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 Excitons photo-generated in an organic solar cell (OSC) dissociate at the interface 

between an electron-donor component and an electron-acceptor component. This process 

leads to either long-range charge separation or formation of interfacial charge-transfer (CT) 

states, of a singlet nature because of spin conservation.[1, 2] On the other hand, non-geminate 

(bimolecular) recombination of initially separated charges results in the formation of CT 

states with either singlet or triplet character, in a 1:3 ratio following spin statistics.[3] In the 

most efficient polymer-fullerene bulk-heterojunction (BHJ) solar cells, ultrafast formation of 

CT states at donor–acceptor interfaces and efficient separation of CT states into free charges 

lead to internal quantum efficiencies near 100%.[4-6] However, energy loss due to charge 

recombination mediated by the lowest-energy CT1 states remains a major factor limiting the 

open-circuit voltage (VOC), short-circuit currents (JSC), and hence power conversion 

efficiencies (PCE) in these devices.[7-9]  

The singlet CT1 states (1CT1) can separate into free charge carriers or decay to the 

ground state (GS) via either radiative or non-radiative processes. The qVOC values have been 

empirically found to generally follow the relation: qVOC = E(1CT1) − 0.6 eV with the 0.6 eV 

voltage loss related both radiative and non-radiative recombinations.[10-12] Since polymer-

fullerene blends usually display luminescence quantum efficiencies ≤ 10-6,[10, 13, 14] it is the 

1CT1 non-radiative process that dominates the decay to the ground state (1CT1→GS). The 

non-radiative recombination rates of interfacial 1CT1 states are, however, difficult to measure 

experimentally.[8, 15] Very recently, we have provided a detailed theoretical understanding[16] 

of how molecular packing and charge delocalization impact on the non-radiative 

recombination rates of the 1CT1 states. Based on pentacene-C60 model systems, our results 

demonstrated that the 1CT1-state lifetimes are typically short, in the picosecond regime. Also, 

it was found that the right compromise needs to be achieved in terms of charge delocalization, 
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as it favors migration of hole and electron away from one another, but leads to a lower 1CT1-

state energy and faster non-radiative recombination rates. 

For triplet CT1 states (3CT1), decay to the ground state is slow via both radiative and 

non-radiative routes, since these are spin-forbidden processes. However, the 3CT1 states can 

relax to triplet states (T1) localized on polymer chains (or fullerene molecules) when the latter 

are energetically accessible.[17] In many polymer-fullerene BHJ solar cells based on low 

optical gap polymers, this triplet exciton formation (3CT1→T1) has been identified as a major 

energy loss channel.[3, 15, 18]  While the precise mechanism behind such triplet exciton 

formation remains unclear, it is expected that the energy difference between the 3CT1 and T1 

states as well as the molecular packing (or local donor-acceptor interfacial geometry) can 

have significant impact on the process.		

We note that a number of contradictory experimental results have been reported. It has 

been often simply suggested that as soon as the energy of the T1 exciton state is lower than 

that of the 3CT1 state, there readily occurs relaxation from 3CT1 to T1.[3, 17, 19-21] However, 

recent experimental data on the blend of poly(di(2-ethylhexyloxy)benzo[1,2-b:4,5-

b']dithiophene-co-octylthieno[3,4-c]pyrrole-4,6-dione) (PBDTTPD) with [6,6]-phenyl-C61-

butyric acid methyl ester (PC60BM), reported by Hoke et al.,[22] indicate that a triplet-triplet 

absorption (T1→TN) signal is not observed in steady-state photo-induced absorption (PIA) 

measurements; this result implies that T1 excitons are not formed although they are 

energetically accessible in that system. Recently, PIA experiments on the poly[2,6-(4,4-bis-

alkyl-4H-cyclopenta[2,1-b;3,4-b0]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT) 

