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1,3-benzazaphospholes†
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and John D. Protasiewicz *a

2-R-1H-1,3-Benzazaphospholes (R-BAPs) are an interesting class of s2P heterocycles containing P]C

bonds. While closely related 2-R-1,3-benzoxaphospholes (R-BOPs) have been shown to be highly

photoluminescent materials depending on specific R substituents, photoluminescence of R-BAPs has

been previously limited to an example having a fused carbazole ring system. Here we detail the synthesis

and structural characterization of a new R-BAP (3c, R = 2,2′-dithiophene), and compare its

photoluminescence against two previously reported R-BAPs (3a, R, R′ = Me and 3b, R = 2-thiophene).

The significant fluorescence displayed by the thiophene derivatives 3b (4 = 0.53) and 3c (4 = 0.12)

stands in contrast to the weakly emissive methyl substituted analogue 3a (4 = 0.08). Comparative

computational investigations of 3a–c offer insights into the interplay between structure–function

relationships affecting excited state relaxation processes.
Introduction

Organic p-conjugated materials continue to receive widespread
attention; their optical and electronic properties make them
potential candidates as semiconducting materials in optoelec-
tronic devices.1–12 Many different strategies are being used to
improve or modulate the electronic properties of p-conjugated
oligomers or polymers, including incorporation of hetero-
cyclopentadienes (such as thiophenes, pyrroles, and
phospholes).13–17

Phosphorus containing heterocycles can be subdivided by
coordination number, with three coordinate and four coordi-
nate geometries (s3, s4) being the most commonly studied
systems.18–24 In particular, s3,l3-phospholes have drawn much
attention, as their (i) trigonal pyramidal geometry and reduced
serve University, Cleveland, Ohio 44106,
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(ESI) available: NMR spectra for
able and CIF les) for compound 3c.
aphic data in CIF or other electronic
ra07226b
aromaticity allow for unusual means to tune electronic delo-
calization into the p-system, and (ii) the lone pair on phos-
phorus offers additional opportunities to modulate HOMO and
LUMO levels. Specically, chemical modication of the P atom
by oxidation, alkylation, or coordination by Lewis acids and
metals has led to tunable new p-conjugated systems with
diverse photophysical properties.25

In particular, s4,l5-phospholes can display impressive
luminescence, and many different types of derivatives have
been synthesized for diverse potential applications (Chart 1,
A–D).26–35 For example, dibenzophospholes (A) have been used
for OLEDs36 and dithienophosphole building blocks (B) have
been used to generate white light emission.37 Fluorescent 2,2′-
benzo[b]phosphole-benzo[b]heteroles (C)38 and super-
photostable dyes based on naphthalene-fused phospholes
(D)39 represent signicant advances as well.

From this aspect, s2,l3-phospholes are much less studied.
Such compounds feature PC pp–pp bonds directly analogous to
conventional CC p bonds and offer further opportunities to
explore p-conjugated materials. Our group has thus been
interested in the development of luminescent phosphaalkenes
featuring two-coordinate phosphorus atoms (s2).40 In 2010,41 we
reported investigations of highly luminescent 1,3-benzox-
aphospholes (R-BOP, Chart 1), and have since documented
other luminescent benzoxaphosphole based materials.42–46 The
analogous sulfur-containing 1,3-benzothiaphospholes (E) are
also luminescent.47 While numerous 1H-1,3-benzazaphosp-
holes (R-BAP) have been reported, no signicant photo-
luminescence studies have appeared.48–55 However, we have
shown that a benzazaphosphole (F, Chart 1) adhered to carba-
zole (a common uorophore) can display signicant
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Chart 1 Examples of luminescent phospholes.

Scheme 1 1H-1,3-benzazaphospholes 3a and 3b (top), preparation of
3c (bottom).

