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Abstract: Impact of the enantiopurity on organic photovoltaics 

(OPV) performance was investigated through the synthesis of 

racemic and enantiomerically pure naphthalimide end-capped 

helicenes and their application as non-fullerene molecular electron 

acceptors in OPV devices. A very strong increase of the device 

performance was observed by simply switching from the racemic to 

the enantiopure forms of these -helical non-fullerene acceptors with 

power conversion efficiencies jumping from 0.4% to ca 2.0% in air-

processed poly(3-hexylthiophene) based devices, thus highlighting 

the key role of enantiopurity in the photovoltaic properties.  

Chiral molecular materials have recently attracted 

considerable attention in optoelectronic domains, especially due 

to their specific interaction with circularly polarized light.[1] 

Another fundamental aspect in chirality is that the chemical and 

physical properties of the two enantiomers of a chiral molecule 

and of its corresponding racemate are identical in solution but 

may be different in the solid state due to different packing and 

for symmetry reasons.[2] However surprisingly this aspect has 

not triggered major interest for the design of novel -conjugated 

materials for organic photovoltaics (OPV) despite the well-known 

strong impact of the solid state packing on the films properties.[3] 

Indeed, few reports have addressed the influence of chirality of 

π-conjugated systems on the overall device performance, 

focusing almost exclusively on chiral alkyl side-chain 

engineering.[4] For instance, Nguyen then Castellano published 

diketopyrrolopyrrole-based molecular electron-donors 

functionalized either by racemic or enantiomeric pure 2-

ethylhexyl side chains in OPV devices (Scheme 1a),[5] and 

concluded that stereoisomerism had a minor impact on devices 

performances. A contrario, Itoh recently reported detrimental 

effects on power conversion efficiencies (PCE) when using [C60]-

fullerene derivatives as molecular electron-acceptors 

functionalized by optically active cyclohexene and menthyl ester 

groups.[6] However, these studies only explored diastereomeric 

relationships, and surprisingly no systems with enantiomeric 

relationship has been examined so far in OPV devices (Scheme 

1a).  

Herein, the impact of enantiopurity on the photovoltaic 

performance is addressed by using chiral fully -conjugated 

materials either in their racemic or enantiopure forms. As a proof 

of concept, we report the first implement of chiral [6]helicene 

derivatives as non-fullerene acceptors (NFAs). Indeed, helicenes 

have received little attention as molecular materials in OPV,[7] 

despite i) their unique intrinsically chiral 3-dimensional helical -

conjugated skeleton that provides strong chiroptical properties,[8] 

and ii) their good charge transport properties.[7a, 9] In addition, the 

development of NFAs has recently generated a craze in the PV 

community knocking down one major drawback of the fullerene 

derivatives which is the limited structural tunability of their 

energy levels.[10]  

Following a strategy previously reported by our groups, we 

designed -helical NFAs (racemic, rac-2 and enantiopure P-2 

and M-2) by simply connecting two naphthtalimide groups, used 

as electron-transporting/withdrawing blocks, to a 

carbo[6]helicene unit via acetylenic linkages (Scheme 1).[11] The 

photovoltaic performances of the prepared helicenic derivatives 

have been examined in air-processed poly(3-hexylthiophene) 

(P3HT)-based devices, with particular attention to the different 

behavior between the racemic and enantiopure systems, 

through the study  of the photophysical, chiroptical, transport 

properties and surface characterizations of pure rac-2, P-2 and 

M-2, and blends with P3HT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 1. Synthesis of naphthalimide end-capped helicene compounds rac-, 
P- and M-2. i) 6-bromo-2-hexyl-1H-benzoisoquinoline-1,3(2H)-dione, 
Pd(PPh3)4, CuI, Et3N, toluene. 

