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Make the Ylides Shine: Synthesis and Structure-Property 
Relationships of Phospha-squaraines
Adisorn Khantong,a Alexandre Chemin,a Olivier Galangau,a Boris Le Guennic,a Denis Jacquemin,b,c,* 
Pierre-Antoine Bouita,*

We report the synthesis and full characterization of a family of four 
phospha-squaraine dyes, obtained in a single step from squaric acid 
derivatives. Their structure-properties relationships are 
investigated through a joint experimental/theoretical approach. All 
of these exotic ylides display strong absorbtion and emission in the 
red region of the spectrum, a rare feature for phosphorus ylides. 
Furthermore, they exhibit enhanced photostability compared to a 
standard squaraine reference.

Polymethine dyes have always been in the limelight in chemistry. 
They are derivatives in which an even number of electrons is 
delocalized between two heteroatoms across a -bridge featuring an 
odd number of sp2 carbon atoms.1 This unique structure leads to a 
“cyanine” structure with hallmark properties, including an almost 
zero bond length alternation (BLA), that is all C-C bonds have lengths 
close to “one and a half” bonds. These dyes also exhibit sharp, 
exceptionally intense absorption bands that extend into the NIR 
region and can be tuned by varying the -chain length, as well as 
luminescence with a very small Stokes shift and excellent brightness, 
including in the NIR.2 After their discovery, polymethines were first 
used as photography3 or textile dyes,4 and they are now widely 
applied as components in optoelectronic devices and as bioprobes.5 
Owing to their absorption and emission in the biological 
transparency window, they are particularly suited for biological 
applications,5 but they are also valuable in material science, 
especially in nonlinear optics and photovoltaics.6 Squaraine dyes 
constitute a distinct class of zwitterionic polymethines. They feature 
an electron-deficient, four-membered central ring derived from 
squaric acid, substituted with electron-donating aza-heterocycles 
which structure is stabilized through resonance (Fig. 1a).7,8 Like 
polymethines, squaraines display intense absorption bands, high 
molar absorption coefficients, and good photoconductivity. As such, 
they are excellent chromophores, fluorophores, and 

semiconductors, with applications ranging from p-type 
semiconductors in bulk heterojunction solar cells (A, Fig. 1b) to 
fluorogenic imaging probes for tumor-selective optical imaging (2, 
Fig. 1b).9,10 In addition, their molecular engineering is rather 
straightforward, allowing effective tuning of their properties, 
including shifting their lowest-energy absorption into the NIR. 
Despite these advantages, further molecular engineering remains 
necessary to enhance their stability, performance, and tunability.11

O

O

a) General structure of squaraines

b) Examples of squaraines

Ph3P

O

O

PPh3

N
O

O

PPh3



c) Phospha-squaraine targeted here

2+

2+

A B

C D

O

O

N

N
R R2+

N
R

R
N

R

R

O

O
N

R

R
N

R

R

O

O
N

R

R
N

R

R
2+

O

O

2+ NN

N
N N

O

O
HO

OH
OH

OH

Figure 1: General structure (a), representative examples of 
squaraines dyes (b)9-10, and phospha-squaraines targeted here (c). 

In recent years, we and others have shown that substituting nitrogen 
with phosphorus in traditional chromophores / semiconductors 
effectively modulates their properties, leveraging the intrinsic 
properties of phosphorus in terms of electronegativity, valence, 
coordination number, aromaticity, and reactivity.12 For example, we 
recently applied this strategy to nanographenes13 or viologens.14. In 
2023, we reported the first evidence of an “ideal polymethine state” 
(IPS) in phospha-cyanines. 15 However, these exotic ylides displayed 
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very weak luminescence. Building on these promising results, we 
now aim to extend this approach to phospha-squaraines, for which, 
to the best of our knowledge, no literature has been reported.16 

In the present report, we describe the synthesis of a family of 
phospha-squaraines dyes and systematically investigate their 
optical properties through a combined experimental and 
theoretical approach. From this initial study, we conclude that 
phospha-squaraines are original fluorescent dyes featuring an 
ylidic fragment, with promising potential for applications in 
photobiology or material science.