Fig. 1 X-ray crystal structure of compound 3c. Selected bond lengths
(Å) and bond angles (°) of 3c: P]C1 1.745(5), P–C2 1.800(5), N–C1

1.353(7), N–C3 1.381(6), C2–C3 1.395(7), C1–C8 1.449(8), C1–P–C2

88.8(2), N–C1–P 113.1(4), C1–N–C3 114.8(4).
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luminescence distinct from carbazole.56 The development of
other luminescent materials featuring s2,l3-phosphorus is
rapidly expanding, as recent examplesG–J illustrate in Chart 1.57

These observations inspired re-examination of selected R-
BAPs to probe their potential as luminescent materials. In this
study previously reported 2-thiophene-1,3-benzazaphosphole58a

is shown to be highly luminescent. Comparisons are also made
to a previously reported 2-methyl substituted analogue,58b as
well as to a new 2-dithiophene analogue. Modications of the 2-
substituent are shown to lead to signicant changes in emission
properties, and the underlying photophysical reasons for these
changes have been analyzed by computational studies.
Fig. 2 Packing diagrams for derivative 3c.
Results and discussion

1H-1,3-Benzazaphospholes 3a–c were identied for this study
(Scheme 1). Compounds 3a and 3b were synthesized as previ-
ously reported.58 Following similar protocols, the new BAP
derivative 3c was also prepared. The structure of 3c was readily
conrmed by routine NMR spectroscopic analyses. For example,
the 31P{1H} NMR resonance for 3c at d 77.7 ppm is consistent
with previously reported shis for 1,3-benzazaphospholes,
which typically range from d 72.0 to 78.8 ppm.58 Absolute
identication of 3c was made by an X-ray diffraction study.

Crystals of 3c suitable for X-ray diffraction studies were
grown by diffusion of pentane into a concentrated CH2Cl2
solutions of 3c. The resulting solid-state structure is portrayed
in Fig. 1, along with key bond lengths and angles (see ESI† for
experimental details).
© 2023 The Author(s). Published by the Royal Society of Chemistry
The P]C1 bond length in 3c (1.745(5) Å) is slightly longer
than those distances found in related BAP derivatives (1.70–1.73
Å range).58,59 This value is between single and double bonds
owing to delocalization across the NCP array. The C1–P–C2 angle
in 3c (88.8(2)°) is consistent with such angles determined in
related BAPs (88.2–90.1° range). Consistent with this hypoth-
esis, all of the atoms in 3c lie in a nearly perfect plane (max
deviation from mean plane is 0.16 Å for remote S atom).

The crystal packing diagram for compound 3c is represented
in Fig. 2, and no p–p stacking interactions are noted in the
crystalline state. Instead, a herringbone head-to-tail
RSC Adv., 2023, 13, 594–601 | 595
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conguration along the a-axis (closest CH/centroid distance
3.0 Å) is observed. The centroid distance between two phosp-
hole rings was found to be ca. 4.42 Å for 3c, which is larger than
p–p interactions observed for some other BAP derivatives (ca.
3.45 Å).
Fig. 4 Emission spectra recorded in CH2Cl2 for compounds 3a–c.
Each derivative was excited at its maximal absorbance lmax.
Optical properties of BAP derivatives

The UV/Vis absorption and uorescence spectra of the three
compounds 3a–c were recorded in dry degassed CH2Cl2
(Table 1). All three BAP derivatives exhibit an absorption
maximum in the UV-visible region (Fig. 3), attributed to p–p*

transitions in the extended p-conjugated system. The nature of
the substituent has a noticeable inuence on the absorption
maximum (lmax(3a) = 297 nm < lmax(3b) = 335 nm < lmax(3c) =
398 nm; Table 1), revealing enhanced p-conjugation that leads
to the absorption wavelength being red-shied. Thus, the
extended system 3c possessing two thiophene rings absorbs at
the longest wavelengths and across a wider UV-visible region
compared to the others.