2,15-bisethynyl[6]helicene (1) as either rac-1, P-1 or M-1 was 

engaged in a Sonogashira cross-coupling reaction, with an 

excess of 6-bromo-2-hexyl-1H-benzoisoquinoline-1,3(2H)-dione, 

affording respectively rac-, P- and M-naphthalimide end-capped 

helicene derivatives (rac-2, P-2 and M-2) as bright yellow solids 

in excellent yields (see Supporting Information, SI). This simple 
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synthetic strategy ensures a strong electronic interaction 

between the chiral -conjugated backbone and the electron-

accepting naphthalimide units (vide infra.).  

As expected, rac-2, P-2 and M-2 show similar UV-Vis 

absorption spectra in CH2Cl2 solutions, characterized by three 

main absorption bands at ca 300, 360, and 420 nm respectively, 

associated with high extinction coefficients () of 7.0 x 104, 5.8 x 

104 and 6.0 x 104 M-1 cm-1 (Figure 1). Moreover, a strong 

bathochromic shift coupled to an increase in intensity were 

recorded compared to the helicenic and naphthalmide 

precursors, evidencing an extended -conjugation through the 

molecule. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. UV-Vis absorption spectra of precursors 1 (black) and 6-bromo-2-

hexyl-1H-benzoisoquinoline-1,3(2H)-dione (NPh, red), and -helical NFA 2 

(blue, top) and ECD spectra of corresponding enantiomers P-(solid line) and 
M-(dashed line) in CH2Cl2 at 298 K. 

Electronic Circular Dichroism (ECD) measurements of P-2 and 

M-2 were performed in CH2Cl2, displaying expected mirror-

image relationships (Figure 1).[8a] Enantiomer P-2 exhibits a 

strong negative band at 300 nm (Δ = - 200 M-1 cm-1), a medium 

positive band at 330 nm (Δ = +80 M-1 cm-1), and two strong 

positive ones at lower energy (Δ = + 200 and + 300 M-1 cm-1 at 

410 and 430 nm, respectively). These ECD-active bands are 

strongly red-shifted in comparison with the 

bis(ethynyl)[6]helicene 1 precursor, reflecting the significant 

impact of the naphthalimide units on the chiroptical properties of 

the whole -conjugated helical structure. The absolute 

configurations P-(+)-2 and M-(-)-2 can be assigned both based 

on the starting helicene 1 and from the ECD results.  

Rac-2, P-2 and M-2 exhibited intense luminescence in CH2Cl2, 

with an emission maximum at 510 nm and a measured quantum 

yield of 86% (Figure S8), a value which is among the highest in 

[6]helicene derivatives.[7] In the solid state, the three compounds 

remain highly luminescent with identical spectra and maxima at 

520 nm (Figure S9). Cyclic voltammetry enabled us to estimate 

identical HOMO and LUMO levels of ca -6.4 eV and -3.8 eV for 

rac-2, P-2 and M-2, which were respectively assigned to the 

oxidation of the helicene core and the reduction of the electron-

accepting naphthalimide unit (See SI).[12] An electrochemical gap 

of ca 2.6 eV was thus estimated, in agreement with the 

absorption data. 

Having these unprecedented enantiopure and racemic 

electron acceptors in hands, we then investigated their 

performance in OPV devices to probe a potential impact of 

enantiopurity on the photovoltaic properties. Accordingly, rac-2, 

P-2 and M-2 were blended with the archetypal and regioregular 

P3HT (Figure S11), a well-known scalable and relatively stable 

wide bandgap donor polymer, chosen for its lack of chirality on 

its solubilizing groups. Inverted and air-processed devices of 

architecture: ITO/ZnO/P3HT:rac-2, P-2 or M-2 (1:2)/MoO3/Ag 

were thus fabricated (See SI). Devices characteristics are 

gathered in Table 1, current density-voltage (J-V) and external 

quantum efficiency (EQE) curves, plotted in Figure 2.  

