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Unlocking the potential of azide-
phosphine Staudinger reaction for
the synthesis of poly(arylene
iminophosphorane)s and materials
therefrom
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Sebastijan Kovacic® '’

Iminophosphoranes with the general formula (RsP=NR’) have great potential in synthetic chemistry
as valuable precursors/intermediates in organic synthesis or as building blocks for various organic
compounds. However, the synthetic approaches and conditions to prepare iminophosphoranes are
still poorly understood, limiting the utility of this chemistry for organic materials. In this article, a simple
and efficient synthesis of previously unattainable poly(arylene iminophosphoranes) is reported. The
azide-phosphine Staudinger polycondensation is used, and the reaction conditions are carefully
studied, including consideration of light and air, the influence of solvent and temperature, and
investigation of the electronic and steric effects of multiazides. The newly defined reaction conditions
appear to be highly versatile, allowing the use of both electron-rich and electron-deficient arylazides
for reaction with phosphines to synthesize a library of poly(arylene iminophosphorane) networks that
exhibit exceptional thermal and oxidative stability. Interestingly, despite the ylidic-form of the
iminophosphorane linkage as shown by theoretical calculations, these newly developed poly(arylene-
iminophosphorane) networks exhibit semiconducting properties, such as absorption band edges up
to 800 nm and optical band gaps in the range of 1.70 to 2.40 eV. Finally, we demonstrate the broad
applicability of these polymers by processing them into glassy films, creating foam-like structures and
synthesizing metallo-polymer hybrids.

Organic semiconductors are a broad class of carbon-based materials ranging
from molecular crystals to amorphous molecular films and conjugated
polymers (CP) with semiconductor properties. Especially CPs have gained
popularity, as they are lightweight and mechanically flexible “plastic”, which
significantly increases their usefulness compared to inorganic analogs. The
main advantage over inorganic analogs lies in the infinite combination
possibilities of different structural motifs and, thus, functionalities within

the polymer network at the expense of the extensive organic reaction
toolbox. This opens up the opportunity for molecular customization, i.e.
designing the properties of CPs at the molecular level and tailoring them to
their specific needs.

It is a challenge to synthesize structurally ideal CPs, and defects in their
structures can significantly impair their electronic functions. CP is usually
synthesized by cross-coupling reactions that depend on transition-metal
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(TM) catalysis mechanisms'. Although these reactions produce intriguing
n-conjugated macromolecular networks with well-defined molecular
weights, defined chain-ends, and low dispersity (D), the TM-catalyst
becomes a residual impurity in the polymer network and thus a potential
“defect” that can impair the electronic functions of the CP*’. Recently,
alternatives such as photochemical methods*’, multicomponent
polymerizations’, or condensation-based reactions’ have emerged as TM-
free alternatives’.

Of particular interest, are reactions in which no bis-organometallic (M;
Sn, Mg, Cu, B) and/or bis-halide monomers (X; Br, I) are used in the
synthesis and proceed without TM-catalysis. It has been demonstrated that
the presence of C-X(M) end-groups in the nt-conjugated polymer network
resulting from these monomers can have a significant impact on the
optoelectronic properties of CPs, similar to the effects of residual TM
impurities™'’. Recently, organic reactions without TM-catalysts and orga-
nometallic- or halide-terminated monomers have become an important
synthetic approach to obtain CPs, as they are simple, efficient and tolerant to
functional groups compared to conventional cross-coupling reactions’.
Examples are the Schiff base or Aza-Wittig reaction for the preparation of
azomethine-linked CPs'""", the Knoevenagel reaction for cyanovinylene-
linked CPs'"*", the Aldol or Wittig reaction for the introduction of vinylene
linkages'™™® and the Horner-Wadsworth-Emmons reaction for trans-
vinylene linked CPs'**, or the phospha-Wittig and Becker reaction for the
phosphaalkene-linked CPs* ">, to name a few. The linkages mentioned can
significantly influence the electronic properties of CPs due to the different
electronic structures of the heteroatoms in them. Phosphorus in phos-
phaalkenes, for example, is known to be a carbon-like element and extends
conjugation, while nitrogen in the form of an azine-linkage represents a
conjugation node and shortens effective conjugation.

In pursuit of the benefits of transition metal-free and halide-free
chemistry, we examined a decades-old Staudinger reaction to explore its
potential for the preparation of iminophosphorane-linked polymers,
namely poly(arylene iminophosphorane; PAIP)*. PAIPs belong to the
poly(organophosphazene) family. Poly(organophosphazene)s, a special
class of molecular hybrid polymers, featuring both an inorganic
(phosphorus-nitrogen) backbone and two organic substituents on each
phosphorus atom (P)***, making the P-centers pentavalent (\*) and tet-
racoordinated (c*) and thus robust”. Such unique hybridization imparts
remarkable properties, including high thermal stability and inherent flame-
retardant characteristics”. Poly(organophosphazene)s are usually synthe-
sized through a ring-opening polymerization of hexachlorocyclotripho-
sphazene followed by macromolecular substitution reactions. However, this
seminal synthesis method of Allcock et al,, still in use today, comes with
several drawbacks, including low hydrolytic stability of both precursors and

products, the necessity for high temperatures (around 250 °C), and high
vacuum conditions, among others™.