/ PC60BM blend by Di Nuzzo et al. have highlighted that the presence of solvent additives 

leads to purer polymer and PC60BM domains, lowers the energy of the charge-separated states, 

facilitates	the dissociation of 3CT1 states into free charges, and consequently reduces triplet 

exciton formation on the polymer.[23] On the other hand, another transient absorption study on 
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nearly the same material system: PCPDTBT-PC70BM, by Chow et al. underlined that the 

enhancement of both charge density and carrier mobilities induced by purer crystalline phases 

of both polymer and fullerene, leads to an increase in bimolecular charge encounters and 

therefore facilitates triplet formation.[24] The latter experiments also allowed a quantitative 

determination of the ratio of singlet vs. triplet recombination pathways, i.e., 1CT1→GS vs. 

3CT1→T1.	 Interestingly, it was shown that changes in blend morphology due to the use of 

solvent additives have a significant impact on the proportion of the two charge recombination 

pathways and on the internal quantum efficiencies.[24]  

To shed light on these issues, we investigate here the non-radiative recombination 

processes involving the CT1 states, 1CT1→GS and 3CT1→T1, with a focus on the triplet 

pathway. We consider two representative polymer donors, PBDTTPD and PBDTTT-C, 

interacting with PC60BM (see Figure 1), which we characterize via a computational approach 

combining quantum-chemical (QC) calculations and molecular-dynamics (MD) simulations 

(see the Experimental Section for details). Overall, we seek to establish, via an integrated 

multiscale approach, the detailed relationships among chemical structure, molecular packing, 

and non-radiative recombination losses mediated by charge-transfer states in organic solar 

cells. We find that the planar molecular skeleton induced by the intra-molecular H-bonding 

interactions between electron-poor and electron-rich	 moieties in PBDTTPD favors the 

aggregation of polymer fragments in the PBDTTPD-PC60BM blend. This morphological 

feature significantly modifies the energetic landscape and electronic couplings with the result 

that T1 exciton formation appears to become both thermodynamically and kinetically difficult 

in the blend. In contrast, the easier rotation between electron-poor and electron-rich moieties 

in PBDTTT-C prevents the formation of similar polymer aggregates in the PBDTTT-C-

PC60BM blend; as a consequence, the 3CT1→T1 recombination pathway is then more easily 

accessible.	 
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A first important issue is to assess the flexibility of the polymer backbones. We have 

thus examined the intrinsic torsion profiles for the single chains of the polymers (at the long-

range corrected ωB97XD/6-31G(d,p) level), see Figure 2a. These torsion potentials are 

expected to control the main-chain dihedral distributions in the bulk, and in turn to determine 

how neighboring chains pack. The intra-molecular H-bonding interactions in PBDTTPD lead 

to a large torsion energy barrier on the order of 6 kcal/mol, which is in line with earlier results 

from high-level QC methodology (second-order Møller-Plesset theory);[25] a global minimum 

is located at a small dihedral angle of about 15º. As a consequence, the ground-state (S0) 

equilibrium geometry for the PBDTTPD pentamer shows good planarity, see Figure 2b. In the 

case of PBDTTT-C, there exist two minima at ~ 30º (syn conformation) and ~ 150º (anti 

conformation), with a small energy difference of ca. 1.5 kcal/mol for the PBDTTT-C-1 

configuration (ca. 0.3 kcal/mol for PBDTTT-C-2) and a torsion barrier of less than 3 kcal/mol, 

leading to the twisted structure found for the PBDTTT-C pentamer, see Figure 2b. We note 

that the locations of the global minima for the PBDTTT-C-1 and PBDTTT-C-2 configurations 

are different since they correspond to syn and anti conformations, respectively; therefore, the 

geometrical structures of the PBDTTT-C pentamers with syn or anti conformations are both 

examined in what follows. 

