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Abstract  

The active materials of organic solar cells are widely recognized to show closed-shell 

singlet ground state and their electron spin resonance signals are attributed to the 

defects and impurities. Herein, we disclose the inherent open-shell singlet ground state 

of donors and the closed-shell structure of acceptors via the combination of variable 

temperature NMR, electron spin resonance, superconducting quantum interference 

device and theoretical calculation, providing a new perspective to understand the 

intrinsic molecular structure in organic solar cells. 

 

Introduction 

Organic solar cell (OSC) is a promising photovoltaic technology due to its flexibility, 

low-cost, light weight, solution processability and high-throughput roll-to-roll 

production.1, 2 During the past several decades, the advances mainly rely on the 

development of bulk heterojunction (BHJ) active materials consisting of the 

nanostructured electron donor and electron acceptor components.2, 3 Nowadays, the 

innovations in efficient materials led by donors,4, 5 non-fullerene acceptors,6 

morphology optimization,7 interface engineering and tandem cell strategy8 have pushed 

the power conversion efficiency to over 18%.5 In addition to the pursuit of high-

efficiency materials, the improvement of material stability is equally important for the 

practical application for OSCs.9 Given this importance, the intrinsic degradation 

pathways of the active materials under realistic operation conditions should be well 

understood. It was reported that the light-induced dimerization of the fullerene 

acceptors such as PC61BM resulted in the rapid degradation of the OSCs.10 Recent work 

demonstrated that the π-conjugated polymer donors and non-fullerene acceptors also 

show the similar light-induced crosslinking reaction with that of fullerenes, which 

results in the decay of the photovoltaic efficiency.11 This so-call burn-in effect of OSCs 

is correlated with the generation of active radical centers in the molecular backbones of 

donors and acceptors. However, the origin of the radicals in active materials has not 

been well understood. The previous reports have attributed the radical species and the 

associated ESR response detected in donors and acceptors to the structural defects, 

impurities,12, 13 traps,14 or radical cation/anions.15 In our previous work, we 

demonstrated that the narrow bandgap donor-acceptor type organic semiconductors 

commonly showed electron spin resonance (ESR) signals and proposed the mechanism 

of quinoid-diradical resonance structure.16  



3 

 

To better reveal the origin of radicals of donors and acceptors in OSCs, in the current 

work, we correlated the relationship between the electronic ground state and the 

materials. We found that the donors commonly possessed distinct open-shell radical 

character while the acceptors showed none of radical character in their ground states. 

The significantly different radical character between donors and acceptors is closely 

corelated with their molecular conformations and electronic structures. This work 

provided a novel understanding of the intrinsic electronic structure of active materials 

in OSCs.  

 
Figure 1. (a, b) Diagram of the formation and dissociation of excitons occur in the donor/acceptor 

interface. The diradical character of open-shell donors show negative average ESP values, while the 

acceptors show positive average values. The formation of intermolecular electric field facilitates the 

electron transfer from donor to acceptor. The donor and acceptor domains are drawn as blue and 

red colors, respectively. 

 

Results and discussion 

To establish the correlations between donors/acceptors and radical character, we 

focus on the prototypical materials commonly adopted in active layers of OSCs and 

investigate their electronic ground-state structures. Electronic spin resonance (ESR) 

spectroscopy17 was conducted to the powder samples which were carefully sealed in 

ESR tubes. For donors, we investigated the acceptor-donor-acceptor (A-D-A) type 

narrow bandgap small molecules including BTR,18 DI3T,19 DI3T-2F,19 DPPEZnP-

TEH,20 (Fig. 2a, Fig. S1) and the polymers including PTB7-Th,21 PM6,22 and D185 

(Fig. S1). All the donors including small molecules and polymers show pronounced 

ESR signal with similar g values (2.0035-2.0040) (Fig. 2b), which is closed to the value 

of carbon-based free electron, demonstrating the presence of paramagnetic radicals in 