The Staudinger reaction is an alternative synthesis approach for
poly(organophosphazenes), especially for PAIPs. In the first step of this
reaction, the nucleophilic phosphine moiety (i) attacks the azide (ii) to form
the phosphazide intermediate, which undergoes intramolecular cyclization
(iii) and leads to the formation of iminophosphoranes (iv), of the general
formula (-R;P=N-), with loss of gaseous nitrogen (Scheme 1A)**. However,
only three reports are known in which the Staudinger reaction was used to
synthesize PAIPs (Scheme 1B)*~*". In all previous attempts, relatively harsh
synthesis conditions were used, and a considerable amount of phosphine (v)
was oxidized to the phosphine oxide moiety (vii) (Scheme 1B). The oxi-
dation process abates the nucleophilicity of the phosphorus in the (v) to
react with (vi) and thus impairs the reaction rate to and yields of (vii)
(Scheme 1B). Consequently, the Staudinger reaction was mostly restricted to
reactive aryl azides, especially those that are electron-deficient, which lim-
ited the scope of PAIP synthesis as electron-rich aryl azides were not utilized.

In this work, we examine the azide-phosphine Staudinger reaction and
redefine the synthesis conditions, including the determination of light and
air effects, the study of electronic and steric effects of multiazides, and the
influence of the solvent (Scheme 1C). We followed a bottom-up approach,
starting with the Chan-Lam coupling reaction, and prepared a series of
organic multiazide monomers (Fig. S1). The optimized synthesis conditions
proved advantageous, leading to the successful synthesis of several pre-
viously unobtainable poly(arylene iminophosphorane)s, exhibiting struc-
tural motifs such as phenylene, 2,1,3-benzothiadiazole, 1,3,5-tris(phenyl)
benzene, and 9,9-dioctylfluorene, with polymerization yields up to 99% and
average weight molar mass up to over 12,000 g mol ™', and dispersity (D) of
1.1—-1.5. The optoelectronic properties, the bandgap structures, and the
exceptional thermal and oxidative stability are discussed in detail and
supported by calculations using time-dependent density functional theory
(TD-DFT). Finally, the potential and versatility of our approach are vividly
demonstrated by the successful preparation of the first poly(arylene imi-
nophosphorane)-based glassy films, foams, and even metallo-polymers.

Results and discussion

Poly(arylene iminophosphorane) (PAIP) synthesis via the Stau-
dinger polycondensation

A series of PAIPs were prepared by the Staudinger reaction of organic
multiazides (2a-e, Fig. S1) with bis(diphenylphosphino)benzene (3a) or
bis(diphenylphosphino)ferrocene (3b). The multiazide monomers were
first synthesized in high yields (up to 98%) by a Chan-Lam cross-coupling
of arylboronic acid pinacol ester derivatives and sodium azide (Fig. S1). To
comprehensively investigate the azide-phosphine Staudinger reaction as a

Scheme 1 | Background of Staudinger reaction.
Reaction mechanism of the Staudinger reaction (A),
current state of the art (B), and contributions of
this work (C).
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Table 1 | Optimization of reaction conditions for 4ca synthesis
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Entry Solvent Atmosphere Temp Conv Yield (%) M, M,, 2]
(°C) (%) (g/mol) (g/mol)

1 Toluene Air r.t. 96 71 3450 4650 1.34
2 DMF Air Rt 97 78 3700 4380 1.18
3 Toluene Argon It 99 91 5050 6640 1.32
4 DMF Argon r.t. 99 92 9100 12,900 1.41
5 Toluene Argon 60 99 91 4730 6020 1.27
6 DMF Argon 60 99 92 5480 8600 1.57

Conversions were determined using 'H NMR spectroscopy, while yields were measured gravimetrically. Molecular weight characteristics were assessed by SEC in THF at 40 °C using a Viscotek 305 TDA
chromatograph equipped with two columns (PSS SDV linear M 5 um) and a triple detector (refractive index, viscometer, low angle light scattering) calibrated with a Malvern PS standard of 99 kDa.