We now turn to a characterization of the geometries and energies of the polymer T1 

states. Figure 2c collects the T1-state excitation energies and relaxation energies (λT1) 

calculated at the TDA-ωB97XD/6-31G(d,p) level with surrounding-medium (PCM) tuned 

range-separation ω values (see the Experimental Section for details). The vertical excitation 

energies (Ev(T1)) from S0 are high (~ 1.7 eV) for both pentamers. However, a larger relaxation 

energy occurs in PBDTTT-C, which significantly decreases the T1-state energy and results in 

an adiabatic excitation energy on the order of 1.3 eV; this large λT1 in PBDTTT-C is related to 

the large difference in the dihedral angles between the S0 and T1 equilibrium structures (see 
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Part A in the Supporting Information (SI) where we also report the ∆SCF results, which are 

fully consistent with the TDA-TDDFT results); we note that there is little difference between 

the PBDTTT-C pentamers with either syn or anti conformations. In the case of PBDTTPD, 

the starting (S0) and final (relaxed T1) geometries are both (nearly) coplanar and λT1 is much 

smaller, leading to an Ea(T1) value of 1.68 eV. 

In order to take full account of the inter-molecular (inter-chain) interactions, we 

carried out all-atom MD simulations on the polymer-fullerene blends in a 1:1.5 weight ratio 

(see Experimental Section for details). These simulations are intended to identify the polymer 

main-chain conformations and the molecular packings (“local morphology”) in the blends and, 

as such, to give molecular-scale insight into chemical structure–molecular packing 

relationships. Figure 3a illustrates the dihedral distributions of the polymer main chains in the 

blends. The dihedral angle distributions for PBDTTPD are consistent with the intrinsic torsion 

potentials, as the maximum of the distribution aligns with the minimum in the torsion 

potential for a conformation with a ca. 15º dihedral angle. Moreover, the distribution for 

PBDTTPD is steep in the regions near 15º, which indicates that, in the bulk, breaking away 

from planarity is energetically demanding. For PBDTTT-C, the maxima in the dihedral 

distribution also align with the minima in the torsion potential; the distribution is much 

broader than that for PBDTTPD and there are numerous instances of out-of-plane 

conformations.  

To assess the impact that the dihedral distributions have on the degree of polymer 

main-chain stacking in the blends (which can significantly affect hole delocalization among 

polymer chains), we determined the radial distribution functions (RDF), g(r), of the polymer 

backbones, see Figure 3b. The RDF measures the probability of finding a given site some 

distance away from a reference site. Earlier investigation on the PBDTTPD-PC60BM blend[26] 

shows the presence of two peaks in the RDF profile of the PBDTTPD backbones; this result 
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underlines that PBDTTPD aggregates form in the blend and are mainly composed of bilayer-

packed and trilayer-packed backbones (see Figure 3c), with a predominance of bilayer-packed 

aggregates. In contrast, for the PBDTTT-C-PC60BM blend, we find only one peak in the RDF 

profile, whose intensity is much weaker than the first peak in the RDF profile of the 

PBDTTPD backbone (see Figure 3b). This implies that PBDTTT-C aggregates hardly form in 

the blend (see Figure 3c). Such a large difference in the extent of aggregation of the 

PBDTTPD and PBDTTT-C backbones in the blends can be attributed to the intra-molecular 

H-bonding interactions in PBDTTPD leading to its planar molecular skeleton, which favors 

main-chain aggregation; in contrast, the much easier rotation of the PBDTTT-C backbones is 

found to hinder close stacking. 

