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Abstract 

The energy loss experienced by organic photovoltaics (OPVs) is the difference between the 

lowest photogenerated exciton energy of donor or acceptor and the open circuit energy. It sets a 

fundamental limit to the open circuit voltage and hence the efficiency of OPVs. This loss can be 

as large as 0.7 eV for fullerene acceptors, although non-fullerene acceptors (NFAs) reduce this to ൑ 0.6 eV. Here, we systematically quantify the relationship between charge transfer energy loss 

(Δܧ஼்), non-radiative recombination loss, exciton binding energy, and intra- and inter-molecular 

electron-phonon couplings. Density functional theory and comprehensive quantum mechanical 

modeling is used to associate molecular volume, effective conjugation length, and the 

nonbonding character of molecules to these several energy losses. Nonradiative recombination in 

donor/NFA heterojunctions is quantified by the charge transfer state emission quantum yield, 

and its Frank-Condon shift. Our analytical results are consistent with measurements where Δܧ஼் 

is varied between 0 and 0.6 eV using a variety of fullerene derivatives and thiophene-based 

NFAs paired with donor molecules. Molecular design rules to decrease the energy loss in OPVs 

derived from our analysis are provided.  
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I. Introduction 

Excitons in organic semiconductors are tightly bound electron-hole pairs with binding 

energies of ܧ஻ =  0.2 to 1.5 eV. [1–4] A large driving force is required to overcome the binding 

energy to separate the electron and hole in the photocurrent generation process. This force is 

provided by the offset of the lowest unoccupied molecular orbital (LUMO) and highest occupied 

MO (HOMO) energies, i.e. ܧ߂௅௎ெை  and ܧ߂ுைெை , respectively, between donor and acceptor 

molecules at a type-II heterojunction (HJ). As a result, the dissociation process incurs an energy 

loss during charge transfer (CT) at the interface: 

Δܧ஼் ൌ ௘௫ܧ െ ஼்ܧ ൎ ுைெைሺ௅௎ெைሻܧ߂ െ  ஻ ,     (1)ܧ

where ܧ௘௫  is the lowest photogenerated exciton (S1) energy of the donor or acceptor that is 

generally equal to the HOMO-LUMO energy gap less ܧ஻ . Also, ܧ஼்  is the CT state energy. 

Additional losses arise from both radiative (Δܧ௥) and nonradiative (Δܧ௡௥) recombination at the 

heterojunction: [5] 

Δܧ௥௘௖ ൌ ஼்ܧ െ ݍ ைܸ஼ ൌ Δܧ௥ ൅ Δܧ௡௥,     (2) 

where ைܸ஼ is the open circuit voltage and q is the electron charge. Therefore, the total energy loss 

at the donor-acceptor HJ is: [5] 

௟௢௦௦ܧ  ൌ ஼்ܧ߂ ൅ ௥௘௖ܧ߂ ൌ ௘௫ܧ െ ݍ ைܸ஼.     (3) 

Heterojunctions employing fullerene derivatives usually suffer from a loss of ܧ௟௢௦௦  > 0.7 eV. 

Alternatives to fullerene acceptors have therefore been sought to reduce ܧ௟௢௦௦ while extending 

the absorption spectrum into the infrared. The development of nonfullerene acceptors (NFAs) 

with acceptor-donor-acceptor (a-d-a) or perylene diimide (PDI)-based molecular motifs give 

freedom to tune the molecular energetics, absorption spectra and thin film morphologies through 
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molecular design. [6–10] As a result, HJs using NFAs show ܧ߂஼் as low as 0.1 to 0.2 eV, Δܧ௡௥ 

of 0.2 to 0.3 eV and a total ܧ௟௢௦௦ approaching ൑0.6 eV, [11–15] compared to fullerene-based HJs 

with ܧ߂஼் > 0.3 eV, Δܧ௡௥ of 0.3 to 0.4 eV. [16–18] While energy loss mechanisms have been 

discussed for years, [5,19–21] to our knowledge there has been no quantitative analysis as to 

why NFAs have both ܧ߂஼் and ܧ߂௡௥ comparatively low. As a result, unambiguous guidelines 

for molecular designs have been lacking. 

In this work, we explore fundamental approaches to reduce both ܧ߂஼் and ܧ߂௡௥, while 

also achieving a high exciton dissociation efficiency. We use semiclassical Marcus charge 

transfer theory to quantify both the charge transfer, ݇஼், and non-radiative recombination, ݇௡௥, 

rates. These rates are used to analyze the energy losses, ܧ߂஼் and ܧ߂௡௥, as functions of ܧ஻ and 

the intra- and inter-molecular electron-phonon coupling. We compare the energy losses during 

exciton dissociation of a family of acceptors in type II bulk HJs (BHJs), where ݇஼் vs. ܧ߂஼் are 

studied using temperature dependent transient photoluminescence (PL) spectroscopy. Also, ܧ߂௡௥ 

is determined from the electroluminescence quantum yield of the CT states. The large and rigid 

molecular backbone of thiophene-based NFAs, and the presence of non-bonding orbitals 

introduced by cyano or chloro group substitutions extend the electron density distribution along 

the molecules to reduce ܧ஻ , electron-phonon coupling, and hence reduce energy losses. 