polymerization chemistry, we chose 9,9-dioctyl-2,7-diazidofluorene (2c)
and bis(diphenylphosphino)benzene (3a) as archetypal substrates (Table 1),
since 2¢ contains a soluble dioctylfluorene core that facilitated character-
ization. A series of important experimental parameters were investigated
such as solvent choice (DMF or toluene), synthesis atmosphere (argon or
air), and temperature (RT or 60 °C). Table 1 summarizes conversions and
characteristics of the resulting polymers (4ca) measured by SEC with triple
detection (refractive index, viscometer, low angle light scattering), such as
weight average molar mass (M,,), number average molar mass (M,,) and
dispersity (D). Initial reactions were carried out with equimolar amounts of
2c and 3a in air at room temperature. The product, 4ca, was obtained in
good vyields (>71%) with near complete disappearance of the reagents
(conversions > 96%) (Table 1, entries 1 and 2, respectively) and was char-
acterized with “C and *'P CP/MAS NMR (SI). The SEC analysis of 4ca
revealed modest molecular weights around 4500 gmol ™' in both DMF
(entry 2) and toluene (entry 1) using solvent elution. This is in line with
literature reports where Staudinger ligation proceeds rapidly in polar sol-
vents due to the stabilization of the polar transition state”. The formation of
the iminophosphorane linkage in 4ca was confirmed in the *'P CP/MAS
NMR spectrum by the characteristic phosphorus peak at —2.3 ppm (Table 1
and Fig. 1A). The deconvolution of the rather broad peak revealed two
contributions, the downshifted peak for the phosphazene linkage at about
—2 ppm, and the upshifted peak for the phosphine end-groups at about
—4 ppm (Fig. 1A). In addition, we observed a distinct peak at 29 ppm that
can be assigned to the phosphine-oxide (-ArPh,P=0) in the structure
(Fig. S2)”. The formation of ~ArPh,P=0 must have taken place during
polymerization (vide infra), as it was not initially detected in the 3a.
Although aryl-iminophosphoranes (-[Ph,P=NAr],~) are generally stable
under humid conditions and tend to hydrolyze in the presence of dilute
acids or bases™***, several control experiments were performed to check for
possible hydrolysis or oxidation of the [PhsP=NAr]- end-groups in the
PAIP. To analyze the extent of hydrolysis, 4ca was synthesized under a
moisture-free atmosphere (see SI) to avoid water attack on the
~[Ph,P=NAr],- linkages. However, >'P NMR analysis revealed about 17%
of the RsP=0 groups (Fig. S2), which was only slightly less than in the
presence of water (i.e. 25%). In addition, FTIR analysis (Fig. S3) did not
detect any amine groups that should be present after hydrolysis of the
—[Ph,P=NAr],- linkages, so it was concluded that the extent of hydrolysis
was negligible. The next control was an inert atmosphere to analyze the
extent of oxidation. Thus, the synthesis of 4ca was carried out in an argon
atmosphere and in dry conditions. In this case, the 4ca was fully char-
acterized by combining FTIR and *'P CP/MAS NMR spectroscopy with the
size exclusion chromatography (SEC) and matrix-assisted laser desorption/

ionization time-of-flight (MALDI-ToF-MS) analysis (see SI). Under these
conditions, better conversions (>99%) and yields (>92%) were achieved
(Table 1, entries 3 and 4). Characterization by FTIR and *'P CP/MAS NMR
revealed the complete disappearance of the precursors’ functional groups,
i.e. phosphine (Fig. 1A) and azide (Fig. 1B), and the appearance of an
iminophosphorane linkage in product 4ca. In addition, the *'P CP/MAS
NMR analysis revealed a much lower peak corresponding to the
—ArPh,P=0 groups (Fig. $4).

SEC analysis confirmed that 4ca was produced with significantly
higher molecular weights, reaching up to 12,900 g mol™" in DMF (Table 1,
entry 4). However, it is noteworthy that the SEC chromatograms revealed a
multimodal profile (Fig. S5), and consequently, M, and D should be taken
with care. The distinct sharp peaks on the higher elution time certainly
correspond to oligomers resulting from side reactions limiting the degree of
polymerization whereas the broader peak on the lower elution volume
accounts for polymer chains with higher degrees of polymerization. As an
indication, a dispersity of 1.4 was measured, but it should be taken with
caution given the multimodal nature of the SEC peak. To gain insight into
the possible side reaction and polymer defects, MALDI-ToF-MS analysis
was performed (Figs. S6 and S7). The MS spectrum revealed different
populations with peaks separated by an interval of 863 mass units (), which
corresponds to the mass of the 4ca repeating unit (Fig. 1C). As expected for
polymers with moderate-to-high D and a M,, above 5000 gmol ', the
intensity of the signals tends to decrease with increasing degree of poly-
merization, but the signals were still detectable up to 71/z 10,000. However, it
should be noted that the molar mass of polymers with a dispersity >1.2
cannot be directly deduced from the MALDI MS spectrum™. In fact, low
molecular weight oligomers are significantly overestimated due to their
easier desorption/ionization and detection efficiency. Figure S7 shows some
possible populations that contain the phosphine function, the azide func-
tion, or one of both as polymer chain-ends. Finally, cyclic poly(arylene
iminophosphorane) derivatives of low and moderate molecular weight are
also detected, which certainly contribute to limiting the molar mass of the
polymer (Fig. S7A). The Staudinger reaction was also carried out at 60 °C
under inert and dry conditions, but no improvement in molecular weight
was achieved (Table 1, entries 5 and 6). These controls show that oxidation is
detrimental to Ph,P-Ar-, which has a strong effect on the Staudinger
reaction.

To clarify the oxidation mechanism of phosphine, we performed
several photocatalytic experiments in which equimolar solutions of 2c and
3ain DMF were reacted under different conditions (Fig. 2A). The formation
of ~ArPh,P=0 end-groups was monitored by *'P NMR analysis, where the
amount of ~ArPh,P=O0 relative to the —-[Ph,P=NAr], - linkages in the PAIP
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Fig. 1 | Conversion of monomers and repeating unit of model polymer 4ca.