Having established the relationships between the polymer chemical structures and 

molecular packings in the polymer-fullerene blends by the combination of QC/MD 

calculations, we are now ready to determine the impact of conformational disorder (i.e., static 

disorder) in the blends on the energies of the polymer or fullerene T1 exciton states and of the 

interfacial charge-transfer 3CT1 states. From snapshots of the MD simulations, we extracted 

molecular complexes (composed of a pentamer and a single fullerene molecule) for a total of 

504 PBDTTPD-PC60BM pairs and 724 PBDTTT-C-PC60BM pairs. We then calculated the 

energies of the electronic states involved in the non-radiative recombination processes via 

both 1CT1→GS and 3CT1→T1 pathways, at the TDA-ωB97XD/6-31G(d,p) level with PCM-

tuned ω values. We also considered the broadening of the excited-state energy distributions 

due to dynamic disorder (i.e., electron-vibration coupling), via Gaussian-type distributions 

with standard deviation σD ( Τλ2 =σ Β
2 kD  with λ, the relaxation energy and T, the 

temperature).[27] Figure 4 displays the distribution probabilities of the T1 energies (E(T1)) on 

the polymers or PC60BM and of the interfacial CT1 energies (E(CT1)) at room temperature; 

the multiplicity of the CT1 states is not identified in Figure 4 because the CT1 states with 
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either singlet or triplet character are almost degenerate in energy[3, 21, 28, 29] (for more details, 

see Part B in the SI).  

From Figure 4, we note that:  

(i) The peak energies of the CT1-state distributions are 1.51 and 1.34 eV for the PBDTTPD-

PC60BM and PBDTTT-C-PC60BM blends, respectively. These values are fully consistent with 

the experimental E(CT1) values (1.54 and 1.30 eV) that are derived from the experimental 

VOC values (0.94[22] and 0.70[4] V) when applying the widely employed empirical relation 

mentioned earlier: qVOC = E(CT1) – 0.6 eV. The higher E(CT1) value in the former system 

originates in the larger ionization potential and thus more stable highest occupied molecular 

orbital (HOMO) of PBDTTPD, since the main electronic configuration contributing to the 

CT1 states essentially consists of the transition from the polymer HOMO to the lowest 

unoccupied molecular orbital (LUMO) of fullerene. 

(ii) Although the peak energies for the T1 states in PBDTTPD and PBDTTT-C are close, the 

large relaxation energy (0.34 eV) in PBDTTT-C significantly broadens its distribution. The 

T1-state energies estimated here for PBDTTPD are consistent with the experimental result 

from Hoke et al. who observed that the PBDTTPD triplet states are quenched by tetracene (ET 

= 1.27 eV), which points to a PBDTTPD T1 energy above 1.27 eV.[22] 

(iii) For PBDTTPD-PC60BM, the ordering of the peak energies for the relevant electronic 

states is: [E(T1(PC60BM)) = 1.38 eV] < [E(CT1) = 1.51 eV] ≈ [E(T1(PBDTTPD)) = 1.56 eV]; 

this implies that recombination from 3CT1 to T1 on PBDTTPD or PC60BM is energetically 

feasible. For PBDTTT-C-PC60BM, the ordering is: [E(T1(PC60BM)) = 1.31 eV] ≈ [E(CT1) = 

1.34 eV] < [E(T1(PBDTTT-C)) = 1.57 eV]; this suggests that the recombination from 3CT1 to 

T1 on PBDTTT-C can be energetically hindered due to the +0.23 eV energy difference 

between the T1(PBDTTT-C) and CT1 states. 
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To complement the results based on energy-level alignments, we calculated the 

conformation-average rates of non-radiative recombinations through the 1CT1→GS and 

3CT1→T1 pathways in the BHJ blends, via the Marcus electron-transfer rate equation (see Part 

C in the SI for details); the results are collected in Table 1. We find that the recombination 

rates for both the 1CT1→GS and 3CT1→T1 pathways are fast in all instances, on the order of 