On excitation at lmax, all the derivatives 3a–c emit in the
visible region (Fig. 4). The same trend was observed with a red-
shi in the emission spectra when the 2-R substituent is
aromatic (lem(3b) = 470 nm), rather than being aliphatic
Table 1 Experimental UV-visible and fluorescence dataa

lmax

(nm) log 3
lF,max

(nm) fF

3a 297 3.81 407 0.08b

3b 335 4.14 470 0.53c

3c 398 4.30 508 0.12d

THOINe 317 — 379 0.22

a All measurements were performed in CH2Cl2.
b Fluorescence

quantum yield determined relative to 9,10-diphenylanthracene in
cyclohexane. c Fluorescence quantum yield determined relative to
anthracene in ethanol. d Fluorescence quantum yield determined
relative to quinine sulfate in 0.5 M H2SO4 solution. e Data from ref.
60, n-hexane solvent.

Fig. 3 Absorption spectra recorded in CH2Cl2 for compounds 3a–c.

596 | RSC Adv., 2023, 13, 594–601
(lem(3a) = 407 nm). The addition of a second thiophene to the
rst shis the emission maximum further (lem(3c) = 508 nm),
evidence that the p-conjugation is extended through the
terminal thiophene ring. The reasons for the presence of a small
shoulder for the emission for 3a are unclear, but it is unlikely to
be due to aggregation. The uorescence quantum yields fF in
solution vary from 8% for 3a (2-R= CH3) to 53% for 3b (2-R= 2-
thiophene). The quantum yield of 3c drops (fF = 12%)
compared to the 3b derivative possessing only one thiophene
unit. The emission maxima from 3a to 3b are also similar to
luminescent benzoxaphospholes.41 The photophysics of the
direct phosphorus-free (isolobal replacement of P for CH unit)
indole analogue of 3b (THOIN, Chart 2) has been examined
experimentally and theoretically in some detail.60

The absorption maximum for compound 3b is red shied
compared to THOIN (Table 1) by 18 nm. The emission maxima,
however, is shied by 91 nm, yielding a signicant Stokes shi
of 135 nm (stokes shis: THOIN: 5150 cm−1; 3b: 8574 cm−1; 3c:
5441 cm−1). Stokes shis for Ar-BOPs range from 79 to 89 nm
(5401–5852 cm−1). Thiophene substituted heterocycles such as
BBT-R (Chart 2, R = NH2) have been developed showing even
larger Stokes shis, up to 186 nm (8752 cm−1).61,62 Large Stokes
shis have been associated with various features, such as
intramolecular charge transfer (ICT), rotation of p-conjugated
substituents, excited state intramolecular proton transfer
(ESIPT) processes, and solvent effects.63 The larger Stokes shi
observed for 3b might reect signicant changes in bond
lengths upon excitation (vide infra).

Both absorption and emission spectra of compound 3b were
recorded in several solvents (toluene, THF, dichloromethane,
Chart 2 Related luminescent molecules.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Absorption (dotted lines) and emission spectra (solid lines; lexc
= 320 nm) for compound 3b recorded in different polarity solvents.
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acetonitrile, methanol and triuoroethanol; Fig. 5). Regardless
of the solvent, there was no signicant modication in its
optical properties, suggesting that the absorption and emission
processes for 3b do not involve signicant charge transfer or
special solvation effects. Indole derivative THOIN and Ar-BOPs
also display solvent independent absorption and emission
properties. Lifetime measurements conducted on 3b and 3c in
CH2Cl2 revealed s = 7.4 and 1.7 ns, respectively, which can be
compared to uorescence lifetimes determined for Ar-BOP (s =
4.8–28.0)41 and THOIN (s = 0.8).60
Computational studies

Density functional theory (DFT) and time-dependent DFT
(uB97X-D/6-311++G(d,p) in polarizable continuum model
(PCM)) calculations were employed to study the materials at the
electronic structure level. The calculated ground state structural
parameters (bond lengths and angles) for 3a and 3c correspond
well with corresponding measured values from X-ray structure
analyses. As shown in Table 2, the calculated bond lengths are
within 0.15 Å of the measured data, and the calculated bond
angles are within one degree of measured values.