*'P CP/MAS NMR (for the phosphine monomer 3a) (A) used to follow the con-
version to 4ca; FTIR (for the azide monomer; 2¢) (B) and the repeating unit in 4ca
defined by MALDI-ToF-MS analysis (C).

backbone was determined by peak integration (SI). The initial reaction was
carried out under ambient conditions (visible light/air) and NMR analysis
revealed the formation of oxidized phosphine end-groups in large amounts
(-ArPh,P=0/P=N integral ratio of 1:2; Spectrum I in Fig. 2A). Repeating
this reaction in the absence of visible light and of atmospheric oxygen (dark/
argon conditions), however, markedly improved the —ArPh,P=0O/P=N
integral ratio to 1:35 (Spectrum VI in Fig. 2A). Additional experiments
confirmed the importance of combining dark and inert atmospheres to
minimize phosphine oxidation during the Staudinger reaction. Indeed, the
—ArPh,P=0/P=N integral ratio increased to 1:25 and 1:20 for dark/air and
light/argon combination, respectively (Fig. 2A, spectra V and IV). It should
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Fig. 2 | Influence of light and oxygen on the presence of phosphine oxide moiety.
Quantitative *'P NMR experiments for the investigation of light and oxygen effect on
phosphine oxidation (A), and proposed mechanism of phosphine end-group oxi-
dation (B) based on experiments and literature reports™*.

be noted that the photocatalytic oxidation of Ph;P to Ph;P=0 is well known
in the literature and has been shown several times to occur through a Ph;P
radical cation (Ph;P™"), formed in a photoinduced single-electron transfer
(SET) reaction with the photocatalyst and subsequently reacting very
rapidly with water or oxygen® . Based on the literature and our four
control experiments, we arrived at the following hypothesis (Fig. 2B). The
oxidation of phosphines (Ph;P-Ar-) to phosphine oxides (-ArPh,P=0) is
catalyzed by PAIP itself immediately after its formation in the reaction
mixture. Namely, when the Staudinger reaction is carried out under the
conditions of visible light and air, the resulting PAIPs act as a “photo-
catalyst” and generate reactive oxygen species (ROS), which are responsible
for the formation of —~ArPh,P=0 via the photoinduced SET reactions
mechanism. The problem with —~ArPh,P=0 end-groups is that phos-
phorus loses its nucleophilicity, rendering initial bis-phosphine mono-
mers and later the chain-ends in nascent PAIPs non-reactive. Finally, to
find out which ROS are formed during the Staudinger reaction, two more
control experiments were carried out. For this purpose, 1,4-hydro-
quinone (HQ, O, quencher) and triethylenediamine (DABCO, 'O,
quencher) were added to the reaction mixture. According to the *'P NMR
analysis, HQ inhibits the photocatalytic oxidation of R3P better (integral
ratio of 1:6) than the presence of DABCO (integral ratio of 1:2.5),
resulting in 57% or 14% fewer R;P=0 groups formed in the presence of
HQ or DABCO, respectively, compared with the initial reaction condi-
tions (Spectra III and II in Fig. 2A). This indicates that O, is the
dominant ROS formed during Staudinger reaction and photooxidizes

Communications Chemistry | (2025)8:15


www.nature.com/commschem

https://doi.org/10.1038/s42004-024-01362-5

Article

Ph;P-Ar-. While PAIPs have been successfully obtained from electron-
deficient aryl azides (activated)™”, attempts with electron-rich aryl
azides (inactivated) have been less successful in the literature, due to
significantly lower reaction rates (up to 3 orders of magnitudes)™*"*. We
explored the scope of polymerization for monomers with varying elec-
tronic and steric properties and demonstrated that both activated and
inactivated azides can undergo Staudinger reaction under the optimized
conditions established herein.

Scope of the Staudinger reaction

The screening experiments with different substrates are summarized in
Fig. 3. Polymerization was carried out by stirring equimolar amounts of
multiazide (2a-e; Fig. S1) and (refined) bis-phosphine (3a, 3b; Fig. 3)
monomers in DMF at room temperature under an argon atmosphere. The
reaction of (3a) with the unsubstituted and electron-deficient azides, i.e., 1,4-
diazidobenzene (2a) and 4,7-diazido-2,1,3-benzothiadiazole (2b), resulted
in quantitative yields (99%, Fig. 3). Both PAIPs 4aa and 4ba were prepared
as insoluble powders (orange and purple). Moreover, we found out that the
substituents in the aryl azide strongly influence the rate of polymerization,
with the electron-withdrawing benzothiadizole core being the fastest, i.e., N,
evolution started in about 5-10s, and the electron-donating 9,9-dioctyl-
fluorene core being the slowest, as nitrogen formation was barley observed,
being consistent with the kinetics of the Staudinger reaction"'.