donors.23 For acceptors, the NFAs including ITIC,24 IT-4F,25 IDIC,26 IEICO-4F,27 

IDTBR,28 and Y622 were adopted as model compounds (Fig. S1) to illustrate their 

ground-state electronic structures. (Fig. 2c) Totally different from the donors, all the 
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measured acceptors exhibited none of ESR response (Fig. 2d). The calculated diradical 

index y0 and tetraradical character index y1 of the donors and acceptors are also 

corroborated with the ESR measurements. (Table 1) The y0 of donors are higher than 

that of acceptors, indicating the contribution of Q-D structure and the significant 

diradical character of efficient donors. The different quinoid-diradical character 

between donors and acceptors can be reflected by the molecular electrostatic potential 

(ESP) distribution, which denotes the feature of electron density distribution.29 The 

donors with quinoidal character and relatively rich electron density show the negative 

ESP on the most part of their molecular surfaces, while the acceptors with relatively 

even electron density distribution show positive average ESP (Fig. S4).29, 30 

 
Figure 2. (a) Molecular structures of BTR and D18 and the formation of quinoid-diradical structure. 

Their open-shell diradical resonance structures are presented. R1=2-(2-ethylhexyl)-3-hexyl-5-

thienyl, R2=n-hexyl, R3=2-(2-ethylhexyl)-3-fluoro-5- thienyl, R4= 2-butyloctyl. (b) ESR spectra of 

the donors. (c) Molecular structures of the non-fullerene acceptors. R5=4-hexylphenyl, R6=2-

ethylhexyl, R7=n-undecyl. (d) ESR spectra of the non-fullerene acceptors.  

 

Table 1. Calculated diradical character index (y0) and tetraradical character index (y1) of the donors 

and acceptors calculated with PUHF/6-31G(d, p). 

 BTR DI3T DI3T-2F 
PTB7-Th 

(n=4) 
ITIC IT-4F Y6 IDIC IDI 

y0 0.320 0.301 0.300 0.324 0.294 0.295 0.257 0.279 0.502 

y1 0.226 0.202 0.201 0.232 0.163 0.163 0.132 0.144 0.323 
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Radicals have a shielding effect on the hydrogen NMR spectrum, and it is usually 

supplemented with ESR to verify the presence of paramagnetic radicals.31, 32 For the 

high-performance donor BTR in C2D2Cl4, the peaks in aromatic region become 

broadened upon heating from 293 to 393 K (Fig. 3a and Fig. 3b), while the protons on 

the alkyl chains do not show broadened NMR peaks (Fig. S2). The broadened and 

blurred peaks in NMR is the typical characteristic of triplet radicals (Fig. 3c).33 The 

tendence of the NMR peaks of the protons on BDT core and the adjacent thiophenes (b, 

f, g protons,) to broadened is more obvious compared with the other protons, indicating 

the large spin density on the BDT core. Variable-temperature ESR spectroscopy and 

superconducting quantum interference device (SQUID) measurements were also 

conducted on BTR to provide a convincing evidence. The ESR signal increased with 

the increase of temperature (Fig. 3d) due to the indicated the population of triplet 

radicals.31 From the SQUID measurement, the χM·T exhibited a positive corelation with 

the T (Fig. 3e). Fitting the data with Bleaney-Bowers equation gave the ΔEST of -312.9 

K, indicating the narrow singlet-triplet energy gap.34 The SQUID measurement on 

polymer donor PTB7-Th was also conducted to provide a convincing evidence. The 

ΔEST obtained by fitting the data with Bleaney-Bowers equation is -1920.51 K. (Fig. 