Calculations using density functional theory (DFT) and quantum mechanical modeling lead to 

strategies for the design of molecular structures with low energy losses. 

 

II. Theory   
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We focus our attention on comparing charge transfer of excitons from a variety of acceptor to 

donor molecules. The transition from an acceptor exciton (A*) to a CT state (A-/D+) is 

illustrated in Fig. 1(a). In semiclassical Marcus theory, [22,23] the rate for non-adiabatic 

transfer is given by:  

݇஼் ൌ ଶగ԰ ܸଶ ܨ ൌ ଶగ԰ ܸଶሾ ଵඥସగఒೀ௞ಳ் ∑ ሺെܵሻ ௌ೙ᇲ௡ᇲ! exp ൬െ ൫ି௱ா಴೅ାఒೀା௡ᇲ԰ۃఠ಺ۄ൯మସఒೀ௞ಳ் ൰௡ᇲ ሿ. (4) 

Here, ܸ ൌ  (஽כ஺߰) ஺ష஽శۧ is the electronic coupling between the acceptor excited state߰|ܪ|஽כ஺߰ۦ

and CT (߰஺ష஽శ ) wavefunctions, ܪ is the Hamiltonian, ܨ  denotes the nuclear Franck-Condon 

factor,  ߣை is the intermolecular reorganization energy, ݇஻ is the Boltzmann constant, and ܶ is the 

temperature. Also, ܵ is the mean intramolecular electron-phonon coupling constant known as the 

Huang-Rhys factor, given by ܵ ൌ  ூ is the intramolecular reorganization energyߣ where ۄூ߱ۃூ/԰ߣ

incorporating all the coupled modes. Conveniently, the intramolecular phonon modes can be 

subsumed into a single mode with mean energy ԰߱ۃூۄ, since the dominant mode in organic 

molecules is carbon-carbon (C-C) bond stretching with ԰߱ۃூۄ ൎ 0.17 eV. The Gibbs free energy 

in Eq. 4 is: 

െܧ߂஼் ൌ ஼்ܧ െ ௘௫ܧ ൎ หܧுைெைD െ ௅௎ெைAหܧ െ ൫หܧுைெைA െ ௅௎ெைAหܧ െ  ஻൯ܧ

  ൌ െሺ∆ܧுைெை െ  ஻ሻ,        (5)ܧ

where ܧுைெைDሺAሻ and ܧ௅௎ெைDሺAሻ are the HOMO and LUMO energies of the donor (acceptor) 

molecule, respectively. The contributions of other factors, such as entropy, are unlikely to vary 

significantly between our samples that have the same 2:98 acceptor:donor blend ratio (see 

Experimental section), and are therefore assumed to be constant offsets in Gibbs free energy that 

are excluded in the following analysis.   
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The Franck-Condon factor in Eq. 4 contains contributions from high frequency 

intramolecular phonon modes (԰߱ூ ب ݇஻ܶ) and low frequency intermolecular modes (԰߱ை  ,஻ܶ) in the medium. The high frequency modes are treated assuming quantized levels (n = {0, 1݇ا

2 …}) depicted in Fig. 1. This is due to temperature independent quantum mechanical tunneling 

through the barrier separating the initial and final states. Following Kasha’s rule, it is assumed 

that the transition occurs from the lowest vibrational state (݊ ൌ 0)  of acceptor excitons (A*) to 

the vibrational state ݊ᇱ in the CT (A-/D+) manifold, [24,25] since no change of ݇஼்  is observed 

when using a shorter wavelength excitation source. The Frank-Condon integral of the tunneling 

transition is then simplified to exp ሺെܵሻ ௌ೙ᇲ௡ᇲ! . Coupling of the initial and finial states via low 

frequency intermolecular modes is adequately described by the classical picture if the thermal 

energy is greater than the phonon energy, ԰߱ை, whose contributions are subsumed into ߣை in the 

Arrhenius-type exponential in Eq. 4.  

The reorganization energy, ߣ, during charge transfer is the sum of intramolecular (ߣூ) and 

intermolecular ( ைߣ ) contributions. Intramolecular reorganization arises from local electron-

phonon coupling leading to a nuclear coordinate displacement ۄܳ߂ۃ between two equilibrium 

positions ܳଵ and ܳଶ (or ܳଶ and ܳଷ in Fig. 1b). In the harmonic approximation, 

ூߣ ൌ ଵଶ ሺ߱ۃܯூۄଶሻۄܳ߂ۃଶ,      (6) 

ܵ ൌ ଵଶ ሺெۃఠ಺ۄ԰ ሻۄܳ߂ۃଶ,       (7) 

where ܯ is the reduced nuclear mass of the molecule.  