Squaraines synthesis is generally based on Knoevenagel-type 
condensations with carbonyl derivatives. In this context, we 
selected cyclopentadienylidene triphenylphosphorane 1 
(Scheme 1) as nucleophile to prepare the targeted phospha-
squaraines (see Fig. 1c).17 Indeed, 1 is a “stable” ylide that has 
previously been used to design the first generation of phospha-
cyanine dyes as well as other chromophores.18,19 By reacting 1 
with squaric acid under standard conditions (nBuOH/toluene 
reflux), the symmetric phospha-squaraine 2 (Scheme 1) was 
obtained in low yield (22%) and isolated as a purple solid. The 
yield is low due to the degradation of ylide into 
triphenylphosphine/phosphine oxides inducing tedious 
purification steps. Variation of reaction time / temperature, as 
well as the use of other solvents such as THF or attempts to 
scavenge protons (with pyridine or NaOH) or water (with 
molecular sieves) did not allow to increase the yield. Using 
diethyl squarate instead of squaric acid as reactant led to 
monosubstituted derivative 9 featuring a single 
cyclopentadienylidene triphenylphosphorane (Scheme 1). 
However, such a compound cannot serve as intermediate 
toward 2 as deprotection of 9 with NaOH only led to ylide 
degradation. Finally, compound 2 was characterized by 
multinuclear NMR and mass spectrometry. In particular, the 
single resonance in 31P NMR ( = +14.3 ppm) along with the 
overall symmetry of the NMR spectra, confirms a fully 
symmetric structure, consistent with a cyanine in its IPS.15 
Based on these promising results, we expanded the molecular 
diversity by modifying either the central core or the lateral 
heterocycles. 9 was initially envisaged as key synthon for the 
convergent synthesis of dissymmetric squaraines 5-6, however 
its instability under the reaction conditions (vide supra) 
precluded this strategy. We thus prepared dissymmetric 
phospha-squaraines through divergent approach adapting 
Würthner’s methodology.20 Condensation of 1 on mono-
substituted squaric acids 3-4 afforded two new dyes 5-6 
(Scheme 1), each featuring a P-heterocycle on one side and a N-
heterocycle (indole) on the other. In this case, the yields were 
considerably improved (43-60%). Attempts at a convergent 
strategy, using a squaric acid functionalized with a single 
cyclopentadienylidene triphenylphosphorane unit 9, also failed 
due to the instability of the ylide during deprotection (Scheme 
S1). Finally, we prepared the cyano-squaraine 8, in which one 
oxygen atom of the central core is substituted by a 
dicyanovinylene.20 Such compound also suffers from difficult 

separation from degradation product leading to very low 
isolated yield (4%). 
In short, by adapting established synthetic approaches, we 
synthesized four phospha-squaraines differing in their lateral 
substituents or central core. All compounds display good 
solubility in organic solvents and are air and moisture stable.
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Scheme 1: Synthesis of dyes 2, 5-6, 8-9. (a: nBuOH/Toluene, 
Reflux, 2h; b: nBuOH/Toluene, Reflux, 12h)

The structural parameters of the phospha-cyanines were 
investigated computationally at the M06-2X/6-311G(d,p) level 
(Fig. S37). As expected for such polymethine dyes, the 
conjugated backbone of all derivatives is fully planar. Regarding 
the bond distances, the classical features of squaraines dyes are 
observed. The C-C bonds within the 4-membered ring are rather 
long (d  1.46-1.47 Å), while the C-O bonds range from 1.22 to 
1.23 Å. Along the polymethine chain, C-C bond distances fall 
within the “one and a half” bond range (1.38 Å <d< 1.43 Å). 
Finally, the C-P bonds (d1.75 Å) are consistent with typical 
ylidic C-P bonds, as previously reported in phospha-cyanines.15 

Bases on these optimized geometries, all compounds exhibit 
the structural hallmarks of both squaraine cores and stabilized 
ylides 
The electrochemical properties of 2, 5-6, 8 were investigated by 
cyclic voltammetry (CV) in dichloromethane solution (Fig. S9-15 
and Table S2). The symmetric phospha-squaraine 2 displays 
irreversible oxidation and reduction at relatively low potential 
(Eox = +0.39 V vs DmFc, Ered = -1.54 V vs DmFc).21 The 
electrochemically determined energy gap (Eelec = 1.9 eV) is in 
good agreement with the optical one (Eopt = 2.2 eV). The 
irreversibility of these redox processes contrasts with classical 
squaraines A, which display fully reversible processes.9 
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Interestingly, structural modifications, whether on the lateral 
substituents or the central core, have a positive impact on the 
reversibility of the redox processes. Hence, the dissymmetric 
compounds 5 and 6 display quasi-reversible reductions at 
higher potentials, while their oxidations are only moderately 
affected, consistent with a slight reduction of the energy gap. In 
the case of 8, oxidation is slightly more difficult (Eox = +0.48 V vs 
DmFc) while reduction is easier (Ered = -1.30 V vs DmFc), 
resulting in a gap decrease, in agreement with the optical data 
(vide infra). Notably, both redox processes in 8 are quasi-
reversible. 
The optical properties of 2, 5-6, 8 were investigated in dilute 
CH2Cl2 solutions (c = 5.10-6 mol.L-1, Fig. 2, Table S2, Fig. S2-S5).

