soluble, they
aggregate. The resulting intermolecular interactions restrict the
rotational freedom of the exocyclic rotor units, which leads to
a signicant increase in uorescence intensity. We have shown
this typical AIE behavior for the examples 8b and 9b in Fig. 6.
The MeCN solutions of compounds 8b and 9b show no (9b) or
weak (8b) uorescence (Fig. 6B). When the water content is
increased, a drastic increase in emission intensity is observed at
about 80% water content, which illustrates the AIE nature of
this novel class of compounds.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Despite sulfonylimino phospholes showing weak emission
in solution, they are strong emitters in the solid state (Fig. 7).
The locations of the emission maxima are comparable to those
in solution (Table 5). Exceptions are represented by the
dibenzophosphole derivatives 6a and 6b, which show a strong
bathochromic shi of 29–31 nm that can be attributed to the
fact that planar molecular structures are capable of forming
stronger interactions byp–p stacking in the solid state.52 TheFF

values in the solid state (FF(solid)) as well as sav_amp show
characteristic differences between chlorine and tosyl derivates.
9b has a FF(solid) value of 75%, which is more than two-fold
higher than that of the corresponding oxide PPPO 4 (FF(solid)

= 36%), whereas 9a shows less emission with a FF(solid) of 10%.
Furthermore, 7b shows intense blue uorescence at 479 nm and
a FF(solid) of 82%, which represents a signicant increase if
compared to TPPIO 2 (FF(solid) = 72%). Interestingly, for all the
compounds studied, a trend was observed for the tosyl
derivatives 6b–9b, which have larger FF(solid) and longer s in the
solid state than the comparable Cl derivatives 6a–9a. These
differences in sav_amp and FF(solid) can be explained by analyzing
and comparing the average radiative decay rate constants (kr)
and the corresponding non-radiative decay rate constants (knr).

In 6a–9a, larger knr than kr values are observed. This is clearly
demonstrated by phospholes 8a and 9a, which have a knr of
36 × 107 s−1 and kr of 8.0 × 107 s−1 and 3.8 × 107 s−1, respec-
tively (Fig. 8). We could observe in the crystal structures that the
Cl substituent of the sulfonyl group has no contact with
neighboring molecules and can undergo rotation and vibration,
leading to higher rates of radiationless vibrational relaxation,
Chem. Sci., 2023, 14, 2267–2274 | 2271
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Table 5 Photophysical properties of 6–9 a,b in the solid state

Compound lem
a [nm] sav_amp

b [ns] FF(solid)
c [� 2%]

6a 417 8.4 � 0.4 34
6b 407 14.2 � 0.3 54
7a 491 4.4 � 0.1 46
7b 479 8.5 � 0.5 82
8a 557 2.3 � 0.1 18
8b 548 9.2 � 0.5 55
9a 555 2.5 � 0.1 10
9b 528 8.1 � 0.1 75

a Solid state at RT. b Amplitude-weighted average lifetimes at RT.
c Absolute FF of solids at RT was obtained using a calibrated
integrating sphere with a suitable sample holder.

Fig. 9 Intramolecular p–p interaction with the tosyl group in 6b–9b
leads to through-space conjugation, additional restriction of motions,
and increased rigidity.
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and thus, an increased radiationless decay rate. Moreover, Caryl–

H/Cl interactions occur in 6a and 7a, resulting in increased
rigidity, relatively low knr values and moderate FF(solid) of 34 and
46%, respectively (additional details are given in the ESI†). On
the other hand, there are multiple Caryl–H/p and S]O/H
interactions in 6b–9b between the tosyl group and neighboring
molecules. The resulting restriction of rotations and motions
due to the xation of the substituent is clearly reected in the
lower knr values.