Intermolecular reorganization is due to the electronic polarization, and consequently 

lattice relaxation of the surrounding medium. Assuming a spherically symmetric charge 
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distribution on the donor and acceptor, and treating the medium as an isotropic dielectric 

continuum, we have: [26] 

ைߣ ൌ  ௘మସగఌబ ሺ ଵఌ೚೛೟ െ ଵఌೞሻሺ ଵଶ௥ವ ൅ ଵଶ௥ಲ െ ଵோವಲሻ,    (8) 

where ߝ௢௣௧  and ߝ௦  are the optical and static dielectric constants, respectively, ݎ஽ሺ஺ሻ  is the 

effective radius of the donor (acceptor) molecule, and ܴ஽஺ is the distance between acceptor and 

donor.  

Non-radiative recombination energy losses (∆ܧ௡௥) that occur through coupling from the 

CT (A-/D+) to the ground state (A/D) are illustrated in Fig. 1(b). The transfer rate is: 

݇௡௥ ൌ ଶగ԰ ܸԢଶ ଵටସగఒೀᇲ௞ಳ் ∑ ሺെܵԢሻ ௌᇲ೙ᇲᇲ௡ᇲᇲ! exp ቆെ ൫ିா಴೅ାఒೀᇲା௡ᇲᇲ԰ۃఠ಺ۄ൯మସఒೀᇲ௞ಳ் ቇ௡ᇲᇲ ,  (9) 

where, ܸԢ ൌ  ஺஽ۧ is the electronic coupling between the CT and ground states. The߰|ܪ|஺ష஽శ߰ۦ

values of ܵԢ and ߣைᇱ may differ from ܵ and ߣை in Eq. 4 due to different magnitudes of electron-

phonon coupling in the charge transfer and recombination processes that may involve different 

types of electronic states and numbers of molecules. The Gibbs free energy in Eq. 9 is equal to ܧ஼், leading to a nonradiative energy loss of: [27] 

௡௥ܧ∆  ൌ ݇஻ܶ ln ቀ ଵఎಶಽቁ ൌ ݇஻ܶ ln ቀ௞ೝା௞೙ೝ௞ೝ ቁ,    (10) 

Here, ߟா௅ is the internal quantum efficiency of the CT state electroluminescence. 

To achieve low energy loss yet efficient charge transfer, ܧ஻  and ∆ܧுைெை  must be 

minimized at the same time (c.f. Eqs. 4 and 5). Secondly, decreasing both intra- and 

intermolecular electron-phonon coupling leads to an increased ݇஼்  at a minimum cost to ܧ߂஼், 
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as well as a decrease in ݇௡௥ and consequently, ∆ܧ௡௥. Calculations of ݇஼் and ݇௡௥using Eqs. 4 

and 9 at ܶ ൌ  .are shown in Fig. 2. For convenience, we set ܸଶ and ܸᇱଶ equal to unity ܭ 300

Figures 2(a) and (b) show that reducing ߣை and ܵ, respectively, lead to an increased maximum in ݇஼்  that occurs at a lower ܧ߂஼் . Note that  ݇௡௥  vs. ܧ஼்  in Figs. 2(c) and (d) have a Marcus 

inverted relationship in the range of ܧ஼்  we consider. This is a version of the “energy gap 

law” [28] [20] where ݇௡௥  decreases with increasing ܧ஼் . Decreasing ߣை  and ܵ  further reduces ݇௡௥ at a given ܧ஼், and hence non-radiative recombination ∆ܧ௡௥, according to Eq. 10. All four 

figures show that a decrease of ܵ results in a more pronounced change of ݇஼் and ݇௡௥ than that 

for ߣை. 

 

III. Experimental  

Molecular level electron density distributions of NFAs and fullerenes, and their energy 

levels were modeled using DFT/time-dependent DFT (TDDFT) in the Gaussian 09w 

package. [29] The calculation of exciton binding energy and reorganization energy was based on 

the B3LYP functional and the 6-31G(d) basis set, since B3LYP is one of the most widely used 

functional that has previously been shown to give results of molecular orbital levels, exciton and 

ionic states of NFAs that agree well with the measurements. [30–34] For example, the measured 

HOMO level and lowest-energy absorption peak of IT-IC are -5.51 eV and 1.75 eV, 

respectively, [6] as compared to -5.49 eV and 1.76 eV calculated using B3LYP. The exciton 

binding and reorganization energies of NFAs calculated using B3LYP are comparable with 

reported previously. [35,36] In this work, molecular solvation effects are considered by 

combining the DFT calculations with the Polarizable Continuum Model. [37]  
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The ݇஼்  as a function of ܧ߂஼் was studied by blending the acceptors with a variety of 

donors at an acceptor concentration of 2 ± 1 wt%, and with a wide energy gap poly(methyl 

methacrylate) (PMMA) or Bathophenanthroline (Bphen) matrix as a reference. The mixture was 

either made by thermal evaporation at a chamber base pressure of 2x10-7 torr, or dissolved in 

chlorobenzene at a concentration of 20 mg mL-1, and then spin-coated onto a Si substrate to form 

100 nm thick films. Donors were chosen to have non-overlapping absorption spectra with the 

acceptors such that excitons are generated only on the acceptor molecules using appropriately 

chosen excitation wavelengths. In the dilute blends, the acceptor domains are small compared to 

the exciton diffusion length, thereby eliminating the dynamics of exciton diffusion. Then, ݇஼்  is 

calculated from the difference between the acceptor exciton decay rates in the type-I PMMA(or 

Bphen)/acceptor HJ, and at the type-II donor/acceptor HJ.  