Figure 2: UV-Vis. absorption (top) and normalized emission spectra 
(middle) for 2 (black), 5 (blue), 6 (orange), 8 (red) in CH2Cl2 (c = 5.10-

6 M); Normalized time profile evolutions of abs under constant 
irradiation for compounds A (R = Me), 2 and 5. (bottom) 

All derivatives display similar absorption spectra, characterized 
by a sharp absorption band between 558 nm and 609 nm with 
high molar extinction coefficients (170000 L.mol-1.cm-1<  < 
220000 L.mol-1.cm-1) and a vibronic shoulder. These spectra are 
nicely reproduced by TD-DFT calculations, vide infra. Only the 
dicyanovinylene-substituted squaraine 8 features a lower 
extinction coefficient ( = 70000 L.mol-1.cm-1). Overall, these 
measurements confirm that the new derivatives retain the 
typical optical features of squaraines dyes. Phospha-squaraine 
2 displays a blue-shifted absorption compared to A ( = 88 
nm), reflecting the weaker electron-donating ability of the ylidic 
fragment 1 compared to the corresponding indole. Introducing 
indole lateral groups with increasing donor strength 
progressively redshifts the absorption, reaching  = 609 nm for 
6. Substituting one oxygen in the central core with a cyano 
group, as in 8, also induces a redshift to  = 600 nm, consistent 
with trends observed in conventional squaraines. This shift is 
attributed to a charge-transfer contribution from the 
dicyanovinylene fragment to the polymethine bridge.9 From 
UV-Vis. measurements we can conclude that phospha-
squaraines show no tendency to aggregate in dilute solution up 
to 10-4 mol.L-1 (Fig. S6), probably due to the steric effect of the 
tetrahedral phosphorus, a behavior previously observed with 
phospha-cyanines,15 and contrasting with classical squaraines.22 
Interestingly, the photostability of phospha-squaraines 2 and 5 
is enhanced compared to reference squaraine A (Fig. 2, Fig. S16-
21 and Table S3).
All of these compounds also display luminescence in the red 
with low Stokes shifts ( < 820 cm-1), as classically observed for 
squaraines.11 The trends observed in the absorption spectra are 
maintained in the corresponding emission spectra. All 
compounds display moderate fluorescence quantum yields 
(0.09 <  < 0.35). While these values are below the best 
performing squaraines dyes,11 it is noteworthy that 
fluorescence is uncommon among ylidic derivatives, as only a 
few phosphorus ylides have been reported to show significant 
luminescence.23

All those experimental observations, including 0-0 energies, 
spectral shapes, and the effect of lateral heterocycles and 
central substituents, were satisfactorily reproduced 
computationally (Table S4 and Fig. S41). Notably, the calculated 
0-0 energies are particularly accurate, with a mean absolute 
deviation of only 0.03 eV relative to experimental values. 
Analysis of the Electron density difference (EDD, Fig. 4 and Fig. 
S38) confirmed -delocalization across the conjugated 
backbone, displaying hallmark squaraine-like features: (i) 
alternation of electron density gain and loss at odd and even 
positions, and (ii) the donating effects of the cyclopentadienyl 
and amino-heterocycles (in 5 and 6) as well as the squaric 
substituents (keto and/or dicyanovinylene) in all compounds.24 
The P-atom is not significantly involved in the electronic 
absorption (Fig. 3 and Fig. S38), in contrast to our previous 
observations for phospha-cyanines.15 However, this is 
consistent with the strong ylidic character (with negligible ylene 
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contribution) of the orbitals involved in the absorption process, 
confirmed by the aromatic character of the Cp ring as evidenced 
by NICS(0) calculations (Fig. S42) and NBO analysis (Table S6).25 
All these calculations are consistent with the mesomeric 
structures depicted in Scheme 1. Although the P-atom does not 
directly participate in the transition, its presence is essential to 
ensure the chemical stability of the cyclopentadienyl based 
ylidic fragment, as evidenced by the hyperconjugation visible in 
the LUMOs of 2,5-6,8 (Fig. S36).26

                          

                         2                                                         5
Figure 3: Electron density difference (EDD) plots corresponding 
to the absorption to the lowest state of 2 (left) and 5 (right). The 
blue and red lobes represent regions of decrease and increase 
of density (threshold: 0.001 au).

Conclusions
We have reported the synthesis and full characterization of a 
family of four phospha-squaraine dyes (2,5-6,8), prepared in a 
single step from squaric acid or its derivatives. These ylides-
containing dyes absorb and emit in the red region of the 
spectrum. Incorporation of phosphorus prevents aggregation 
and enhances photostability, making these dyes rare examples 
of luminescent compounds featuring a P-ylide. This study paves 
the way for the development of novel dyes featuring main-
group elements, with potential applications in optoelectronic or 
photobiology.
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The data supporting this article have been included as part of the

supplementary information (SI). Supplementary information:

experimental procedures, spectral data, and detailed DFT outputs
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