Next, 1,3,5-triazidobenzene (2d) and 1,3,5-tris(4-azidophenyl)ben-
zene (2e) were studied for the Staudinger reaction. A pronounced steric
effect on the polymerization rates for monomers with trifunctional azide
aromatic core was found. First, 1,4-bis(diphenylphosphino)benzene (3a)
was reacted with 2d, and surprisingly, no polymer precipitated. However,
the reaction mixture turned green-brown, indicating that the reaction had
occurred, but probably to a limited extent, which was later confirmed by in
situ>'P NMR experiments. Indeed, monitoring the reaction for 24 h with *'P
NMR revealed that only one of the phosphine groups in 3a reacts with the
azide groups in 2d (Fig. S8A). It is suggested that the proximity of the azide
groups in 2d and the steric size of the pendant phenylene groups on the
phosphine in 3a impede the nucleophilic attack of the second phosphine
group and further intramolecular cyclization with the formation of a four-
membered ring intermediate structure, which significantly slows the rate of
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- TQ_,,\@—' " @‘* -
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Ph_Ph N
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Fig. 3 | Scope of PAIPs with corresponding yields. PAIPs were prepared under
ideal conditions determined for polymer 4ca consisting of DMF as a solvent and
under argon atmosphere. The optimised conditions allowed for the incorporation of

OGO

Ph I’h
D
lh I'h< >

4ea (90 %)

Staudinger reaction and allows photooxidation of the Ph;P-Ar- groups of
the bis-phosphine monomer (Fig. S8B). Moreover, the reaction of 3a with
2e, an “extended” version of 2d, resulted in the 4ea with high yields (90%,
Fig. 3) and excellent conversions (99%), confirming the influence of steric in
2d on Staudinger reaction. The monomer scope was completed with the
synthesis of ferrocene-containing PAIPs by reacting bis(diphenylpho-
sphino)ferrocene (3b) with 2a and 2e. Because of the poor solubility of 3b at
room temperature, the reaction was carried out at 80 °C in DMF and pro-
ceeded very rapidly to give 4ab (orange precipitate) and 4eb (orange pre-
cipitate) with high yields (88-93%, Fig. 3). The precipitates were insoluble in
common organic solvents so that only characterization in the solid-state was
possible. At this point, it should be emphasized that this is the first example
of a PAIP-type metallopolymer containing a ferrocene unit in the 7-
conjugated backbone (vide infra).

The observed differences in yields can be explained by theoretical
calculations, which were performed using DFT at the wB97X-D/6-
311 + G(dp) level. As already Tian and Wang have shown®, the Staudinger
reaction proceeds both for the unsubstituted reactants and for several
substituted variants via a cis-intermediate. Evaluating the cis, trans, or the
one-step mechanism for the monomers of 2a-e (see S1) and 3a, 3b (pos-
sessing only one reactive group per compound), we confirm the favorability
of the cis-mechanism (note that we substitute octyl groups for methyl
groups in 2¢ due to computational cost since the groups are not involved in
the key bond-forming steps and would introduce unnecessary conforma-
tional complexity; Fig. 4A). The barriers for the formation of the cis-inter-
mediate are 14-26 kcal mol™, which is about 20 and 35 kcal mol™ lower
than for the formation of the trans-intermediate and the one-step
mechanism, respectively. In the cis-mechanism, the barriers for the for-
mation of the cis-intermediate (R;P-N=N=N-R) and the second step, in
which the intermediate is converted into the final iminophosphorane-
linkage releasing a nitrogen molecule, are similar.

In general, the first step has a lower barrier for smaller substrates (4aa,
4ba, 4ca, 4ab), while this step is slower for bulkier substrates (4ea, 4eb) due
to steric hindrance. In Fig. 4, the reaction energy landscape for the formation
of the 4aa polymer and a relationship between the barrier for the formation
of the cis-intermediate (TS/cis) and the experimental yields are plotted,
showing a clear correlation.
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various electron-donating and withdrawing motifs. Pronounced steric effects were
observed in the case of 4da and 4ea.

Communications Chemistry | (2025)8:15


www.nature.com/commschem

https://doi.org/10.1038/s42004-024-01362-5

Article

a

78 @

et 4

T~ TS/one-step n

60

TShrans

initial

b

90

85

experimental yield (/%)

80 L ! L L L L L
14 16 18 20 22 24 26 28 30

G* (kcal mol™")

Fig. 4 | Theoretical calculations. Reaction energy landscape for the Staudinger
reaction of monomers 2a and 3a (A), and correlations between the calculated
activation barrier and the observed experimental yields for different substrates (B),
calculated at the wB97X-D/6-311 + G(d,p) level.

Characterization of poly(arylene iminophosphorane)s
Chemical structure. The chemical identity was confirmed by the Fourier
transform infrared attenuated total reflection (Fig. S9), solid-state “C and *'P
CP/MAS NMR spectra (Fig. 5A, C), and elemental analysis (SI). As evi-
denced by FTIR and NMR analyses, all PAIPs consist of corresponding
building blocks containing a typical iminophosphorane linkage
(~[Ph,P=NAr],,-). The absence of the characteristic azide absorption band at
~2090 cm ™" and the presence of the absorption bands assigned to the P=N
vibration at ~1110, 1238, and 1322 cm ™" in all the IR spectra (Fig. S9) of the
polymers confirm the successful Staudinger reaction”*. Additional
absorption bands at ~1436 and ~1500 cm™" were assigned to the C-P
vibrations and are found in all FTIR spectra of the polymers and phosphine
monomers, respectively>*’. The symmetric and asymmetric C-C stretching
vibrations of the phenyl rings cause the absorption band at ~1600 cm™".
Further absorption bands were observed in the case of 4ba, 4ca, and
4ab. In the case of 4ba, the absorption bands at 1479 and 878 cm ™! can be
attributed to the C=N and C-S vibrations" typical of the benzothiadiazole
core, in the case of 4ca, the absorption bands at 2930 and 2840 cm™! cor-
respond to the C-H vibrations of the methyl and methylene groups of the
9,9-dioctylfluorene core and in the case of 4ab, the absorption band at
1189 cm™" belongs to the ferrocene unit*. The *C CP/MAS NMR spectra
(Fig. 5A) show the most intense peaks at chemical shifts (§) of 126 and