S3) The significant ESR response, enhanced ESR signal and broadened NMR spectra 

upon heating, as well as the small singlet-triplet splitting demonstrated the open-shell 

diradical character with singlet ground state (S0) and thermally accessible triplet state 

(Tt) of the donors (Fig. 3f).34, 35  

This strikingly different result between donors and acceptors has a close relationship 

to their molecular structure and ground-state geometric conformation. For donors, the 

embedding of quinoid-like backbones, and the planar geometry are essential to lower 

their bandgaps and improve charge mobility as well as the crystallization capability.36, 

37 On the other hand, these factors also contribute to the conversion from close-shell 

aromatic form to quinoid-diradical form as depicted in Fig. 2a. Taking BTR as an 

example, the insertion of benzodithiophene (BDT) core with proquinoidal character 

promoted the resonant conversion to diradical forms, as demonstrated by the increase 

of bond length alternation (BLA) along the conjugated backbone according to the 

calculated geometric parameters (Fig. S5). The planar geometric structure of BTR is 

also advantageous of the delocalization and stabilization of radicals. In contrast, the 

acceptors such as ITIC and Y6 have highly fused conjugated cores, which indicated 

that the quinoid-diradical form are less thermodynamically favourable due to the 



6 

 

preferred aromaticity of the fused cores, inhibiting the transition of aromatic form into 

the quinoid-diradical structure. The weaker quinoidal character of ITIC is evident from 

a reduced BLA in the fused core, where each of the thienyl rings have almost equal 

bonds and a very small BLA (Fig. S5) according to the DFT calculations of ITIC. In 

addition, the calculated NICSiso(1) of ITIC core were relatively higher than that of the 

BTR core, indicating its higher aromatic character of ITIC (Fig. S5). 

 
Figure 3. (a) Variable-temperature 1H NMR spectra of BTR. (b) Molecular structure of BTR. The 

donor and acceptor units are filled with red and blue, respectively. (c) Thermally accessible triplet 

state of acceptor-donor-acceptor (A-D-A) molecules. The elevate of temperature induces the 

generation of paramagnetic radicals, which results in the broadening NMR spectra, while the 

decrease of temperature results in the NMR sharpening because of strong aggregation. (d) Variable-

temperature ESR spectra of BTR. (e) The product of magnetic susceptibility and temperature versus 

temperature (χmT-T) of BTR obtained via SQUID. (f) Diagram of the singlet ground state (S0) and 

thermally accessible triplet state (Tt), as well as the first singlet (S1) and triplet excited state (T1) of 

open-shell donor molecules. The parameters of ISC, RISC and SF imply for the intersystem crossing, 

reverse intersystem crossing, and singlet fission. The parameter of ΔEST represents the energy gap 

between S0 and Tt. 

 

In order to understand the structure-property relationship of the ESR-silent NFAs, 

we studied the quinoid-diradical characteristic of the acceptor IDIC and its indandione-

terminated quinoidal analogue38, IDI. Acceptor IDIC (Fig. 4a) has a nearly silent ESR 

response, however, the quinoidal IDI (Fig. 4b) shows a significant ESR intensity (Fig. 

4c). This is also corroborated by the calculated higher diradical character of IDI than 

IDIC. The photovoltaic performance of the devices based on these two acceptor-like 
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molecules differ significantly (Fig. 4d, Fig. S6 and Table S1) with the same donor 

PTB7-Th. The active layer of PBT7-Th/IDIC devices show a power conversion 

efficiency (PCE) of 5.09 % with a Jsc of 12.60 mA/cm2, however, the devices based on 

PTB7-Th/IDI as active layer show an extremely low PCE of 0.11 %, implying that IDI 

is a poor acceptor. 

 

Figure 4. (a, b) The resonance structures of A-D-A OSCs (R group: 4-hexylphenyl). (c, d) The ESR 

spectra and J-V curves of the OPV devices with PTB7-Th as donor, and IDI and IDIC as acceptors, 

respectively. (e, f) The ORTEP images according to X-ray crystallography. Hydrogen atoms are 

omitted and the long alkyl chain are replaced with methyl group for clarity. (g) The BLA curves of 

the IDT core. (h) The NICSiso(1) curves of the IDT core 

 

To further disclose the underlying mechanism for the significant difference of ESR 

response of IDIC and IDI, the chemical entities, and electronic structures of IDIC and 