Exciton dynamics were measured by time-resolved PL using a time-correlated single 

photon counter (PicoHarp 300, PicoQuant GmbH) coupled to a Si single photon avalanche 

detector (PDM Series, PicoQuant GmbH). The accepter molecules were excited at λ = 725 nm 

for NFAs, and 560 nm for fullerene derivatives using 150 fs pulses at a 1 kHz repetition rate 

from a Ti:sapphire laser (CPA-2110, Clark-MXR Inc.)-pumped optical parametric amplifier 

(TOPAS-C, Coherent). Charge transfer dynamics vs. temperature in the range between 295 K 

and 25 K were obtained in a closed-cycle cryostat (SHI-4-5, Janis Research Company LLC).  

Organic photovoltaic cell structures were: indium tin oxide (ITO)/ZnO/BHJ/MoO3/Al. 

The 20 nm thick ZnO layer was spin-coated onto a precleaned, UV-ozone-treated ITO anode, 

followed by 30 min thermal annealing at 150 ºC in air. The 100 nm thick BHJ layer was spin-

coated on the ZnO, followed by thermal evaporation of a 10 nm thick MoO3 buffer and a 100 nm 

thick Al cathode at a chamber base pressure of 2x10-7 torr. The external quantum efficiency was 
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measured using the photocurrent of devices coupled to a lock-in amplifier (Stanford Research 

Systems SR830) while being excited by monochromated light from a Xe arc-discharge lamp 

chopped at 200 Hz. Electroluminescence (EL) spectra of CT states were measured under forward 

bias using a fiber-coupled monochromator (Acton series SP2300i, Princeton Instruments) 

equipped with a Si charge-coupled device array (PIXIS:400, Princeton Instruments). 

Electroluminescence from individual donors and acceptors were measured using devices that 

replaced the blend layer with a neat acceptor or donor layer of the same thickness.  

 

IV. Results 

The parameters, ܧ஻, ܵ  and ߣை in Eqs. 4, 5 and 9 that determine energy losses are closely 

correlated with the molecular structure. We, therefore, systematically analyzed the exciton 

binding energies, molecular polarizabilities and intramolecular reorganization of fullerenes and 

NFAs by DFT. The exciton binding energy is ܧ஻ ൌ ሺିܧ  ൅ ௚௡ௗܧାሻ – ሺܧ   ൅   .௘௫ are the ground and first singlet excited state energies, respectivelyܧ ௚௡ௗ andܧ ,ା are the optimized energies of radical anions and cations of the molecule, respectively. Alsoܧ and ିܧ ௘௫ሻ, whereܧ 

Figure 3 shows the molecular structures of archetypical a-d-a type NFAs. The electron-

donating conjugate backbone is capped with two electron-withdrawing side groups. The electron 

and hole distributions of the excited state along the long molecular axis of BT-ClC is shown in 

Fig. 3(b). The conjugated electron system is shown by the bold red line bridging the electron-

donating thiophene backbone to the electron deficient cyano and Cl groups. This charge 

distribution results in symmetric intramolecular charge transfer (ICT) from the middle to the two 

ends of the optically excited molecule. Also, the relative segregation of electron and hole 
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densities results in a reduced EB (see below). Two other molecules with different numbers of 

thiophene rings, and hence a shorter conjugation length with reduced ICT are shown for 

comparison in Fig. 3(c). 

Figure 4(a) shows calculated ܧ஻  of a variety of acceptors vs. the effective molecular 

volume. All the chemical names and structures of the molecules are provided in the 

Supplementary Information. [38] The effective molecular volume v = ݈ · ݓ · ݄  is determined 

from the molecular length ݈, width ݓ, and height ݄ that are defined by a box whose boundaries 

are defined at an electron density of 0.02 au-3. Here, 0.02 au-3 is commonly used to define the 

iso-surface of electron distributions and the size of a molecule. [29] Figure 4(a) shows that ܧ஻ 

decreases with increasing v. Also, the slope of ܧ஻ vs. v decreases until v > 1.5 nm3. Figure 4(b) 

shows the calculated static polarizabilities, ߙ௫௫ , along the molecular length, ݈  of this same 

population of acceptors. Since the electron distribution is spread along the molecular backbone,  ߙ௫௫  increases with ݈ . This corresponds to the x coordinate, with y and z along w and h, 

respectively. The full polarizability tensors of the molecules are provided in the Supplementary 

Information. [38]  