With the calculated geometries in excellent agreement with
the crystallographic results, we proceeded to consider the
excited states. Our approach follows our previous study on
related organophosphorus systems64–67 and uses well
Table 2 Select computed key bond lengths (Å) and bond angles (°) for
R-BAP (experimental values from X-ray data in parenthesis)

Parameters 3a (ref. 58b) 3b 3c

P–C1 1.728 (1.728) 1.734 1.733 (1.745)
P–C2 1.799 (1.793) 1.791 1.791 (1.800)
N–C1 1.355 (1.369) 1.359 1.360 (1.353)
N–C3 1.379 (1.380) 1.373 1.373 (1.381)
C2–C3 1.407 (1.413) 1.408 1.408 (1.395)
C1–C8 1.495 (1.493) 1.457 1.457 (1.449)
C1–P–C2 89.1 (89.5) 88.8 88.7 (88.8)
N–C1–P 113.5 (113.3) 113.5 113.6 (113.1)
C1–N–C3 115.0 (114.6) 114.7 114.6 (114.8)

© 2023 The Author(s). Published by the Royal Society of Chemistry
benchmarked methods.64–66 The S0 / S1 excitations of 3a–c
mainly correspond to the HOMO / LUMO transitions. The
electronic densities associated with the HOMO and LUMO are
delocalized throughout the p-systems for all compounds. In
both 3b and 3c the p-conjugation is extended across the
molecule including the thiophene unit. Hence, a decrease in the
HOMO–LUMO energy gap is observed with the increase of the
p-conjugation in the series (DEg(3a) = 8.32 eV > DEg(3b) =

7.35 eV > DEg(3c) = 7.08 eV; Fig. 6). As a result, the calculated
lowest energy state (S1) is shied towards longer wavelengths
from 3a to 3c for both the absorption and emission processes
(Table 3).

Upon excitation, longer P]C bond lengths for 3b (D 0.112 Å)
and 3c (D 0.074 Å) are predicted (see Fig. S5 in ESI† for mapping
of other bond length changes). The greater change in PC bond
length for 3b correlates with this material showing an enhanced
Stokes shi. The CC bond bridging the BAP and directly con-
nected thiophene shows corresponding bond length decreases
(ca. 0.07 Å), which are consistent with the tendency of these
systems to planarize in the excited state.

The alkyl substituted derivative displays signicantly lower
quantum yield for emission than found for the thiophene
derivatives. Part of this can be attributed to the reduced oscil-
lator strength f (0.21, Table 3) for the emission state of 3a,
relative to those calculated for 3b (0.60) and 3c (1.00). If reduced
oscillator strengths were the sole determining factor in
controlling quantum yields, the quantum yield for 3c should be
greater than that for 3b. However, 3b has greater than four
times higher quantum yield than that associated with 3c. To
explain this seeming contradiction, we need to explore also
competing thermal non-radiative processes from the lowest
lying excited states. Recently we analyzed computationally the
relationships of structure and uorescence yields in R-BOPs
and R-BAPs.64 The intensity of uorescence emission is depen-
dent on the nature of the R substituent (alkyl < aryl) and the
ability of the system to adopt a planar geometry in the excited
state. Compared to R-BOPs, Ar-BAPs with potential N(R′)/H–Ar
steric clashes can lead to deection of the attached six- and ve-
membered rings from optimal geometry for p-conjugation and
reduced photoluminescence. Steric clashes between two
Fig. 6 Spatial plots of the HOMO and LUMO of 3a–c.

RSC Adv., 2023, 13, 594–601 | 597
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Fig. 8 Radiative and non-radiative rate constants for 3a–c.

Table 3 Comparison of experimental and calculated optical data

lmax

exp (nm)
lmax

calc (nm) F (H / L)
lem
exp (nm)

lem
calc (nm) F (H ) L)

3a 297 263 0.209 (0.94) 407 302 0.198 (0.93)
3b 335 319 0.602 (0.96) 470 404 0.597 (0.97)
3c 398 336 1.005 (0.95) 508 464 1.118 (0.97)
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attached ve-membered heterocyclic rings, however, are ex-
pected to be less severe. This expectation is supported by the
observed planar X-ray structure of 3c. While this explanation
alone may partly account for why compound 3b (Th-BAP) is
luminescent and other BAPs have not been reported to be
emissive, it does not explain why 3b is much more emissive
than 3c.