IDI are carefully compared and investigated according to single-crystal X-ray 

diffraction studies and DFT calculations. The crystals of IDIC and IDI are reported in 

the previous works39, 40 (Fig. 4e, 4f). The lengths of bonds a, b, c, d of IDI are observed 

to be shorter than those of the moieties are covalently linked by double bonds. The 

quinoidal molecule has a high degree of electronic coherence along the π-conjugated 

backbone, which can be attributed to the direct coupling of the strong electron-

withdrawing indandione unit and recovery of the aromaticity in the IDT core. This is 

also supported by NICSiso(1) values (Fig. 4g) of the cores of IDI and IDIC, where a 

reduced NICSiso(1) is observed in the IDI core than IDIC (Fig. 4h). Moreover, the 

aromaticity of IDI core increases from singlet to triplet, while that of IDIC decreases, 

which suggests that the triplet state in IDI is thermodynamically stabilized (Fig. S7). 

The AICD plots (Fig. S8) indicate a weak counter clockwise paratropic ring current in 

the IDI core, with strong clockwise diatropic ring current at the external benzenoid 
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rings, while strong diatropic ring current is visible in the IDIC core. These results 

indicate the apparent quinoid-diradical electronic structure of IDI, while the aromatic 

form is more thermodynamically stable for the IDIC acceptor.  

To further investigate the quinoid-diradical property of NFAs and the influence of 

radicals on the performance of organic solar cell, we synthesized a diketopyrrolopyrrole 

(DPP) -based small molecule DPPC-IC4F and studied the structure-property 

relationship (Fig. 5a). In previous work, we reported the distinct diradical character of 

DPP-based small molecules because of the quinoidal property of the DPP core, and the 

diradical character can be further enhanced as the D-A characteristic enhanced.16 For 

DPPC-IC4F, the insertion of strong D and A units contributed to the extended 

absorption tail to over 1100 nm, with a narrow bandgap of 1.10 eV (Fig. 5b). The 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) of DPPC-IC4F were calculated to be -4.92 and -3.86 eV, respectively, 

according to the cyclic voltammetry measurement (Fig. 5c). DPPC-IC4F showed a 

broadened 1H NMR peaks (from 6.5-9.0 ppm) at room temperature, and the proton 

peaks become even broadened combining with the increment of temperature, indicating 

the population of triplet species at relatively high temperature (Fig. 5a). DPPC-IC4F 

exhibited a strong ESR response at room temperature with a g-factor of 2.0037, 

indicating the formation of open-shell radical species. The ESR signal of DPPC-IC4F 

enhanced as the temperature is increased, which denoted the singlet ground state as well 

as the thermally accessible triplet state (Fig. 5d). SQUID measurements were 

conducted to further demonstrate the ground-state electronic structure of DPPC-IC4F. 

The χM·T-T curve exhibited a typical characteristic of singlet-to-triplet transition (Fig. 

5e).33, 41 Fitting the data with Bleaney-Bowers equation gave the ΔEST of -894.6 K. To 

investigated the photovoltaic performance, PTB7-Th/DPPC-IC4F blend was prepared 

as the active layer in OSC device. The OSCs exhibited a poor efficiency of 0.57 % (Fig. 

S9). We proposed that in the photophysical process of OSCs, the radical acceptor may 

act as the trap to hinder the charge transfer, which results in the poor short-circuit 

current and photovoltaic performance.  
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Figure 5. (a) Molecular structure and variable temperature NMR spectra from 295 to 393 K of 

DPPC-IC4F, (b) UV-vis-NIR spectra of DPPC-IC4F in chloroform and in thin film, respectively. 

(c) Cyclic voltammetry curve of DPPC-IC4F in dichloromethane (30 cycles), with ferrocene as the 

internal standard. (d) Variable temperature ESR spectra of DPPC-IC4F from 124 to 251 K. (e) χMT-

T plot and Bleaney-Bowers fitting curves of DPPC-IC4F. 

 

Based on the above discussions, we proposed that the radical character may play an 

important role for the design of high-performing donors and acceptors. (Fig. 1a, 1b). 