~1010-1011 s-1. This result indicates that the mere consideration of energy-level alignments 

shown in Figure 4 cannot be used to predict accurately whether the triplet excitons on the 

polymers or fullerene form, because the electronic couplings between the initial and final 

electronic states also have significant impact on the recombination rates (see Part C in the SI 

for details). For PBDTTT-C-PC60BM, the fast rates (~ 1010 s-1) of triplet exciton formation are 

in agreement with the vis-NIR transient absorption spectroscopy data by Laquai and co-

workers, which point to sub-ns T1-state formation in the PBDTTT-C-PC60BM blend.[30] The 

calculations on isolated complexes representative of the PBDTTPD-PC60BM blend show that 

the 3CT1→T1 rates are even faster, ~1011 s-1. This results contrasts with the steady-state photo-

induced absorption measurements by Hoke et al. who did not observe any triplet-triplet 

absorption (T1→TN) signal and thus any significant T1 exciton formation in the blend.[22] This 

naturally raises the question of what are the factors that can suppress the polymer triplet 

exciton formation in the PBDTTPD-PC60BM blend. 

At this stage, it is important to recall that PBDTTPD aggregates, mainly composed of 

bilayer- (or trilayer-) packed backbones, form in the PBDTTPD-PC60BM blend. This calls for 

an examination of the impact that inter-chain hole delocalization can have on the rates of non-

radiative recombinations via the 3CT1→T1 and 1CT1→GS pathways (we recall that the results 

described above for the non-radiative recombination rates were obtained on the basis of a 

single chain interacting with a single fullerene). As an example, Figure 5a shows: (i) the 

structure of a complex (here referred to as 2D1A-complex-1), consisting of two polymer 
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chains and a single fullerene acceptor, randomly extracted from the MD simulations; and (ii) 

the corresponding natural transition orbitals[31] for the CT1 state, which visualize the hole 

delocalization. We then calculated the energies of the CT1 states and T1 states on the polymer 

(or PC60BM), the electronic couplings, and the recombination rates, using the same 

methodologies as above, see the results in Table 2. First, we considered the case where the 

fullerene molecule interacts just with the closest PBDTTPD chain shown in Figure 5a, which 

means that hole delocalization effects are not incorporated (1D-1A in Table 2). In that case, 

the 3CT1→T1(PC60BM) recombination rate is still on the order of 1011 s-1, due to large 

electronic coupling; the 3CT1→T1(PBDTTPD) recombination rate is also large, ~ 109 s-1, even 

though there is +0.18 eV energy difference between the T1 state on PBDTTPD and the CT1 

state. This is consistent with the results in Table 1. When inter-chain hole delocalization is 

taken into account (2D-1A in Table 2), the electronic couplings for both pathways are reduced. 

Importantly, the CT1-state energy significantly decreases, which strongly enhances the energy 

barrier (0.35 eV) between the 3CT1 and T1(PBDTTPD) states and decreases the recombination 

rate by three orders of magnitude; similarly, the 3CT1→T1(PC60BM) recombination rate 

decreases by five orders of magnitude. It must be borne in mind, however, that while hole 

delocalization plays a positive role in suppressing triplet T1 exciton formation, it has a 

negative side in that the 1CT1→GS recombination rate increases because of the decrease of 

E(CT1), which is consistent with our previous work on model pentacene-C60 systems.[16] A 

schematic diagram is given in Figure 5b to illustrate these results. Due to the size limitations 

inherent to the MD simulations, we do not have access to statistically relevant samplings of 

conformation-average rates for the non-radiative recombinations taking account of hole 

delocalization effects. However, the example discussed above of the 2D1A complex, 

highlights the important role of hole delocalization in the non-radiative recombination 

processes mediated by the interfacial charge-transfer states (in addition to the 2D1A-complex-
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1, a number of other PBDTTPD-PC60BM complexes showing hole delocalization are 

illustrated in Part D of the SI). 