 
Table 1. Photovoltaic characteristics under AM. 1.5 simulated solar 
illumination (100 mW.cm

-2
) of bulk heterojunction cells based on P3HT 

blended with rac-2, P-2 or M-2. 
[a]

 Average value over 12 cells. 

The photovoltaic results clearly evidenced a different 

behaviour using either the racemic (rac-2) or the enantiopure -

helical NFAs (P- or M-2) as the electron acceptor in the active 

layers. Indeed, while modest PCEs of ca 0.4% were recorded for 

rac-2, both P- and M-2 based devices exhibited much stronger 

efficiencies of ca 2%, resulting from a simultaneous increase of 

the open-circuit voltage (Voc), the short-circuit current density 

(Jsc) and the fill factor (FF) (Table 1 and Figure 2). In agreement 

with the corresponding Jsc, EQE responses of the enantiopure 

blends (P- and M-2) were almost twice greater than that of rac-2 

based devices, suggesting inefficient charge 

separation/extraction and/or morphological issues in this latter 

racemic case.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 2. Current density-voltage characteristics (a) and EQE spectra (b) of 

inverted rac-2 (blue), P-2 (black) and M- (red) 2 based OPV devices.  

To the best of our knowledge, the obtained photovoltaic results 

highlight for the first time how enantiopurity (enantiomer vs. 

Acceptor 
Jsc          

(mA cm-

2)
 
 

 

Voc (V) 
FF 
(%) 

PCE 
max/ave[a] 

(%) 
rac-2 3.48 0.41 29 0.41 / 0.37 

M-2 6.91 0.62 49 2.09 / 1.89 

P-2 6.85 0.62 47 2.00 / 1.85 

a)            

b) 



          
racemic compound) brought by the -conjugated backbone may 

have a strong impact on the overall performance of a 

photovoltaic device. 

The fact that enantiopure and racemic forms of a chiral 

compound may have different properties in the solid state, 

especially in terms of electronic conductivity, has already been 

reported for tetrathiafulvalene derivatives, dithiolene complexes 

and recently on azaboradibenzo-[6]helicene.[9a, 13] However, this 

work addresses another aspect, considering that the racemic 

and the enantiopure molecules are, in the solar cell active layer, 

mixed with the donor polymer P3HT, and both contribute to the 

photocurrent of the cell, as evidenced by the EQE spectra 

(Figure 2). In this regard, the solid state assembly of pure rac-2 

and P-2 (M-2) and the one with the achiral polymer electron 

donor within the active layer, which is a crucial point for both 

charges generation and migration in OSCs, must be compared 

to explain the significant difference observed on the photovoltaic 

results.  

Firstly, examination of the UV-Vis spectra of spin-cast films of 

pure rac-2, P-2 or M-2 showed exactly similar response for the 

three species and no significant difference in patterns compared 

to the UV-Vis spectra in solution, except a ~10 nm bathochromic 

shift (Figure 3). The solid state ECD spectra differ mainly from 

the ones in solution by both an increase and a bathochromic 

shift (~30 nm) of the signal suggesting a specific intermolecular 

packing of the enantiomer films. Secondly, UV-Vis spectra of 

films obtained from active layers displayed similar patterns and 

relative intensities for the helicenic part compared to the films of 

pure rac-2, P-2 or M-2, and an additional broad and intense 

band between 450 and 650 nm attributed to the P3HT (Figure 3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. UV-Vis absorption spectra (top) of 2 in solution (blue), as spin-cast 
films (black) and blended with P3HT (red). ECD spectra (bottom) of 
corresponding enantiomers P-(solid line) and M-(dashed line) in solution (blue), 
as spin-cast films (black) and blended with P3HT (red). 