Our working model involves comparing the calculated rates
of uorescence (k) and intersystem crossing (kisc) from the rst
excited state (S1). Effective emission must compete with non-
radiative decay (knrd, thermal relaxation). Rigid ring systems
can help minimize knrd relative to k. If, however, efficient
conversion to nearby triplet states can occur, these longer lived
states give more time for knrd to compete and reduce emission
(Fig. 7). In most non-transition-metal compounds room
temperature phosphorescence does not compete with non-
radiative decay except in special situations or in the solid
state.68 BBT-R (R = tBu), for example, has been shown to
undergo competitive uorescence quenching by intersystem
crossover to nearby triplet state.61,62 This view is supported by
the facts that (a) we have not observed lower wavelength (up to
800 nm) emissions attributable to phosphorescence in R-BOPs
or R-BAPs, (b) emission spectra for both sets of compounds are
similar, (c) lifetime measurements for 3b and 3c are consistent
with uorescence (neither of these compounds display visible
luminescence under UV-light in the solid state), and (d) the
predicted lem correlate with experimental data.
Fig. 7 Jablonski diagram showing key events after absorption and
internal conversion (not shown) to S1 excited state. Wavy lines repre-
sent non-radiative processes.

598 | RSC Adv., 2023, 13, 594–601
Indeed, we found that higher uorescence quantum yields
are also associated with higher ratios of k : kisc. Radiative
(uorescence, blue bars) and non-radiative (intersystem
crossing, orange bars) calculated rate constants of 3a–c are
represented in Fig. 8. The uorescence rates increase with the
extension of the conjugation system, following the expected
increasing trend with the oscillator strength of the emitting
state (Table 3). The competing ISC non-radiative relaxation is
the smallest for 3b. The ratio k : kisc is the largest for 3b, where
it is less than two for 3c and close to one for 3a. This prediction
is consistent with the experimental observation that 3b has the
highest FL quantum yield.

To understand the trend of the ISC rates, the semiclassical
Marcus theory of activated transition states was used as
employed in our studies of related systems.64–66 The calculated
parameters along with the rate constants are listed in Table 4.
The processes are not in the far-inverted regime (comparing the
energy bias [DG] to the reorganization energy [Er]), validating
the semiclassical limit. In all cases the singlet-triplet spin–orbit
coupling (SOC) is weak since all the states are of the same state
character (p–p*). Nevertheless, the resulting intersystem
crossing rate constants remain signicant when compared to
the uorescence rate constants.

The activation energy (Ea) for the singlet-triplet transition is
low, while the energy for 3b is relatively the highest of the
considered systems (Table 4). In case of 3b, the triplet excited
state is ∼110 meV higher than the singlet excited state at lowest
Table 4 Calculated data for singlet-triplet intersystem crossing

SOC (cm−1) DG (eV) Er (eV) Ea (eV) kisc (s
−1)

3a 0.92 −0.858 0.901 5.15 × 10−4 2.27 × 108 (S1–T3)
3b 0.55 −0.113 0.222 1.33 × 10−2 0.99 × 108 (S1–T2)
3c 0.74 −0.214 0.178 1.76 × 10−3 3.13 × 108 (S1–T2)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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singlet excited state minima. These singlet-triplet splitting at
lowest singlet excited state minima are smaller (around± 30–40
meV) for the other two systems. This trend of singlet-triplet
splitting energy leads to the higher ratio of reorganization (Er)
to free energy (DG) for 3b and therefore to increase the activa-
tion energy, resulting with the lowest ISC rate.