The intramolecular reorganization energy of electron transfer is ߣூି ൌ ሺܧ଴כ െ ଴ሻܧ ൅ሺכିܧ െ  are the energies of the neutral and radical anion molecules in their ିܧ ଴ andܧ ሻ, whereିܧ

optimized geometries, respectively, and ܧ଴כ and כିܧ  are energies of the neutral and radical anion 

molecules in their unrelaxed geometries, respectively. Table 1 lists the calculated ߣூି  of PC71BM 

and the three a-d-a NFAs in Fig. 3(a) and (c).  Non-fullerene acceptors have smaller 

intramolecular reorganization energies on electron transfer than PC71BM. Introducing electron-
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donating oxy-, and electron-withdrawing cyano-, and chloro- moieties (Fig. 3(a)), or extending 

the conjugation length of the donor subgroup (Fig. 3(c)) further reduces ߣூି . 

The ݇஼்  from BT-ClC (or BT-IC), IT-IC and fullerene derivatives are measured as 

functions of ∆ܧ஼் , with results shown in Fig. 5. The NFA-based HJs show non-monotonic 

changes of ݇஼்  as ∆ܧ஼்  increases, indicative of the Marcus normal (non-shaded) and inverted 

(shaded) regimes that are separated by the ∆ܧ஼் corresponding to the maximum value of  ݇஼். 

The ݇஼்  of fullerene derivatives in Fig. 5(c), however, do not reach a maximum, but rather 

increase monotonically until ∆ܧ஼் = 0.6 eV which is at energies short of the inverted region.  

We also measured ݇஼் as a function of temperature for two HJs, BT-IC/PBDBT and IT-

IC/PBDBT, with results shown in Fig. 6 (a) and (b), respectively. Both systems show two 

distinct regimes with a transition at ௑ܶ  = ~ 150 K. At ܶ ൐ ௑ܶ,  ݇஼்  decreases rapidly with 

temperature, characteristic of thermally activated behavior for charge transfer. At ܶ ൏ ௑ܶ,  ݇஼் is 

relatively temperature independent due to the dominance of tunneling in the charge transfer 

process.  

We compared ∆ܧ௡௥ in HJs employing NFAs and fullerenes by measuring the quantum 

efficiency of the CT state electroluminescence (ߟா௅) obtained by driving PC71BM/PBDBT and 

IT-IC/PBDBT HJ devices in forward bias. In Supplementary Fig. S1, [38] we find that ߟா௅ of IT-

IC/PBDBT is approximately one order of magnitude higher than that of PC71BM/PBDBT.  

Nonradiative coupling between the CT and ground states possesses the same Franck-

Condon factor as in radiative coupling [20]. We therefore measured the Franck-Condon shift 

between absorption and emission spectra of CT state to probe the electron-phonon coupling 

strength during the nonradiative recombination. Electroluminescence spectra of 
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PC71BM/PBDBT and IT-IC/PBDBT OPVs in Fig. 7 show CT emission peaks at 1.24 ± 0.01 eV 

and 1.37 ± 0.01 eV, respectively. The peaks of ELblend at 1.65 ± 0.01 eV in Fig. 7(a) and 1.60 ± 

0.01 eV in Fig. 7(b) are due to the residual emission from PBDBT and ITIC, respectively. We 

extract the CT state emission spectra by subtracting EL spectrum of PBDBT in Fig. 7(a) and 

ITIC in Fig. 7(b) from that of the blend. This difference is normalized to the CT absorption 

spectra that are extracted from Gaussian fits to the external quantum efficiency spectra at the low 

energy shoulders using the same full width half maximum (FWHM) as the corresponding 

emission spectrum. [39] The Franck-Condon shift of the PC71BM/PBDBT HJ is EFC = 0.49 ± 

0.02 eV, while for IT-IC/PBDBT, EFC = 0.22 ± 0.02 eV. 

 

V. Discussion 

For a given offset of the donor and acceptor HOMO energies, the Gibbs free energy of 

hole transfer from acceptor to donor, ܧ߂஼், is maximized by minimizing the acceptor exciton 

binding energy, which in turn increases  ݇஼் in the Marcus non-inverted regime. The combined 

influences of molecular size, conjugation length, and strength of the electron donating and 

withdrawing groups determines the magnitude of ICT in the acceptors, [40,41] and this 

ultimately determines ܧ஻. The molecular size and the availability of sp2 hybridized atoms in the 

molecules determine the extent of conjugation, and hence the mean separation of the electron 

and hole orbital distributions. The rigid coplanar structure of a-d-a NFAs ensures that the 

electron wavefunction is delocalized over the entire molecular backbone, unlike polymers that 

can twist at C-C single bonds that ultimately terminates the extent of the excited state [42]. This 

is apparent from DFT calculations of the electron and hole densities of BT-CIC in Fig. 3(b). The 
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oscillations in the densities are due to variations in electron and hole wavefunctions at each of 

the thiophene rings that terminate at the end caps. The low electron concentration at the 

molecular center of mass relative to the capping groups results from their electron donating and 

withdrawing character, respectively, and leads to a reduction in the electron-hole (i.e. exciton) 

binding energy. 

