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Abstract: In this communication, we report the straightforward 

synthesis of unprecedented electron-acceptors based on dicationic P-

containing PAHs (Polycyclic Aromatic Hydrocarbons) based on 

copper mediated radical approach. In these systems, two 

phosphoniums are connected through various PAHs backbones. The 

impact of -extension on both the optical and redox properties is 

investigated using a joint experimental (UV-Vis absorption, 

fluorescence and cyclic voltammetry) and theoretical approach (DFT 

calculations). Finally, (spectro)-electrochemical studies prove that 

these compounds possess three redox states and EPR studies 

confirms the in situ formation of an organic radical delocalized on the 

PAH backbone. 

Organic multi-stage redox systems are key component in many 

technological fields ranging from organic electronics (solar cells, 

batteries…) to spintronics.[1] Among the strategies used to design 

such compounds, one approach consists in linking two cationic 

heteroatoms through a -conjugated backbone featuring an even 

number of sp2 C-atoms (Scheme 1).[2,3] This led to the preparation 

of “Weitz type” derivatives which display three redox states 

including a stable radical cation intermediate.[2,3] Methyl-

Viologens (MV) are probably the most emblematic electron 

acceptors of this family.[4,5]  Although Hünig et al. mentioned in 

1978 the applicability of this general strategy to systems in which 

phosphorus is the unique heteroatom,[3] such derivatives have not 

been described yet to the best of our knowledge, despite the wide 

literature on organophosphorus based -systems and switches.[6-

8] Due to the specificities of P compared to the others heteroatoms 

in terms of electronegativity, valence, coordination number, it 

appeared interesting to us to study the impact of its insertion on 

the optical/redox properties.[9] 

To tackle this challenge, we here take advantage of the possibility 

to convert a cationic 4,4-P+ into a neutral 4,5-P (Scheme 1) to 

afford multi-stage redox systems based on organophosphorus 

derivatives.[10] Indeed we report the general and straightforward 

synthesis of an unprecedented family of dicationic P-containing 

Polycyclic Aromatic Hydrocarbons (PAHs) 2-6[OTf]2 where two 

4,4 P+ are connected through various -backbones (Scheme 2). 

The impact of -extension on both optical and redox properties is 

investigated using a joint experimental/theoretical approach. 

Finally, (spectro)-electrochemical studies prove that these 

compounds possess three redox states and EPR studies confirms 

the in situ formation of radicals demonstrating that these novel 

acceptors behave as “viologen-like” redox systems.[4,6e] 

 

 

 

 

Scheme 1. General structure of multi-stage redox systems[3] and their 

corresponding phosphorus containing analogs 

To prepare the targeted bisphosphoniums, we rely on a copper-

mediated radical approach.[11] This method was recently used to 

prepare -conjugated phosphoniums.[12] In our hands, the double 

phosphacyclization of bisphosphine 1 cleanly afforded 1,8-

bisphosphapyrenium 2[OTf]2 (87% yield, Scheme 2), as an air 

and moisture stable derivatives characterized by a single peak in 
31P NMR ( = + 1.3  ppm). This compound was fully characterized 

by multinuclear NMR, high-resolution mass spectrometry and X-

ray diffraction (vide infra). In addition, 2[OTf]2 is soluble in 

classical organic solvents. To illustrate the versatility of this 

molecular engineering strategy, various polyaromatic 

diphosphines were converted into their dicationic analogs 3-

6[OTf]2 in good yields (Scheme 2).  All the precursors were 

synthesized through lithiation of the corresponding dibromo-

derivatives which were then reacted with 

chlorodiphenylphosphine (see ESI). This allowed us to prepare a 

novel family of dicationic P-containing PAHs featuring variable -

cores. They all display two cationic 4,4 -P centers connected 

through a bridge featuring an even number of sp2 C-atoms. 
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Scheme 2.  Synthetic access to 2[OTf]2 and chemical structure of compounds 

3-62+ (TfO- anions have been omitted for clarity) 

The structures of derivatives 2-6[OTf]2 were all confirmed by 

single-crystal X-ray diffraction (Fig. 1, Table S1-2). In all 

compounds, the 4,4-P atom shows a tetrahedral shape with 

usual valence angles and C-P bond lengths. In 2-5[OTf]2, the 

polyaromatic scaffold featuring the P-heterocycles is mainly 

planar (maximum deviation from the mean C-sp2 plane, 0.32 Å), 

and the lateral phenyl rings lie perpendicularly to the main plane. 