130 ppm in all polymers corresponding to phenyl carbons (Ca,—H), while
the aromatic carbons in close proximity to the phopsphazene linkage
(Car~N=PR;) appeared at ~150 ppm, and at ~117 ppm in case of 4ba. The
incorporation of the benzothiadiazole and the 9,9-dioctylfluorene core into
the PAIPs structure is further confirmed by the characteristic peaks at 154
ppm (C=N) for 4ba and the signal at 117 ppm (m-CR,H) in 4ca. In
addition, more peaks were observed in 4ca between 40 and 12 ppm
belonging to the methylene (-CH,) and methyl (-CH3) groups of the ali-
phatic side chains, while the peak at 53 ppm belongs to the tertiary carbon
(C-C) in the cyclopentadiene structural unit associated with the alkyl
chains. For polymers 4ab and 4eb, a new peak appears at 72 ppm belonging
to carbons in the cyclopentadiene unit of ferrocene. The *'P CP/MAS NMR
spectra (Fig. 5C) show a very broad peak for the phosphorus in the imi-
nophosphorane linkage at ~—3 ppm for all samples, while the peak at
~27 ppm, which corresponds to the ~ArPh,P=0 polymer chain ends, is
significantly reduced compared to the polymers synthesized in air (Fig. $4).
Moreover, there is no peak for the unreacted phosphine monomer at
—6 ppm, which is further evidence of complete monomer conversion.

Thermal and thermal/oxidative stability. Thermal properties such as
thermal stability and oxidative decomposition behavior of the PAIPs
were investigated by TGA and DSC measurements. The corresponding
data are listed in Table S1, and the curves are shown in Figs. 5B and D,
S10, and S11. The TGA analysis revealed that produced PAIPs have
extremely high thermal stability and remain intact up to 350 °C in both
the N, and air streams. In particular, both Ty ; and Ty,.x were found to
vary between 356-407 and 360-514 °C respectively, in N, (Fig. 5B) and
395-475 and 443-548 °C, respectively, in air atmosphere (Fig. S10). The
high thermal stability also prompted us to carry out an isothermal TGA.
The 4ea was tested and compared with poly(arylene cyano-vinylene)*
and poly(imine)*, conjugated polymers recently prepared in our group.
The isothermal step was maintained for 60 min in an air flow after
reaching the target temperature, i.e. 400 °C. As can be seen from the
isothermal thermograms (Fig. 5D), the mass of the PAIP decreases by 8%
in the first 20 min, probably related to the desorption of solvents and
moisture, and then remains stable for a further 60 min. The masses of
poly(imine) and poly(arylene-cyano-vinylene) on the other hand,
decrease by 20% and 25%, respectively, in the first 20 min and then just
continue isothermal degradation, losing 25% and 40% of mass within the
next 60 min. The isothermal TGA thus confirms the impressive thermal
stability of PAIPs, which is due to the presence of thermally very stable
phosphorus (A5, 04) in the -[Ph,P=NAr], - linkage.

Optoelectronic properties. The optoelectronic properties of the PAIPs
were further investigated using UV-Vis-DR spectroscopy where the
absorption maxima and the corresponding absorption edges were
determined and confirmed by the theoretical calculations. The absorp-
tion maxima were found at 265, 268, 440, 305, 359, and 412 nm and
corresponding absorption edges were positioned at 607, 743, 615, 533
632, and 627 nm for 4aa, 4ba, 4ca, 4ea, 4ab, and 4eb, respectively
(Fig. $12). The estimated E,™ values derived from Kubelka-Munk plots
were found 2.11, 1.70, 2.07, 2.40, 2.05, and 1.99 eV for 4aa, 4ba, 4ca, 4ea,
4ab, and 4eb, respectively. These results show that all PAIPs are visible-
light active materials. To gain insight into the visible-light active prop-
erties of these polymers, the absorption maxima were further investigated
by TD-DFT calculations, starting for the dimers of 4aa, 4ba, 4ca, 4ea, 4ab,
and 4eb, and found at 230, 246, 291, 276, 264, and 278 nm, respectively.
As expected, these values calculated for dimers are consistently lower
than the experimental data recorded for the polymers having longer
conjugated chains. Moreover, the peaks and entire spectra shift bath-
ochromatically when increasing the number of monomer units in the
polymer chain in the TD-DFT calculations (Fig. 6A), with an almost
linear dependence of absorbance maxima on the number of monomer
units (Fig. 6B). The calculations further reveal that the position of the
peaks shifts bathochromatically by about 18-20 nm per added monomer
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unit, suggesting that our PAIPs contain at least 15-20 conjugated
repeating monomer units prior to annealing. A distinct secondary peak at
higher wavelengths for 4ba (Fig. 6C), observed both experimentally and
computationally, is due to the excitations of the thiadiazole ring. The
energetically lower (first) excitations determine the absorption peak at
the highest wavelength and, thus the absorption edge. The electronic
transition density depicted in Fig. 7, using the natural transition orbital
pair (NTO) representation’’, shows the first excitation in the dimers of
4aa and 4ba. In 4ba, the excitations in the thiadiazole ring have lower
transition energies than in the ylidic form.