To estimate the effects of molecular size on the exciton binding energy, we use a 

simplified electron wavefunction for a particle in a three dimensional box, i.e. ߖ௡ೣ,௡೤,௡೥ ൌ
ට௩଼ sin ቀ௡ೣ గ ௫௟ ቁ sin ቀ௡೤ గ ௬௪ ቁ sin ቀ௡೥ గ ௭௛ ቁ , where ݊௫ , ݊௬ , ݊௭  are quantum numbers. This fits the 

results in Fig. 4(a), whereby the EB vs. effective molecular volume monotonically decreases, 

independent of the details of the molecules studied (i.e. fullerenes or NFAs). For this analysis, 

we use an average molecular height of ݄ = 0.3 nm and width of 0.8 = ݓ nm, and vary the length ݈ 
according to the dimensions of the molecule. Then the wavefunctions ߖ௡ೣ,௡೤,௡೥  and exciton 

binding energies are solved using Schrödinger’s equation to give the binding energy: 

஻ܧ ൌ ଶݍ ׬ หఅబ,బ,బሺ࢘೓ሻหమ·หఅభ,బ,బሺ࢘೐ሻหమ௙·ସగఌబ|࢘೓ି࢘೐|  ௘ଷ,     (11)࢘௛ଷ݀࢘݀

where the hole and electron wavefunctions are ߖ଴,଴,଴ and ߖଵ,଴,଴, respectively, ࢘௛ and ࢘௘ are the 

coordinate vectors of the hole and electron, respectively, and ݍ is the electron charge. Here, ݂ is 

a parameter that accounts for the relative dielectric constant of the molecule and the relaxation 

energy of ionic species. The solid line in Fig. 4a corresponds to only a single value of ݂ = 5.4 

that approximately fits the entire population of acceptors. This is indeed remarkable, given that 

the molecular structures vary significantly from molecule to molecule, and from highly 

symmetric fullerenes to planar NFAs. The shaded region depicts the 95% confidence band 
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between  ݂ = 6.8 and 4. The deviations of the data from the solid line are associated with details 

of the molecular structures that impact the molecular polarizabilities and relative dielectric 

constants in the solid.  

As shown in Fig. 4(b), the polarizability ߙ௫௫ vs. molecular length ݈ follows an empirical 

power-law dependence: [43,44] 

௫௫ߙ ൌ ଴ߙ ൅  ଵ݈௡.      (12)ߙ

Here, ߙ଴  is the polarizability of terminal bonds such as C-H, and ߙଵ  is related to the 

polarizability of conjugated or non-conjugated chains of length ݈. A fit to the data gives ߙ଴ ൌ 

0.035 േ 0.075 nm3, ߙଵ ൌ 0.098 േ 0.060 nm3-n, and ݊ ൌ 1.51 േ 0.44. A superlinear increase of 

polarizability (݊ ൐ 1) is due to the contributions of conjugation and ICT [40]. The relationship 

between the dielectric constant of the medium and the polarizabilities of each constituent, ߙ௜, is 

given by the Clausius-Mosotti relationship:   

ఌିଵఌାଶ ൌ ସగଷ ∑ N௜ߙ௜௜  .     (13) 

where the molecular packing density is ௜ܰ. The effect of the dielectric constant change on ܧ஻ can 

be estimated using Eqs. 12 and 13 to replace constant ݂ of Eq. 11, and assuming an isotropically 

polarizable medium comprising randomly oriented molecules with ܰ = 1.3 nm-3. This yields the 

blue dashed line in Fig. 4(a). Two blue dotted lines indicate the confidence limits of the 

calculation from the fit to the data in Fig. 4(b).  The fit closely follows the data for molecules 1 

to 11 compared to the that using a constant f, despite a slight overestimation due to 

simplifications used to approximate molecular structure and the molecular relaxation of ionic 
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species that are considered DFT calculations. The less accurate fits to molecules 12, 13, 15 - 17 

is attributed to molecular bends that disturb the electron conjugation, thereby increasing ܧ஻.  

Achieving a small ΔECT and ΔEnr requires simultaneously reducing both the intra- and 

intermolecular electron-phonon coupling. Increased dielectric constant of NFAs as shown above 

reduce the intermolecular coupling, ߣை (c.f. Eq. 8). The intramolecular coupling constant, ܵ, also 

changes with the size and rigidity of the molecules. Equations 6 and 7 show that ߣூ and ܵ are 

proportional to ۄܳ߂ۃଶ. Studies of oligoacenes, polythiophenes, fused thiophenes, etc. [45]. have 

shown that ۄܳ߂ۃଶ ן ଵே಴ష಴ ן ଵ௡, where, ஼ܰି஼ is the number of carbon-carbon bonds, and ݊ is the 

number of aromatic rings. Bond length adjustment is smaller when accommodating a more 

delocalized charge distribution. In NFAs, extending the conjugation length along the donor 

subgroup is one such effective method in reducing ܵ, and therefore λI ൎ ܵ ԰߱ۃூۄ, (c.f. Eqs. 6 and 

7) as shown in Table 1. Another feature that leads to a reduced ܵ  (see Fig. 3(a)) is the 

nonbonding character of the molecules. Calculations suggest that the primary intramolecular 

mode appears along the conjugated carbon chains forming the backbone, indicated by the bold 

line tracing the conjugation path. The presence of nonbonding orbitals in the cyano, chloro or 

oxy groups introduce lone pair electrons that do not participate in bonding, and that avoid 

electron-phonon coupling. At the same time, the cyano and chloro groups attract electrons and 

reduce the charge density along the backbones, effectively reducing electron-phonon coupling.  