The case of bisphosphaperylenium 6[OTf]2 is more peculiar as a 

significant -curvature is observed (maximum deviation from the 

mean C-sp2 plane, 0.78 Å, Fig. S1) due to steric hindrance 

between H and Ph at the bay position.[13] This structural feature of 

the solid state pertains in solution according to DFT calculations 

(Fig. S17-19). Finally, no intermolecular contact could be 

observed in the packing, which most likely results from the 

presence of bulky tetrahedral P-atoms, lateral exocyclic phenyl 

rings, and counterions. 

 

Figure 1. X-ray crystallographic structure of 2-62+ (H atoms, counterions and 

solvent omitted for clarity). 

The spectroscopic properties of 2-6[OTf]2 are investigated in 

diluted CH2Cl2 solutions (c = 5.10-6 mol.L-1, Fig. 2 and Table S3). 

2-5[OTf]2 display structured absorption bands in the same window 

with abs spanning from 417 to 432 nm. This absorption can be 

attributed to a delocalized -* transition according to TD-DFT 

calculations (Fig 2 and Fig. S13). While the size of the polycyclic 

scaffold and the relative position of the P-atoms weakly affect the 

maximum absorption wavelength, the vibronic progression and 

the extinction coefficient are more dependent on the structure of 

the molecule. In contrast, 6[OTf]2 displays a marked bathochromic 

shift compared to 2[OTf]2 ( = 102 nm). These results illustrate 

that the maximal wavelength of absorption of such compounds 

cannot be easily rationalized by comparing the -extension. In this 

case, it is determined by a complex interplay between the -

extension, the relative P-positions and the -curvature. [14]   The 

qualitative evolutions in the 2-6[OTf]2 series are reasonably 

reproduced by TD-DFT (Table S3). Interestingly, the P centers 

play a significant role in the transition in 2-5[OTf]2, whereas they 

do not seem to be involved in 6[OTf]2 (Fig. S13). This is most likely 

related to the non-planar character of the -core of 6[OTf]2 ,[15] and 

is in line with the specific NICS(0) value noted for the anti-

aromatic P-rings (Fig. S12). More generally, the NICS(0) 

calculations in this series nicely follow the Clar’s sextet rule for 

polycyclic aromatic compounds (Fig. S12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. UV-Vis absorption (up) and normalized emission spectra (middle) of 

2-6[OTf]2 in CH2Cl2 (c = 5.10-6  M)  Electron density difference computed for 22+ 

(down). The blue and red regions respectively indicate decrease and increase 

of density upon photon absorption (contour threshold: 8 10-4). 

All derivatives display fluorescence in solution. In this case, the 

emission wavelengths seem more affected by the molecular 

structure, as a 41 nm shift is observed between 2[OTf]2 and 

5[OTf]2. Again, a strong red-shift is observed for 6[OTf]2 (2-6 

= 79 nm). All compounds display moderate photoluminescence 

quantum yields PLQY (4 % < < 19 %) with the lower value 
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unsurprisingly obtained for the red-emitting 6[OTf]2. Interestingly, 

2-6[OTf]2 also display fluorescence in the solid-state (Fig S2 and 

Table S3). It should be noted that 2-3[OTf]2 are blue-shifted in the 

solid-state compared to the diluted solution while 4-6[OTf]2 are 

mainly unchanged. This behaviour remains rather surprising as 

no clear intermolecular interactions are observed in the X-ray 

structures. The PLQY in solid state are higher than in solution 

(11 %< < 39 %) with higher values for 2[OTf]2 (39%) and 3[OTf]2 

(37%). This overall increase in PLQY is attributed to the restriction 

of rotations of the 8 lateral phenyl rotors that are present in each 

molecule, and to the presence of tetrahedral P-atom which 

prevent detrimental -stacking, as confirmed by the 

crystallographic study.[16] 

The electrochemical behavior of 2-6[OTf]2 was investigated by 

cyclic voltammetry in dichloromethane solution. As anticipated by 

the molecular design, while no oxidation waves are observed in 

these conditions, all compounds display two distinctively 

separated reduction waves at low potential (e.g., Ered1(2[OTf]2) = 

-0.84 V vs Fc+/Fc and Ered2(2[OTf]2) = -1.23 V vs Fc+/Fc, Fig 3 

and Table S3), suggesting the successive formation of a radical 

cation and a neutral specie. While the first reduction wave is fully 

reversible in all cases, the second reduction is quasi reversible for 

2[OTf]2 and 4[OTf]2 (and reversible for the others).  The CV traces 

are not altered by repeated cycles (Fig. S4). However the 

increase of the scan rates increases the reversibility of the waves 

(Fig. S5), thus highlighting the role of electron transfer rate on the 

stability of the reduced species. Interestingly, 2[OTf]2 displays 

reduction potentials in the same range than MV[OTf]2 recorded in 

the same conditions (Fig. S3). This clearly validates our design 

strategy to prepare “viologene-like“ multi-stage redox systems. 