We also considered the role of electron delocalization among fullerene molecules in 

the recombination events (see Part D in the SI). Our results demonstrate that electron 

delocalization has in fact little impact on the energies of the relevant electronic states; it 

somewhat decreases the electronic couplings and slightly reduces the recombination rates by 

about one order of magnitude, which is consistent with our previous results on the pentacene-

C60 systems.[16] This result also agrees with the conclusions of another theoretical study based 

on a model Hamiltonian, which showed that electron delocalization among fullerene 

molecules at the P3HT–fullerene interface had negligible impact on the 1CT1→GS rate.[32]  

We are now in a position to provide a comprehensive picture of how triplet exciton 

formation is suppressed in the PBDTTPD-PC60BM blend. The planarity of the PBDTTPD 

backbone, induced by intra-chain H-bonding interactions, facilitates the aggregation of 

PBDTTPD chains (and, as a result, of PC60BM molecules as well) in the blend, which leads to 

inter-chain charge delocalization. The presence of PBDTTPD and PC60BM aggregates is 

expected to enhance carrier mobilities and contribute to efficient charge separation. Even 

though aggregation can also increase bimolecular charge encounters due to enhancement of 

carrier mobilities, charge delocalization reduces the rates of triplet exciton formation 

mediated by 3CT1 states via bimolecular recombination, with the most prominent role played 

by hole delocalization in the systems investigated here. This picture explains why, in their 

steady-state PIA measurements, Hoke et al. did not observe any triplet-triplet absorption 

(T1→TN) signal indicative of T1 exciton formation in the blend. In contrast, the easier rotation 

between electron-poor and electron-rich moieties in PBDTTT-C prevents the formation of 

similar polymer aggregates in the PBDTTT-C-PC60BM blend; as a consequence, the 

3CT1→T1 recombination pathway remains active. 
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          To summarize, we have investigated the BHJ blends of two polymer donors, 

PBDTTPD and PBDTTT-C, with PC60BM via a combination of quantum-chemical 

calculations and molecular dynamics simulations. Our objective was to gain an understanding 

of the mechanisms of charge recombination mediated by the interfacial charge-transfer states 

with either singlet or triplet character, i.e., the 1CT1→GS and 3CT1→T1 pathways. The main 

conclusions that can be drawn from our results are:  

(i) The intra-molecular H-bonding interactions between the electron-poor and electron-rich	

moieties in PBDTTPD results in a planar molecular skeleton, which favors the aggregation of 

polymer segments in the PBDTTPD-PC60BM blend.  

(ii) The mere consideration of energy-level alignments among the interfacial CT1 states and 

T1 exciton states on the polymers or fullerene cannot be used to predict accurately whether the 

triplet excitons on the polymers or fullerene form.  

(iii) The hole delocalization among polymer chains not only reduces the electronic couplings 

of the 3CT1→T1 recombination pathway, but also lowers the CT1-state energies and hence 

significantly enhances the energy barriers between the CT1 and T1 states. These two factors, 

especially the latter, reduce the recombination rates by several orders of magnitude and hence 

can suppress T1 exciton formation on the polymers or fullerene. However, on the negative 

side, the decrease in the CT1-state energies due to hole delocalization accelerates the 

1CT1→GS recombination.  

(iv) The electron delocalization among fullerene molecules at the polymer-fullerene interfaces 

is found here to have little impact on the rates of the non-radiative recombinations via the 

1CT1→GS and 3CT1→T1 pathways. 

Our multiscale simulations have thus allowed us to establish relationships among 

chemical structures, molecular packing, and non-radiative recombination losses mediated by 
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charge-transfer states in organic solar cells. In addition to the material systems investigated 

here, the theoretical understanding we have reached can be extended to the description of 

triplet exciton formation in other BHJ solar cells, for instance, in the BTR-PCBM[33], 

PCPDTBT-PCBM,[23] or PSBTBT-PCBM[15] blends, for which experimental data point to the 

aggregation / crystallinity of donors and suggest that this can play an important role in 

suppressing triplet exciton formation. 