When PAIP powders were annealed above the glass transition tem-
perature (T) for a certain time, amorphous, glassy PAIP films were also
formed (Figs. 8A and S13), which showed a change in the optical absorption
band edges. As shown in Fig. S12, the absorption band edges were bath-
ochromatically shifted by 20-140 nm compared to the original PAIP
samples, resulting in a further narrowing of E,” by about 0.1-0.5 V. Thus,
the E,”™ of the glassy PAIP films were 1.61, 1.59,1.85,1.89,1.78,and 1.57 eV
for 4aa, 4ba, 4ca, 4ea, 4ab, and 4eb, respectively. We believe that the reason
for these bathochromatic shifts is the morphological rearrangement and the
formation of aggregates of conjugate segments within the PAIP network
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Fig. 7 | Natural transition orbitals. Depiction of the
particle (left) and hole (right) with the largest
occupations for 4aa and 4ba of the lowest (first)
excitation.

Fig. 8 | PAIP materials. Photo of 4ca glassy film (A), and of 4eb foam (B). SEM
image of the foamy structure of 4ea (C) and 4eb (D) poly(arylene iminopho-
sphorane)s.

after thermal annealing, which extends the m-delocalization. Namely,
thermal annealing is a common post-synthesis step that allows kinetically
trapped (conjugate) segments of the main chains within the polymer net-
work to morphologically rearrange and aggregate™*. In addition, XRD
analysis of the PAIPs was performed before and after thermal annealing and
revealed no significant changes in the crystallization of the PAIP network
(Fig. S14), ruling out the formation of crystalline domains as the cause of the
changes in optoelectronic properties. Since an iminophosphorane-linkage
can form two resonance structures, ie., -[Ph,P=NAr],,-< —[Ph
,P*—"NAr],~*"*, and the presence of the ylidic form is expected to act as a
“conjugation stopper”, the visible-light activity of PAIPs was somewhat
surprising. Therefore, using the natural bond orbital (NBO) calculations,
which is a more intuitive representation than a linear combination of

molecular orbitals, we have elucidated the electronic state of
iminophosphorane-linkage. The NBO analysis reveals that the natural
charges on P, N (and Fe in the ferrocene ring) do not vary significantly
among the investigated substrates. In each instance, there is a surplus of
electrons on the nitrogen atom (—1.08¢,) and a deficiency on the phos-
phorous atom (+1.80e,). The electron configuration is thus [Ne] 3s*%' 3p*"
3d°® for P and [He] 25'* 2p*® for N. The aromatic rings in ferrocene
donate some electron density to the Fe(II) atom, which has a charge 0f 0.27¢,
and electron configuration [Ar] 457 3d7¥. Consistent with a large charge
separation in the P-N linkage, NBO calculation suggests a single sigma P-N
bond with an occupancy of 1.98 and approximation composition of
0.5638 P(sp™™>) 4 0.8259N(sp™"), yielding a 32% localization on P and 68%
localization on N. The calculated bond order of the P-N linkage is 0.99 so
that the —-[R,P*~"NAr],~ resonance structure predominates. However, as
already mentioned, the bathochromic shifts of the absorption peaks with an
increasing number of repeating units (Fig. 6A) indicate conjugation in the
entire system. This can be explained by the presence of a substantial
negative-hyperconjugation effect between nitrogen and phosphorus atoms,
i.e. an interaction of the lone pair on the nitrogen with the ¢ of the phos-
phorus, and this has been shown to occur in inorganic
iminophosphoranes”*”".

Self-foamed poly(arylene iminophosphorane) monoliths. The pre-
paration of three-dimensional porous monolithic frameworks based on
conjugated polymers improves the accessibility of the excited -
conjugated backbone of the resulting materials, which brings addi-
tional advantages for various applications™. A facile method to achieve
porous structural features in n-conjugated polymers is therefore crucial,
and we found the Staudinger reaction of particular interest for the pre-
paration of porous poly(arylene iminophosphorane)-based monolithic
frameworks. An inherent feature of the Staudinger reaction is the release
of nitrogen gas as a by-product. We, therefore, sought to exploit this
feature to produce self-foaming PAIP materials in a single step. The
synthesis process of PAIP-based foam is described in SI and presented in
a video. When an equimolar amount of 2e and 3a or 3b was mixed at
room temperature in DMF, the solution immediately turned yellow and
nitrogen gas evolved uniformly. However, at this high concentration, the
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solubility of the reagents poses a problem, resulting in insufficient release
of nitrogen gas required for self-foaming. The same amounts were then
mixed in hot DMF (80 °C), where all reagents dissolved and the Stau-
dinger reaction proceeded very rapidly, releasing a large amount of
nitrogen gas. Thus, self-foaming and gelation occurred simultaneously,
resulting in monoliths with a much greater inflated volume than those at
RT (Fig. 8B). Note that no stabilizer is required for the formation of these
foams. The porous properties and associated specific surface areas (Sggt)
were further analyzed by nitrogen adsorption—desorption measure-
ments. The N, isothermal data revealed that neither microporosity nor
mesoporosity is accessible in either case. Instead, a steep increase in N,
sorption uptake at P/Py=~1 indicates the presence of macropores
(Fig. S15), with Sgpr of 6and 7 m* g~ ' for 4ea and 4eb, respectively, which
was also confirmed by SEM (Figs. S16 and S17). The SEM analysis
revealed a macroporous, foam-like 3D architecture with pores of about
400 um in diameter (Fig. S16) and pore walls consisting of smaller
macropores of about 10 + 3 pm (Fig. 8C, D).