For donors, the quinoid-diradical structure is ubiquitous. However, efficient donors 

should be constructed to be ESR-silent or nearly ESR-silent. The donor materials 

without radical character can enhance the fluorescence quantum yields, exciton 

dissociation and device photostability.16 Geng et al. designed efficient donors based on 

polythiophenes exhibiting PCEs of 10-12 %.42 The introduction of ester group into the 

side chain contributed to lowering HOMOs, and thus reducing the formation of 

quinoid-diradical structure.16, 34 The efficient donor polymers based on B-N covalent 

bond yielded high PCEs of over 16 % when cooperating with Y6.43 The insertion of B-

N unit also reduced the diradical character of the polymers and contributed to the high 

solar cell performance. For acceptors, the incorporation of fused aromatic rings 

contributes to the robust ICT effect and narrow bandgap, and also improves the 

stabilization of closed-shell structure. The quinoidal character may act as traps in the 

exciton dissociation process and should be avoided. We proposed that the cooperation 
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of donors and acceptors with silent ESR response is the design strategy for the efficient 

OSCs.  

 

Conclusions 

In summary, we report that the donors of active material in OSCs widely exhibit 

intrinsic open-shell character while the high-performance NFAs show closed-shell with 

none of ESR signal. The radical characters of donors and acceptors are closely related 

to their molecular structures and configurations. Moreover, fine tailoring of the 

molecular structure will effectively modulate the radical characters of donors/acceptors, 

which can be demonstrated by the obvious changes of chemical/physical properties in 

OSCs. Our studies provided a novel and important guideline for the design of donors 

and acceptors in OSCs. 

 

Materials and methods  

Continuous wave X-band EPR spectra of powder samples were recorded on Bruker 

ELEXSYS-II E500 CW-EPR spectrometer. The molar quantity of the material was 0.02 

mmol. The spectra were recorded at room temperature at a signal attenuation of 20 dB 

in quartz ESR standard quality tubes with an outer diameter of 5 mm from Beijing  

Magnetic measurements were carried out on a Quantum Design MPMS XL SQUID 

Magnetometer. The samples were prepared by placing 15 mg of PTB7-Th and 20 mg 

of BTR in a polycarbonate capsule. Prior to measurement, the background of the empty 

capsule was recorded. Temperature-dependent data was collected from T = 2.5–300 K 

at an applied field of 5000 Oe. The susceptibility data were corrected for the 

diamagnetism of the sample holder and intrinsic diamagnetism of the sample. The 

magnetic susceptibility of BTR and PTB7-Th was fit using the equation: 

 

χ =
2𝑁𝑔2𝜇𝛽

2

𝑘𝑇
[

1

3 + 𝑒
−2𝐽

𝑘𝑇⁄
] (1 − 𝜌) +

𝑁𝑔2𝜇𝛽
2

2𝑘𝑇
𝜌 + 𝑇𝐼𝑃(1 − 𝜌) 

 

where 𝜌 is the fraction of S = 1/2 impurity and TIP is the temperature independent 

paramagnetism due to the small energy gap between singlet state and triplet state. 

The Gaussian 16 program package44 was used for the geometry optimizations of the 

low bandgap OSCs using hybrid density functional, B3LYP45, 46. LANL2TZ basis set 

was used for Zn with associated effective core potentials47 and 6-31G(d, p) basis set48 
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used for other atoms. The local minima of the optimized structures were verified with 

frequency calculations. All conditions of the geometry optimizations were used as 

defaults. For all the low bandgap OSCs, the side chains were truncated to -CH3. The 

diradical (y0) and tetraradical (y1) character were calculated with the spin-projected 

unrestricted Hartree-Fock method using Yamaguchi’s formula49 at UHF/6-31G(d, p) 

level of theory and basis set: 

 