 

Experimental Section 

Quantum-chemical calculations: Calculations based on the long-range corrected DFT 

functional ωB97XD, with the default value (0.2 bohr-1) of the range-separation parameter ω 

and the 6-31G(d,p) basis set, are employed to evaluate the intrinsic torsion potentials for the 

single chains of the polymers studied here. This functional, which includes dispersion 

corrections, is known to reliably describe systems with weak intra- or inter-molecular 

interactions.[34, 35] The PBDTTPD and PBDTTT-C pentamers studied here provide converged 

geometric-structure and electronic-structure properties[36].  

A Time-Dependent DFT (TD-DFT) approach at the tuned-ωB97XD/6-31G(d,p) level 

is employed to characterize the excited-state properties. Based on the S0 equilibrium 

geometries of the pentamers, the non-empirical “gap-tuning”[37-39] of the ω value has been 

carried out with implicit consideration of the dielectric environment via the polarizable 

continuum model (PCM); the dielectric constant ε is chosen to be 4.0, which corresponds to a 

typical value for non-polar organic semiconductor materials; the tuned ω values are below 

0.01 bohr-1. Recent investigations have demonstrated that this methodology can reliably 

describe ionization energies, electron affinities, and polarization energies[40] as well as 

excited-state properties in the bulk, especially for CT excitations.[16, 41] The Tamm-Dancoff 
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approximation (TDA) scheme of TD-DFT is employed to avoid triplet instabilities in the 

excitation energy calculation of the T1 states on the polymers or fullerene.[42] To minimize 

computational cost, the long alkyl chains of the polymers are replaced by methyl groups in the 

QC calculations. All the QC calculations were performed with the Gaussian 09 Rev D01 

program.[43] 

Molecular-dynamics simulations: The molecular dynamics (MD) simulations were 

carried out with the LAMMPS package,[44] where the Optimized Potentials for Liquid 

Simulations – All Atom (OPLS-AA) force field was adopted.[26, 45-48] For the blend of 

PBDTTT-C with PC61BM, the initial model was built by randomly placing 30 PBDTTT-C 

chains (each chain consisting of 18 repeat units) and 630 PC61BM molecules in a cell, with a 

PBDTTT-C-PC61BM weight ratio of 1:1.5. Then, a NPT simulation was performed from 650 

K (50 ns) to 388 K (50 ns) and finally to 300 K (40 ns) at a pressure of 1 atm. The cooling 

from 650 K to 388 K and from 388 K to 300 K was realized by four successive NPT 

simulations (600 K for 500 ps, 550 K for 500 ps, 500 K for 500 ps, and 450 K for 500 ps) and 

by one NPT simulation (340 K for 500 ps), respectively. The Verlet integrator was employed 

with a time step of 1 fs, while the Nosé-Hoover thermostat/barostat was used for 

temperature/pressure control. A cutoff of 12 Å was used for the summation of van der Waals 

interactions and the particle-particle particle-mesh (PPPM) solver was considered for the 

long-range Coulomb interactions. Other simulation details can be found in the Supporting 

Information. The MD simulation results for the PBDTTPD-PC60BM blend come from our 

previous work.[26] The model and simulation procedures are taken to be the same for the 

PBDTTT-C-PC61BM and PBDTTPD-PC61BM blends,[26] to ensure that the results are fully 