Experimental
General materials and methods

All reactions were performed under an atmosphere of rigorously
dry and oxygen-free nitrogen using either a MBraun Labmaster
130 glove box or standard Schlenk line techniques. Unless
otherwise stated, all chemicals were purchased from commer-
cial sources and used without further purication. Dry diethyl
ether and hexanes were obtained from a MBraun SPS-800
solvent drying and purication system using lter material
MB-KOL-A. The intermediate compounds N-(2-bromophenyl)-
[2,2′-dithiophene]-5-carboxamide (1c) and {2-[((2,2′-
dithiophene)-5-carbonyl)amino]phenyl} phosphonic acid
diethyl ester (2c) were prepared according to literature proce-
dures reported previously.58

Dichloromethane-d2 was dried over basic alumina and
degassed prior to use. NMR spectra were recorded on a Bruker
Ascend Advanced III HD NMR spectrometer operating at 500.24
MHz and 202.5 MHz for 1H and 31P{1H} NMR, respectively. 31P
{1H} NMRwere referenced to 85%H3PO4. Dichloromethane was
dried by distillation from calcium hydride prior to use for UV/
Vis and uorescence measurements. UV/Vis data were recor-
ded by using a Cary 50 Bio UV/Vis spectrophotometer. Molar
absorptivity determination was veried by linear least-squares
t of values obtained from at least three independent solu-
tions at varying concentrations with absorbance in the range of
10−5 M. Emission spectra were recorded by using a Cary Eclipse
spectrometer. The samples were excited at their absorption
maximum. Emission quantum yields were determined by using
as standards 9,10-diphenylanthracene in cyclohexane for
compound 3a, anthracene in ethanol for 3b and quinine sulfate
in 0.5 M H2SO4 solution for 3c, respectively (conc. 10−6 M). The
excitation slit width for all measurements was kept at default
settings (5 nm).

X-ray crystallography

Data were collected at 100K. The supplementary crystallo-
graphic data for 3c (CCDC 2126128). Tables S1–S5† contain
selected data collection and renement details-results. Fig. S3†
offers a detailed packing diagram for 3c.

Computational

The DFT calculations were implemented using Q-Chem as
described in ESI.†

Synthesis of 2-([2,2′-dithiophen]-5-yl)-1H-1,3-benzazaphosp-
hole (3c). Compound 2c (0.543 g, 1.29 mmol) dissolved in
diethyl ether (5 mL) and THF (2 mL) was added dropwise at 0 °C
to LiAlH4 (0.147 mg, 3.87 mmol) stirred in diethyl ether (5 mL).
Aer stirring at 40 °C overnight, the mixture was hydrolyzed at
© 2023 The Author(s). Published by the Royal Society of Chemistry
0 °C. The insoluble solid was ltered off under nitrogen and
thoroughly washed with diethyl ether. The ltrate was dried
over Na2SO4, transferred into another ask and the solvent
removed in vacuum. The product was then puried by column
chromatography on silica gel under nitrogen, using hexanes-
diethyl ether as eluents and recrystallized with hexanes. Yield:
0.049 g (13%). 31P{1H} NMR (CD2Cl2): d 77.7.

1H NMR (CD2Cl2):
d 9.37 (s, 1H), 8.00 (dd, J = 7.9, 3.8 Hz, 1H), 7.62 (d, J = 8.1 Hz,
1H), 7.41–7.34 (m, 2H), 7.30 (d, J = 5.1 Hz, 1H), 7.27 (d, J =
3.4 Hz, 1H), 7.22–7.19 (m, 1H), 7.16 (t, J = 7.3 Hz, 1H), 7.09–7.05
(m, 1H). 13C{1H} NMR (126 MHz, CD2Cl2): d 166.3 (d, J = 48.3
Hz), 142.5 (d, J = 7.08 Hz), 141.4 (d, J = 41.7 Hz), 137.5 (d, J =
6.41 Hz), 136.8 (d, J = 18.8 Hz), 136.6, 128.5 (d, J = 20.5 Hz),
128.0, 125.6 (d, J = 3.11 Hz), 125.1, 124.6, 124.2, 124.0 (d, J =
12.7 Hz), 120.7 (d, J = 12.6 Hz), 113.4. HRMS (EI): calcd. for 3c:
298.9992; found: 298.9987.
Conclusions