A small, ܵ , and intermolecular coupling ߣை  in NFAs, leads to a reduced Gibbs free 

energy change െ∆ܧ஼் for achieving a maximum ݇஼் than for the more compact fullerenes. In 

particular, HJs using BT-IC achieve a maximum ݇஼் at only ∆ܧ஼்  = 0.22 eV, which is slightly 

lower than IT-IC, of ∆ܧ஼் = 0.35 eV. Equation 4 is applied to fit both Fig. 5 and the temperature 
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dependent results above ௑ܶ in Fig. 6 to obtain ߣை = 0.21 ± 0.03 eV and ܵ = 0.30 ± 0.10 for BT-

ClC (BT-IC)/donor HJs, and ߣை = 0.35 ± 0.11 eV and ܵ = 0.54 ± 0.12 for IT-IC/donor HJs. In 

contrast, fullerene/donor HJs show an unconstrained fit where ߣூ  .ை ൒ 0.6 eVߣ + 

Charge transfer states are characterized by the strength of electron-phonon coupling and 

reorganization energy, ߣ஼் , during recombination, that can be determined via their Franck-

Condon shifts (see Fig. 7). The Franck-Condon shift is twice the total reorganization energy, [46] 

i.e. ܧி஼ ൎ ஼்ߣ2 , yielding ߣ஼்  = 0.11 eV for IT-IC/PBDBT compared to ߣ஼்  = 0.24 eV for 

PC71BM/PBDBT.  This results in a higher ݇௡௥ for the latter system, according to Fig. 2. Thus, ߟா௅ ൌ ௞ೝ௞ೝା௞೙ೝ is higher in the IT-IC/PBDBT HJ as shown in Fig. S1. Calculations of the non-

radiative recombination loss using Eq. 10 and ߟா௅ of IT-IC/PBDBT and PC71BM/PBDBT HJs 

result in a 0.05 ± 0.01 eV smaller ∆ܧ௡௥ in the IT-IC system, suggesting to the generally higher 

power conversion efficiencies observed for NFA vs. fullerene based OPVs. 

The foregoing analysis suggests molecular design strategies that can further reduce 

energy loss. Currently, all a-d-a-type NFAs have symmetric electron-withdrawing end groups 

that possess a nearly zero dipole moment. However, asymmetric electron withdrawing end 

groups in a-d-a molecules can provide freedom to tune the dipole moment and further reduce ܧ஻, ܵ, and ߣை by changing the effective intramolecular electron-hole separation and molecular 

packing in bulk heterojunctions. Additionally, the relationship between molecular dimension, 

rigidity and energy loss points to the benefits of increasing the molecular volume. However, 

there is a limit to the extent to which the length of the molecular backbone can be increased 

without bending, and hence terminating the effective conjugation length. Extending the 

conjugation into two and three dimensions can further reduce ܧ஻, ܵ, and ߣை, as compared to one-
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dimensional conjugation used up to now. This additional degree of freedom may also enhance 

intermolecular π–π interactions along all directions, leading to increased charge carrier mobilities. 

Indeed, early demonstrations of increasing the molecular volume in two dimensions based on 

dithienopicenocarbazole-based a-d-a-type [11] or spiro-fused perylene diimide NFAs  [47] 

provide an illustration of the benefit of this strategy.   

 

VI. Conclusions 

This work presents a theory that connects molecular structure of a wide range of 

fullerenes and nonfullerene acceptors to energy losses in the charge photogeneration process at 

organic heterojunctions. Based on a combination of DFT, semi-classical Marcus theory and 

quantum mechanics, derived universal relationships connect the polarizabilities and exciton 

binding energies to molecular geometry. The large conjugated volumes along with the 

juxtaposition of electron donating and withdrawing groups characteristic of thiophene-based 

NFAs leads to significant decreases of their exciton binding energy, intra- and intermolecular 

electron-phonon couplings, compared to more compact and symmetric fullerenes. As a result, 

HJs employing NFAs, such as BT-IC(BT-ClC) and IT-IC, reach a maximum ݇஼் at a small CT 

state energy loss of only ∆ܧ஼்=0.22 and 0.35 eV, respectively, compared to that for fullerenes 

with ∆ܧ஼் ൒ 0.6 eV. Furthermore, nonradiative recombination losses are concomitantly reduced 

in NFAs. Semi-classical Marcus theory is applied to quantify the impact of exciton binding 

energy and electron-phonon coupling on both ∆ܧ஼்  and ∆ܧ௡௥ . A significant outcome of our 

analysis is to provide guidelines for the design of molecules with reduced energy losses by 

increasing the effective molecular volume. One particular approach is to extend the 1D 

molecular motifs currently employed in thiophene-based NFAs into two or three dimensions. 
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Ultimately, the use of these larger molecules should lead to higher OPV efficiencies when 

employed in HJs with appropriate donor, provided that their steric structure allows for the 

achievement of bulk heterojunction morphologies that encourage exciton dissociation and charge 

extraction. 
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Table 

Table. 1. The intramolecular reorganization energy due to electron transfer of archetypical 

fullerenes and NFAs. 