Also, additional intramolecular p–p interactions between
the tosyl group and the phoshindole framework or the exocyclic
phenyl rings in the a position can be noticed (Fig. 9). This type
of through-space conjugation has been invoked to explain the
enhanced photophysical properties by increased rigidity.53–56

The distances of the intramolecular p stacking are in the range
of 3.219–3.501 Å, indicating strong interactions and agreeing
with the observations of Tang et al.57 Except for 7a-b and 9b
having the highest radiative rate constants, the knr values are
generally comparable for all compounds in solid phases.
Fig. 8 Radiative (kr) and non-radiative (knr) decay rate constants of
compounds 6–9 in the solid state. The decay rate constants are
determined according to kr = 1/sav_amp = FF/sav_amp and knr = 1 − FF/
sav_amp by using amplitude-weighted average lifetimes, according to
Engelborghs et al.50 The uncertainty analysis is not presented in this
diagram for clarity (for kr and knr in MeCN solutions at RT and a frozen
glassy matrix in butyronitrile at 77 K, see Chapter 4 in the ESI†).

2272 | Chem. Sci., 2023, 14, 2267–2274
In general, the derivatisation of phosphole oxides with
sulfonyl isocyanates results in a bathochromic shi of the
absorption and emission maxima. All synthesized phospholes
6–9 show a weaker emission in solution, whereas 6a,b, and 7a,b
have higher FF values than the corresponding oxides 1 and 2.
Due to the different restrictions in motions and intramolecular
interactions, tosyl derivatives 6b–9b have signicantly higher
FF(solid) values than chlorine derivatives 6a–9a. The high density
of rotovibrational states make oxides 3-4 and derivatives 8-9
weak emitters in uid solutions. This highlights the importance
of the reaction of phosphole oxides with TSI 5b as a promising
derivatisation method for the synthesis of high-emissive
phosphole-based AIEgens.
Conclusion

A facile synthetic strategy for selectively converting phosphole
oxides 1–4 into their corresponding sulfonylimines 6–9 a,b by
using sulfonyl isocyanates 5a,b is reported. The reaction is
characterized by high chemoselectivity and excellent yields.
Theoretical calculations suggest an addition–elimination
mechanism and show that this reaction method is particularly
suitable for phosphole oxides. In addition to X-ray structure
analysis, the photophysical properties of the phospholes 6–9 a,b
were studied under different conditions, namely in solution,
frozen glassy matrices, and solid state. In solution, all
compounds show a bathochromic shi of absorption and
emission maxima compared to the phosphole oxides 1–4, but
low FF(IS) values were observed. At 77 K in glassy matrices,
however, the FF values were signicantly improved. The novel
compounds are characterized by strong uorescence in the
solid state, although there are signicant differences in
quantum yields and lifetimes between chloride 6a–9a and tosyl
derivates 6b–9b. In general, a trend towards considerably higher
FF(solid) values and longer s for tosyl derivatives 6b–9b is
© 2023 The Author(s). Published by the Royal Society of Chemistry
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observed, due to better restriction of intramolecular
rotations and vibrations in the solid state. Intriguingly, the
transformation of phosphole oxides into their tosylimines
signicantly increased the quantum yield. These observations
show that derivatisation with TSI 5b is an essential and facile
synthetic strategy for the preparation of highly emissive
phosphole-based luminophores and its potential will now be
investigated further.
Data availability

All experimental procedures, spectroscopic data, photophysical
properties, information on the theoretical calculations and
crystallographic data can be found in the ESI.†
Author contributions

N. K. performed the experimental work and wrote the original
dra. Y. G.-L., C. L. and F. Y. analyzed the photophysical
properties. P. L. performed single crystal X-ray analysis and
interpreted the structural data. M. L. performed the DFT
calculations. E. H.-H. and C. A. S. supervised the project. All
authors have corrected the nal manuscript. All authors have
read and approved the nal version.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

M. L. is grateful for a doctoral fellowship provided by the
Deutsche Bundesstiung Umwelt. We thank Prof. Dr C.
Schneider for providing the computational infrastructure for
DFT calculations. C. A. S. gratefully acknowledges the generous
nancial support for the acquisition of an “Integrated Confocal
Luminescence Spectrometer with Spatiotemporal Resolution
and Multiphoton Excitation” (DFG/Land NRW: INST 211/915-1
FUGG; DFG EXC1003: “Berufungsmittel”). We thank Prof. Dr
B. Abel for providing access to the uorescence lifetime image
microscope for the kinetical uorescence studies.
References

1 J. Luo, Z. Xie, J. W. Y. Lam, L. Cheng, H. Chen, C. Qiu,
H. S. Kwok, X. Zhan, Y. Liu, D. Zhu and B. Z. Tang, Chem.
Commun., 2001, 1740–1741.