𝑦𝑖 = 1 −
2𝑇𝑖

1 + 𝑇𝑖
2 

;                                  𝑇𝑖 =  
𝑛𝐻𝑂𝑁𝑂−𝑖 − 𝑛𝐿𝑈𝑁𝑂+𝑖

2
 

 

where, i = 0, 1; Ti is the overlap between the two corresponding orbitals; nHONO and 

nLUNO are the occupation numbers of the highest occupied natural orbital and the lowest 

unoccupied natural orbital, respectively. Nucleus independent chemical shift 

(NICSiso(1)) was computed at 1 Å above the rings plane with gauge-independent atomic 

orbital (GIAO) method.50 The optical properties were modeled with time-dependent 

density functional theory (TDDFT) at PCM/B3LYP/6-31G(d, p) level of theory and 

basis set and chloroform was used as an implicit solvent.51 AICD (anisotropy of the 

induced current density) plots were generated by the method developed by Herges et 

al.52 

The ESP and intermolecular interaction were performed by Gaussian 09 at B3LYP/6-

31G (d, p) level. The binding energies were corrected by DFT-D3. The excited-state 

calculations were obtained by time-dependent DFT at cam-B3LYP/6-31G (d, p) S5 

level. The analysis of ESP on each atom, area distributions, electron-hole distance, and 

attractive energy was conducted by a wavefunction software Multiwfn. 
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Results 

Molecular structures  

 

Figure S1. Molecular structures of small molecular donors, polymer donors, and non-fullerene acceptors.  
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Figure S2. (a) Resonance structures of BTR. (b) Variable temperature 1H NMR spectra and (c) the enlarged spectra 

of BTR in the aromatic region (6.8 to 8.0 ppm) in C2D4Cl4 in the temperature range from 293 to 393K.  
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Figure S3. The SQUID spectrum of PTB7-Th. The curve fits with Bleaney-Bowers equation and the calculated 

2J/kB are inset in the figure. 

 

 

Figure S4. Optimized molecular structures and electrostatic potential (ESP) distributions of (a) BTR, (b) PM6 

(two repeating units) (c) D18 (two repeating units), (d) ITIC, and (e) Y6, respectively.  
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Figure S5. Optimized geometric parameters and NICSiso(1) (ppm) values of BTR, ITIC, IDIC, and IDI calculated 

at B3LYP/6-31G(d, p) level of theory and basis set. Bond lengths are provided in Å.  

 

Figure S6. EQE curves of OSCs based on PTB7-Th/IDIC and PTB7-Th/IDI, respectively.  

 

Table S1. Device performance of IDIC and IDI. The device based on structure: ITO/PEDOT: PSS/PTB7-Th: 

Acceptor/PFN-Br/Ag. The donor/acceptor ratio= 1: 1 (12 mg/mL in total). The processing solvent is 

chloroform. 

 N (rpm) Voc (V) Jsc(mA*cm-2) FF (%) PCE (%) PCEmax (%) 

IDIC 2400 0.78±0.01 12.60±0.10 51.52±0.83 5.09±0.03 5.13 

IDI 2400 0.34±0.01 0.93±0.03 36.66±1.47 0.11±0.01 0.13 
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Figure S7. The numerical trend of NICSiso(1) values (singlet and triplet) of (a) IDIC, and (b) IDI. All these 

molecules show an increase of aromaticity from singlet to triplet state.  

 

 

Figure S8. AICD plots for IDIC and IDI in their singlet state (a, b) and triplet state (c, d), respectively, at B3LYP/6-

31G(d, p) level of theory and basis set. The red and blue arrows indicate clockwise (diatropic: aromatic) and 

counterclockwise (paratropic: quinoidal) ring current, respectively. The applied magnetic field is perpendicular to 

the molecular backbone and points out through the plane of the paper. AICD plots generated with an isovalue = 

0.025 au.  
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Figure S9. The solar cell performance of OSCs containing (a) PTB7-Th and (b) DPPC-IC4F. (c) The J-V 

curve of the OSC device. The device based on structure: ITO/PEDOT: PSS/PTB7-Th: DPPC-IC4F/PFN-

Br/Ag. The donor/acceptor ratio= 1: 1.5 (20 mg/mL in total). The processing solvent is chlorobenzene. 
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