comparable for the two blends.  
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Supporting Information is available from the Wiley Online Library or from the authors. 
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Figure 1. Chemical structures for the polymers and fullerene of interest. PBDTTPD ≡	
poly(di(2-ethylhexyloxy)benzo[1,2-b:4,5-b']dithiophene-co-octylthieno[3,4-c]pyrrole-4,6-
dione), PBDTTT-C ≡ poly[(4,8-bis-(2-ethylhexyloxy)-benzo(1,2-b:4,5-b')dithiophene)-2,6-
diyl-alt-(4-(2-ethylhexanoyl)-thieno[3,4-b]thiophene-)-2-6-diyl)] and PC60BM ≡ [6,6]-phenyl-
C61-butyric acid methyl ester (the dashed line highlights the intra-molecular H-bonding 
interactions).  
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To be continued 
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Figure 2. (a)	 Torsion profiles for the PBDTTPD and PBDTTT-C monomers at the 
ωB97XD/6-31G(d,p) level (with the default ω value). (b) Optimized S0 structures for the 
PBDTTPD and PBDTTT-C pentamers with syn or anti conformation. (c) Vertical and 
adiabatic excitation energies (Ev(T1) and Ea(T1) in eV) of T1 states for PC60BM and the 
PBDTTPD and PBDTTT-C pentamers as well as relaxation energies (λT1) between vertical 
and adiabatic excitation energies calculated at the TDA-ωB97XD/6-31G(d,p) level with 
PCM-tuned ω range-separation parameters. 
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To be continued 
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Figure 3. (a) Dihedral distributions	 of the polymer main chains determined from MD 
simulations for the blends of PBDTTPD and PBDTTT-C with PC60BM. (b) Radial 
distribution functions, g(r) of the polymer backbones in the blends. (c) Illustration of the 
PBDTTPD and PBDTTT-C packing in the blends; for the sake of clarity, the polymer side-
chains and PC60BM molecules are not shown here (the MD simulation results for the 
PBDTTPD-PC60BM blend come from our earlier investigation).[26]  
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Figure 4. Normalized distribution probabilities of the CT1-state energies for molecular 
complexes consisting of a pentamer and a PC60BM molecule, and T1-state energies for 
individual pentamers and PC60BM molecules, derived from the combination of QC/MD 
calculations. 
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Figure 5. (a) Illustration of the natural transition orbitals (h: hole; e: electron) for the CT1 
state in a two-chain / one-fullerene 2D1A-complex extracted from the MD simulations. (b) 
Schematic diagram of how hole delocalization among the PBDTTPD donors affects the 
energy landscape and hence the charge recombination through 3CT1→T1 and 1CT1→GS 
pathways in the PBDTTPD-PC60BM blend. 
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Table 1. Conformation-average non-radiative (NR) recombination rates (in s-1) derived from 
the combination of QC/MD calculations for the blends of PBDTTPD and PBDTTT-C with 
PC60BM. The subscript “NR-T1 (D/A)” denotes rate of NR recombination from 3CT1 to T1 on 
the polymer donors or fullerene acceptor; the subscript “NR-GS” denotes the 1CT1→GS NR 
recombination. 

 

 kNR-T1(D) kNR-T1(A) kNR-GS 

PBDTTPD-PC60BM 1.7×1011 1.9×1011 2.9×1010 

PBDTTT-C-PC60BM 3.3×1010 7.3×1010 1.4×1010 
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Table 2. Energies of the CT1 states (E(CT1)) and T1 states on PBDTTPD (E(T1(D))) or 
PC60BM (E(T1(A))), and electronic couplings VNR (in cm-1) and non-radiative recombination 
rates kNR via the 3CT1→T1 (D or A) and 1CT1→GS pathways. “2D-1A” denotes the 2D1A-
complex-1 with one PC60BM and two PBDTTPD pentamers, extracted from the MD 
simulations; “1D-1A” denotes the molecular pair with one PC60BM and the closest 
PBDTTPD pentamer in the 2D1A-complex-1. 

 

 E(CT1) 
/ eV 

E(T1(D)) 
/ eV 

E(T1(A)) 
/ eV 

VNR-T1(D) 
/ cm-1 

VNR-T1(A) 
/ cm-1 

VNR-GS 
/ cm-1 

kNR-T1(D) 
/ s-1

 

kNR-T1(A) 
/ s-1 

kNR-GS 
/ s-1 

1D-1A 1.46 1.64 1.39 262.0 151.5 26.1 4.4×109 1.7×1011 1.3×109 

2D-1A 1.04 1.39 1.39 116.1 93.1 5.0 3.3×106 1.2×106 8.4×109 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 