1H-1,3-Benzazaphospholes (R-BAPs) are very well known mate-
rials with well-developed synthesis and applications, yet no
photophysical studies have been reported despite close analo-
gies to the related class of compounds 1,3-benzoxaphospholes
(R-BOPs). In this work, we have demonstrated that selected R-
BAPs can indeed display signicant photoluminescence. The
presence of one thiophene substituent (3b) or two (3c) leads to
a better electron delocalization of the p-conjugated system and
longer lmax values for absorption compared to the methyl-
substituted compound (3a). X-ray diffraction studies show
that the BAP ring and the connecting di-thiophene rings are
highly coplanar in the solid state, also suggesting high degree of
p-conjugation. The emission properties of 3c are also red-
shied towards the longest wavelengths compared to the
others. TD-DFT calculations conrm the presence of p-conju-
gation throughout the BAP system. Computational efforts also
revealed several factors that give rise to effective photo-
luminescence from R-BAPs. First, the presence of 5-membered
thiophene units at the 2-position of the BAP group allows for
easier adoption of an emissive planar conguration. Second,
high oscillator strengths needed for emission are indicated.
Third, the relative rates of uorescence to intersystem crossing
(a non-radiative decay pathway) are most favorable for
compound 3b. Overall, this work provides a molecular under-
standing for means to develop BAP-based materials for optimal
use in optoelectronic applications.
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Funct. Mater., 2012, 22, 567–576.

23 J. Moon, M. Kim, J. S. Lim and J. Kim, Mol. Phys., 2018, 116,
1581–1588.

24 V. Iaroshenko and S. Mkrtchyan, Organophosphorus
Chemistry: From Molecules to Applications, 2019, pp. 295–456.

25 M. P. Duffy, P.-A. Bouit and M. Hissler, in Main Group
Strategies towards Functional Hybrid Materials, ed. T.
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F. Hennersdorf, A. Bauzá, A. Frontera and J. J. Weigand, J.
Org. Chem., 2020, 85, 14420–14434; (d) N. Nagahora,
© 2023 The Author(s). Published by the Royal Society of Chemistry
S. Goto, T. Inatomi, H. Tokumaru, K. Matsubara, K. Shioji
and K. Okuma, J. Org. Chem., 2018, 83, 6373–6381.

58 (a) B. R. Aluri, B. Niaz, M. K. Kindermann, P. G. Jones and
J. Heinicke, Dalton Trans., 2011, 40, 211–224; (b)
B. R. Aluri, S. Burck, D. Gudat, M. Niemeyer, O. Holloczki,
L. Nyulaszi, P. G. Jones and J. Heinicke, Chem.–Eur. J.,
2009, 15, 12263–12272; (c) J. Heinicke, N. Gupta, A. Surana,
N. Peulecke, B. Witt, K. Steinhauser, R. K. Bansal and
P. G. Jones, Tetrahedron, 2001, 57, 9963–9972.

59 G. Becker, W. Massa, O. Mundt, R. E. Schmidt and
C. Witthauer, Z. Anorg. Allg. Chem., 1986, 540, 336–344.

60 V. Vetokhina, M. Kijak, T. M. Lipinska, R. P. Thummel,
J. Sepiol, J. Waluk and J. Herbich, J. Phys. Chem. A, 2013,
117, 4898–4906.

61 M. A. Fourati, T. Maris, W. G. Skene, C. G. Bazuin and
R. E. Prud’homme, J. Phys. Chem. B, 2011, 115, 12362–12369.

62 Z. Gao, Y. Hao, M. Zheng and Y. Chen, RSC Adv., 2017, 7,
7604–7609.

63 (a) E. L. Mertz, V. A. Tikhomirov and L. I. Krishtalik, J. Phys.
Chem. A, 1997, 101, 3433–3442; (b) J. Yang, A. Dass,
A.-M. M. Rawashdeh, C. Sotiriou-Leventis, M. J. Panzner,
D. S. Tyson, J. D. Kinder and N. Leventis, Chem. Mater.,
2004, 16, 3457–3468; (c) X. Liu, Z. Xu and J. M. Cole, J.
Phys. Chem. C, 2013, 117, 16584–16595; (d) P. Horváth,
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