The effect of the -core in the 2-6[OTf]2 series is rather 

predominant with 6[OTf]2 having the less cathodic potential 

(Ered1(6[OTf]2) = -0.64 V vs Fc+/Fc) and 5[OTf]2 the more 

cathodic (Ered1(5[OTf]2) = -1.10 V vs Fc+/Fc) (Fig. 3). This trend 

was already observed by Würthner et al. with comparable boron-

doped PAHs and confirms that the highest reduction potential in 

these series do not correspond to the largest -surface.[14] 

However, the presence of the charged P atoms renders the 

dicationic P-containing PAHs considerably easier to reduce than 

their neutral B-counterparts (Ered1(2[OTf]2) = -0.84 V vs Fc+/Fc 

while its B-analog displays a reduction potential Ered1 = -1.46 V 

vs Fc+/Fc). Thereby, this electrochemical study highlights the 

good electron accepting properties of 2-6[OTf]2 and demonstrates 

that three redox states can be easily reached. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Cyclic voltammograms of 2-6[OTf]2 (c = 5.10-4 M) recorded in DCM 

(Bu4NPF6 (0.2 M), 200 mVs−1, potentials vs Fc+/Fc). 

 

To gain more insights into the reduced forms of these derivatives, 

spectroelectrochemical and EPR measurements were performed 

on 2[OTf]2, as representative compound. As illustrated Fig. 4a, 

each redox state of 2[OTf]2 features characteristic UV-vis 

transitions. The absorption of the electrochemically generated 

radical cation 2+· is characterized by the appearance of new 

bands in the visible and NIR regions (Fig. S7), characteristic of a 

highly delocalized organic radical. These new transitions 

subsequently disappeared upon reduction to the neutral 

derivative (Fig. 4a and Fig. S8). Qualitatively, the evolution of the 

spectra upon successive reductions is reproduced by TD-DFT 

(Fig S14). The absorption spectra of 22+ was further recovered 

upon restoring the initial potential (Fig. S9), illustrating the 

switching ability of this derivative. EPR was measured after 

chemical reduction of 22+ with Zn powder (Fig. 4b). This 

unambiguously confirmed the organic radical nature of the 2+· 

with g-factor values of 2.0032. The hyperfine structure of the 

experimental EPR spectrum is well reproduced (Fig. S10) taking 

into account the coupling of the unpaired electron with the two 

equivalent phosphorus atoms and the two sets of equivalent 

hydrogen atoms. This demonstrates that the radical is fully 

delocalized on the bisphosphapyrenic scaffold. The computed 

spin density in the radical cation 2+· (Fig. 4c) also fully supports 

this observation. The equalization of the C-C bond lengths in the 

phosphacycle (evaluated by DFT, Table S5) are consistent with 

the switching between 4-P+ cyclic phosphoniums for 22+ and 5-

phosphinine for 2. Accordingly, the aromaticity in the P-

heterocycle increases upon reduction (NICS(0)(22+)= +4.6; 

NICS(0)(2)= -2.6, Fig. S16).[17] Altogether, these results illustrate 

that 22+ possesses the characteristics for a new generation of 

electro-responsive multi-stage organic system based on 

organophosphorus derivatives. 
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Figure 4. (a) UV/Vis/NIR absorption spectra measured during the 

electrochemical reduction of 22+ (c = 5.10-4 M) in a solution of Bu4NPF6 (0.2 M) 

in DCM. (b) EPR spectrum of the chemically generated 2+· in DCM. (c) Spin 

density in 2+· (contour threshold: 2.10-3). 

 

In conclusion, a straightforward synthetic route to dicationic P-

containing PAH 2-6[OTf]2 is described. The absorption and 

emission signatures of these compounds are changed with the -

conjugated segment, especially for the -curved 6[OTf]2. In 

addition, their particular structures make that 2-6[OTf]2 possess 

fluorescence both in solution and in the solid-state. Furthermore, 

2-6[OTf]2 are good electron acceptors with two “viologen-like” 

easily accessible reduction states. 22+ was used to study the three 

redox states by a combined experimental (spectrolectrochemical 

and EPR) and theoretical study. In particular, EPR 

unambiguously proved the formation of the organic radical 2+·. 

This first communication highlights the great potential of these 

novel organophosphorus derivatives for further “viologene-like” 

switching applications, taking advantage of the fluorescence of 2-

6[OTf]2 in solution and in the solid-state.[18] In addition, the 

simplicity of the synthetic approach paves the way toward the 

preparation of a virtually unlimited panel of redox-active P-

derivatives based on (twisted) acenes, helicenes, nanographenes 

etc[9,15,19]  
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