2 J. Mei, N. L. C. Leung, R. T. K. Kwok, J. W. Y. Lam and
B. Z. Tang, Chem. Rev., 2015, 115, 11718–11940.

3 B. Liu and B. Z. Tang, Chem. –J. Mater. Chem. B Asian J., 2019,
14, 672–673.

4 R. Zhan, Y. Pan, P. N. Manghnani and B. Liu, Macromol.
Biosci., 2017, 17, 1600433.

5 G. Feng and B. Liu, Acc. Chem. Res., 2018, 51, 1404–1414.
6 X. Zhang, X. Zhang, L. Tao, Z. Chi, J. Xu and Y. Wei, J. Mater.
Chem. B, 2014, 2, 4398–4414.
© 2023 The Author(s). Published by the Royal Society of Chemistry
7 J. Mei, Y. Hong, J. W. Y. Lam, A. Qin, Y. Tang and B. Z. Tang,
Adv. Mater., 2014, 26, 5429–5479.

8 L. Chen, C. Zhang, G. Lin, H. Nie, W. Luo, Z. Zhuang, S. Ding,
R. Hu, S.-J. Su, F. Huang, A. Qin, Z. Zhao and B. Z. Tang, J.
Mater. Chem. C, 2016, 4, 2775–2783.

9 Z. Zhao, H. Zhang, J. W. Y. Lam and B. Z. Tang, Angew. Chem.,
Int. Ed., 2020, 59, 9888–9907.

10 Z. Zhao, J. W. Y. Lam and B. Z. Tang, J. Mater. Chem., 2012,
22, 23726–23740.

11 G. Yu, S. Yin, Y. Liu, J. Chen, X. Xu, X. Sun, D. Ma, X. Zhan,
Q. Peng, Z. Shuai, B. Tang, D. Zhu, W. Fang and Y. Luo, J. Am.
Chem. Soc., 2005, 127, 6335–6346.

12 F. Bu, E. Wang, Q. Peng, R. Hu, A. Qin, Z. Zhao and
B. Z. Tang, Chem. – Eur. J., 2015, 21, 4440–4449.

13 J. Chen, C. C. W. Law, J. W. Y. Lam, Y. Dong, S. M. F. Lo,
I. D. Williams, D. Zhu and B. Z. Tang, Chem. Mater., 2003,
15, 1535–1546.

14 Y. Hong, J. W. Y. Lam and B. Z. Tang, Chem. Commun., 2009,
4332–4353.

15 Z. Zhao, S. Chen, J. W. Y. Lam, C. K. W. Jim, C. Y. K. Chan,
Z. Wang, P. Lu, C. Deng, H. S. Kwok, Y. Ma and B. Z. Tang,
J. Phys. Chem. C, 2010, 114, 7963–7972.

16 M. Chen, L. Li, H. Nie, J. Tong, L. Yan, B. Xu, J. Z. Sun,
W. Tian, Z. Zhao, A. Qin and B. Z. Tang, Chem. Sci., 2015,
6, 1932–1937.

17 Y. Ren and T. Baumgartner, Dalton Trans., 2012, 41, 7792–
7800.

18 J. C.-H. Chan, W. H. Lam, H.-L. Wong, W.-T. Wong and
V. W.-W. Yam, Angew. Chem., Int. Ed., 2013, 52, 11504–11508.

19 M. P. Duffy, W. Delaunay, P.-A. Bouit and M. Hissler, Chem.
Soc. Rev., 2016, 45, 5296–5310.

20 D. Joly, D. Tondelier, V. Deborde, B. Geffroy, M. Hissler and
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