 PC71BM IDT-IC IDTIDT-IC BT-ClC ߣூି (eV) 0.180 0.179 0.101 0.157 
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Figure captions 

Figure 1. Energy diagrams of (a) charge transfer from the acceptor exciton (A*) to the charge 

transfer (CT) state (A-/D+), and (b) non-radiative recombination from the CT state (A-/D+) to the 

ground state (A/D). The Gibbs free energies are ∆ܧ஼்  in (a) and ܧ஼் in (b). Symmetric parabolic 

potentials are assumed for the initial and final states. The vibrational levels (݊ , ݊Ԣ, and ݊ԢԢ= {0, 1, 

2 …}) are equally spaced. Equilibrium configurations of A*/D, A-/D+, and A/D manifolds are 

indicated by ܳଵ, ܳଶ and ܳଷ, respectively. 

Figure 2. Charge transfer rate, ݇஼், vs. the energy loss on CT state formation, ∆ܧ஼் as functions 

of (a) the intermolecular reorganization energy, λ0, and (b) intramolecular coupling strength, S. 

(c) Non-radiative recombination rate, ݇௡௥, vs. ܧ஼் as functions of  ߣ଴ and (d)  ܵ. 

Figure 3. (a) The molecular structure of BT-ClC. The red bold line traces the electron 

conjugation path comprising alternating C-C single and double bonds. Blue dashed circles 

indicate the electron-rich (i.e. oxy-) and deficient (i.e. chloro- and cyano-) moieties that affects 

the electron distributions in the molecules. (b) The electron and hole density distributions along 

the molecular length of BT-ClC calculated using density functional theory (DFT). (c) The 

molecular structural formulae of IDT-IC and IDTIDT-IC, that have different length of the 

electron-donating cores as indicated in the shaded regions.   

Figure 4. (a) Exciton binding energy, ܧ஻, found via DFT vs. effective molecular volume for 

several acceptor molecules indicated in legend, and whose molecular formulae are in 

Supplementary Information. [38] The red solid line is a fit assuming electron confinement within 

the effective molecular volume for each molecule. The calculation assumes a dielectric 

parameter, f=5. 4. The shaded area is the 95% confidence band. The blue dashed line assumes f 
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depends on molecular polarizability from (b). The confidence limits of the calculations are 

shown by dotted lines. (b) The calculated molecular polarizability along the molecular 

longitudinal axis, �xx, vs. the effective molecular length l. The dashed line is the fit using an 

empirical power-law described in text.  

Figure 5. Measured ݇஼் vs. ΔECT for HJs comprising (a) 1. BT-IC/PBDBT, 2. BT-IC/J61, 3. BT-

IC/P3HT, 4. BT-ClC/PCDTBT, 5. BT-ClC/PBDBT, 6. BT-ClC/J61, (b) 1. IT-IC/PCDTBT, 2. 

IT-IC/PBDBT, 3. IT-IC/J61, 4. IT-IC/P3HT, and (c) 1. PC71BM/F8T2, 2. PC71BM/F8, 3. 

PC71BM/F8BT, 4. ICBA/F8T2, 5. PC61BM/F8T2, 6. PC61BM/F8, 7. PC61BM/F8BT, 8. C70/CBP, 

9. C70/TCTA, 10. C70/NPD, and 11. C70/TPTPA. The dashed lines in (a) and (b) are the fits using 

semi-classical Marcus theory (Eq. 4 in text). The blue dashed line in (c) is a guide to the eye. All 

molecular structural formulae are found in Supplementary Information. [38] 

Figure 6. Measured ݇஼் vs. temperature, T, for (a) BT-IC/PBDBT and (b) IT-IC/PBDBT HJs. 

The dashed lines are the fits assuming thermal activation.  

Figure 7. Electroluminescence (EL) and external quantum efficiency (EQE) spectra of OPVs 

based on (a) neat IT-IC, PBDBT, and their blended heterojunction. (b) Neat PC71BM, PBDBT, 

and their blended heterojunction. The CT state emission at low energy is extracted from the EL 

spectra by subtracting the spectra from the neat layers. The CT state absorption spectra is 

extracted by a Gaussian fit of the EQE spectra along the low energy shoulders. The arrows 

between the short lines indicate the Franck-Condon shift, EFC, of CT spectra. 
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