The ECD spectra of P-(M-)2:P3HT blends exhibit the same 

signature as the ones of P-(M-)2 films, including the intensity 

increase and the bathochromic shift at 350 and 450 nm in 

comparison with the solution measurement. This similarity 

implies that the specific homochiral packing is maintained even 

in the presence of the P3HT polymer. Moreover, no induced 

ECD signal was observed on the P3HT transitions, which 

precludes any chiral supramolecular organization of the achiral 

polymer or chiral molecular doping effect in the whole active 

layer (Figure 3). In other words, no induction of chirality from the 

helicenic molecule to the polymeric P3HT structure was 

observed. This system therefore behaves differently from liquid 

crystals doped with helicene derivatives or from polymeric 

structures used in chiral OLEDs that become helical in the 

presence of a helicenic dopant.[8b, c, 14] In addition, no difference 

was observed for the charge generation process, since the 

photoluminescence of rac- or P-(M-)2 was efficiently and 

comparably quenched, by exciting either the electron donor at 

500 nm or the electron acceptor at 380 nm of the blends (Figure 

S9). The above results seem to demonstrate that rac-2 and P-

(M-)2:P3HT active layers differ only by a distinct homochiral 

packing of the enantiopure acceptors at the molecular level.  

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4. Electron mobility e of rac-(blue), P-(black) and M- (red) 2 based 

devices. 

Hence, electron mobilities (e) of the blends were evaluated 

using the space-charge limited current (SCLC) method (see SI). 

As a result, e values of ca 4.0 x10-4 and 1.8 x10-4 cm2 V-1 s-1 cm2 

V-1 s-1 were obtained for the enantiomerically pure (P- or M-2) 

and the racemic (rac-2) active layers, respectively (Figure 4). 

The twofold reduction for rac-2 based OSCs probably 

contributes to the lower Jsc and FF recorded and might be 

related to the specific enantiomeric interaction of P- or M-2 

within the blend as already noticed in the ECD measurements 

(Figure 2). Notably, the fact that P- and M-2 systematically 

displayed comparable values ascertains the reliability of our 

measurements (see SI).  

Further evidences of morphology difference between the 

racemic and the enantiopure blends were obtained by recording 

Atomic Force Microscopy (AFM) images of the different active 

layers (Figure 5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. AFM phase images of optimized rac-2 (a) and M-2 (b) based P3HT 

active layers. 
 

Indeed, the surfaces of P- and M-2:P3HT blends exhibit small 

and homogenous domains of only tens of nanometers in size, 

a)             b) 



          
while the surface of rac-2:P3HT blend shows larger coarse 

domains on the micrometer scale, resulting in a roughness value 

five times higher in the case of rac-2 (8 nm) than in P and M-2 

based active layers (1.5 nm).  

In summary, we have investigated the impact of 

enantiopurity on the performance of photovoltaic devices by 

comparing racemic and enantiopure naphthalimide end-capped 

[6]helicenes as electron acceptors, blended with P3HT donor 

polymer in OSCs. In this proof of concept, a 5–fold increase of 

the cells efficiency was recorded going from the racemic to the 

enantiomerically pure electron acceptor based inverted OSCs. 

This significant difference was attributed to a different 

organization of the enantiopure compounds in the solid state, 

affecting both the charge transport properties and the 

morphology within in the active layers, resulting in better 

photovoltaic efficiencies. More than highlighting the potential of 

helicenes in OPVs, as a new class of NFAs displaying both 

extended -conjugation and inherent chirality, this work also 

suggests that chirality may in some cases have a strong impact 

on the photovoltaic performance if present within the active layer 

of a cell.  
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Unprecedented enantiopurity impact on 

OPV performance was observed with 

racemic and enantiomerically pure 

naphthalimide end-capped helicenes  

as non-fullerene molecular electron 

acceptors. Blended with P3HT donor 

polymer, a 5–fold increase of the cells 

efficiency was recorded going from the 

racemic to the enantiomerically pure 

electron acceptor, highlighting the key 

role of the enantiopurity of the -

conjugated backbone on the self-

assembly, charge transport and therefore 

the overall photovoltaic properties. 
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