In summary, a comprehensive study of the Staudinger reaction was
carried out and new synthetic conditions for the preparation of poly(arylene
iminophosphorane)s (PAIP) were developed. Our systematic photo-
catalytic experiments have elucidated the roles of visible light and atmo-
spheric oxygen in the oxidation of phosphines (Ph;P-Ar-) to phosphine
oxides (-ArPh,P=0). While other hypotheses remain plausible, our
experimental evidence strongly suggests that photooxidation-induced
—ArPh,P=0 formation is responsible for the slow polymerization rates
and the consequent low yields and molecular weights. The introduction of
new synthesis conditions employing an inert atmosphere has significantly
broadened the scope of PAIPs. This approach allows the synthesis of PAIPs
from both electron-deficient and electron-rich organic azides, achieving
remarkably high polymerization yields, reaching up to 99%, and expanding
the application prospects of the Staudinger reaction. Under these optimized
conditions, the Staudinger reaction demonstrates remarkable versatility.
The theoretical calculations showed that the different yields of the substrates
correlate with the activation barriers. Ground state calculations revealed that
the ylidic form, i.e. -[R,P*~"NAr],-, is the dominant resonance structure in
the iminophosphorane-linkage, while TD-DFT calculations revealed the
effects of the different substituents. Given that the predominant resonance
structure is the ylidic-form, the activity of PAIP in visible light is somewhat
surprising. The latter is probably the result of negative-hyperconjugation, an
effect already observed for inorganic iminophosphoranes.

Employing the Staudinger reaction has enabled us to produce unique
glassy films, foam structures, and even metallo-polymer hybrids based on
poly(arylene iminophosphorane) chemistry. The incorporation of an imi-
nophosphorane linkage into the conjugated backbone is reflected in peculiar
optoelectronic properties resulting from the unique electronic structures
and high thermal and oxidative stability, even up to 420 °C, compared to
conventional conjugated polymers. The isothermal stability is particularly
impressive, as the poly(arylene iminophosphorane)s remained completely
stable in an air atmosphere at 400 °C for 60 min without losing its semi-
conducting properties. Finally, nitrogen release associated with the Stau-
dinger reaction was exploited to produce innovative self-foamed conjugated
poly(arylene iminophosphorane) materials in a single step, which are of
interest for various applications such as heterogeneous catalysis, energy
storage, or optoelectronics.

This ingenious protocol will enrich the toolbox of transition metal-free
alternatives for the synthesis of n-conjugated polymers (CPs) and offers a
particularly compelling aspect due to the absence of bis-organometallic or
bis-halide monomers in the Staudinger reaction.

Methods

Multiazide synthesis

To a solution of aryl boronic acid pinacol esters (la-e) in a mixture of
methanol and chloroform (1:1), sodium azide (3 eq.), and Cu-catalysts in the
form of Cu(OAc), or Cul (15-25 mol%) were added. The solution was
aerated with compressed air at a flow rate of 150 ml/min for 12-30 h at an

elevated temperature (55 °C). After reaction completion, the solvents were
evaporated under reduced pressure, and crude products (2a-e) were pur-
ified with column chromatography or crystallization if necessary. Detailed
descriptions of synthetic and work-up procedures can be found in ST under
supplementary methods.

PAIP synthesis

To a solution of multiazide (2a—e) in DMF, phosphine (3a, 3b) was added
under constant stirring. The dry solvent was purged with argon prior to the
addition of 3. Polymerization occurred at room temperature, or at 80 °C
when 3b was used due to solubility issues. After reaction completion, the
precipitate was collected, washed with DMF and acetone, and dried under
reduced pressure. Detailed descriptions of synthetic procedures can be
found in SL

PAIP glassy film formation

PAIP powder (50 mg) was weighed into a glass vial and heated in an oven to
20°C above T, for 10 min. This resulted in the formation of a viscous
translucent rubber. The rubber was then naturally cooled to room tem-
perature, which resulted in translucent glassy films.

PAIP foam preparation

To a solution of 3 in DMF (80 °C), which was purged with argon, 2e was
added under constant stirring. The reaction proceeded rapidly, and PAIP
foams were formed around the evolving nitrogen. The foams were washed
with DMF and acetone and dried under a vacuum. Details about prepara-
tion and foam properties can be found in SI****,

Data availability

Supplementary information and Supplementary data are available online or
directly from the author in the form of a Word document. A film demon-
strating how to make PAIP foams is supplied. The raw data that support the
findings of this study are available from the corresponding author upon
request.
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