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determining role in device performance. Here, we use a combination of molecular dynamics 

simulations and long-range corrected density functional theory calculations to elucidate the molecular-

scale effects that even minor structural changes to the polymer backbone can have on the ″local″ 

morphology; we focus on the extent of polymer-fullerene mixing, on their packing, and on the 

characteristics of the fullerene-fullerene connecting network in the mixed regions, aspects that are 

difficult to access experimentally. We investigate three representative polymer donors: (i) PffBT4T-

2OD [poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3-di(2-octyldodecyl)-

2,2;5,2;5,2-quaterthiophen-5,5-diyl)]]; (ii) PBT4T-2OD, where the fluorine atoms in the 

benzothiadiazole moieties of PffBT4T-2OD are replaced with hydrogen atoms; and (iii) PT2-FTAZ, 

where the sulfur atoms in the benzothiadiazole moieties of PffBT4T-2OD are replaced with nitrogen 

atoms carrying a linear C3H7 side-chain; these polymers are mixed with the PC71BM (phenyl-C71-

butyric acid methyl ester) acceptor. We also discuss the nature of the charge-transfer electronic states 

appearing at the donor-acceptor interfaces, the electronic couplings relevant for the charge-

recombination process, and the electron-transfer features between neighboring PC71BM molecules. 

 

1. Introduction 

Bulk heterojunction (BHJ) solar cells based on electron-donating polymers and electron-

accepting fullerene derivatives have attracted considerable attention over the past two decades for 

their potential as low-cost, large-area power conversion devices.[1,2] In conjunction with the 

development of new donor-acceptor (D-A) copolymers,[3-22] efforts in optimizing the morphology of 

the polymer-fullerene blends in the active layers have led to significant improvements in power 

conversion efficiencies (PCEs) that now reach up to nearly 12%.[20] These efforts are based on various 

strategies that include using solvent additives,[4,6,7,12,20] modulating the pendant side-chain 

patterns,[3,4,7,8,10,12,17,20] performing thermal annealing,[8,11,13,16,20,22] or tailoring the chemical structure 

of the polymer backbone.[3,5,6,13-16,18,22] Any one of these techniques has the potential to impact not 

only the ″global″ morphology of the blend, i.e., the extent of phase separation, the crystallinity of 

the pure polymer phase, or the domain sizes, but also the ″local″ morphology, i.e., the extent of 

polymer-fullerene mixing, their packing, and the fullerene-fullerene connection network in the 

mixed phase. Of particular interest is that even a minor change in the chemical structure of a 
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polymer backbone can lead to substantial changes in the blend morphology and therefore the device 

performance.[3,5,6,13-16,18,22] Thus, developing a better understanding of the effects of even minor 

structural changes to the polymer backbone on the blend morphology can be very useful in the 

quest to achieve more efficient polymer solar cells. 

Recently, Yan and co-workers have reported a series of highly efficient copolymers based on 

alternating electron-rich ("donor", D) quaterthiophene and electron-poor ("acceptor", A) 

benzothiadiazole  (BT) moieties.[13,16,19,20,22] Among those is poly[(5,6-difluoro-2,1,3-benzothiadiazol-

4,7-diyl)-alt-(3,3-di(2-octyldodecyl)-2,2;5,2;5,2-quaterthiophen-5,5-diyl)], PffBT4T-2OD (see 

Figure 1).[13] With phenyl-C71-butyric acid methyl ester (PC71BM) as an acceptor, the corresponding 

BHJ solar cell yields an open-circuit voltage (VOC) of 0.77 V, a short-circuit current (JSC) of 18.4 mA cm-

2, and a fill factor (FF) of 0.74, leading to a PCE of 10.5%.[13] However, going from PffBT4T-2OD to 

PBT4T-2OD by replacing the fluorine atoms in the BT (A) moieties with hydrogen atoms or to PT2-

FTAZ by replacing the sulfur atoms in the A moieties with nitrogen atoms carrying a linear C3H7 side-

chain (see Figure 1), there occur significant decreases in JSC (down to 6.5 and 5.3 mA cm-2) and FF 

(down to 0.54 and 0.55) values, and smaller decreases in VOC values (0.74 and 0.73 V, respectively), 

which overall leads to much smaller PCE values (2.6% for PBT4T-2OD and 2.1% for PT2-FTAZ).[13,16,22] 

The by-and-large similar chemical structures of the three polymers and the marked differences in 

device performance make them especially relevant model systems to examine the effects of minor 

structural changes to the polymer backbone on the blend morphology. 

Experimental studies have explored the ″global″ morphology (i.e., phase separation as well as 

crystallinity and size of the polymer domains) of the PBT4T-2OD:PC71BM, PffBT4T-2OD:PC71BM, and 

PT2-FTAZ:PC71BM blend systems;[13,15,16,22] the results attribute the higher efficiency of PffBT4T-2OD 
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to the formation of highly crystalline and pure, yet reasonably small polymer domains resulting from 

its strongly temperature-dependent aggregation behavior in solution.[13] However, many aspects 

remain unclear, especially as to the impact that the polymer structural changes have on the ″local″ 

morphology (polymer-fullerene mixing and packing and fullerene-fullerene connecting network) of 

the mixed-phase domains composed of amorphous polymer chains and fullerenes. The molecular-

scale characteristics of the mixed regions are in fact crucial in the exciton-dissociation, charge-

separation, charge-recombination, and charge-transport processes but are challenging to access 

experimentally. 

In this work, we take the PBT4T-2OD:PC71BM, PffBT4T-2OD:PC71BM, and PT2-FTAZ:PC71BM 

blends as model systems to examine the impact of the minor structural changes to the polymer 

backbone on the polymer-fullerene mixing and packing and the formation of fullerene-fullerene 

connecting networks in the mixed regions. With the aid of density functional theory (DFT) 

calculations at the long-range corrected level, we first parameterize and test the force-field adopted 

in the molecular dynamics (MD) simulations. In a second step, MD simulations are used to elucidate 

the details of the polymer-fullerene mixing and packing and the fullerene-fullerene networks in the 

model systems. In the final step, long-range corrected DFT calculations are performed to relate the 

characteristics of the polymer-fullerene packing to the features of the charge-transfer (CT) interfacial 

electronic states and electronic couplings relevant for the charge-recombination process, and to 

correlate the fullerene-fullerene connecting network to electron-transport process. We note that 

the main lessons learned here can be extrapolated to BHJ's with nonfullerene acceptors. 
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2. Results and Discussion 

2.1. Polymer Aggregation and Polymer-PC71BM Mixing in the Mixed Regions 

As a first step, we consider the impact of the chemical structural changes in the polymer 

backbone on the polymer aggregation in the mixed regions, which can shed light on the extent of 

polymer-PC71BM mixing in these regions. Figure 2a presents the radial distribution functions (RDFs), 

g(r), of the polymer backbones in the three model systems. The RDF generally measures the 

probability of finding a particle some distance away from a reference particle. In order to calculate 

the RDF of polymer backbones, two sets of atoms are defined: One set contains atoms on one half of 

the polymer backbones while the other set contains atoms on the remaining half. The RDF is 

calculated from all pairs containing one atom from each set. The so-defined RDF of the polymer 

backbones can be used to estimate at least qualitatively the proximity of polymer backbones with 

respect to one another. By analyzing the RDFs of the polymer backbones, we find that in going from 

PBT4T-2OD to PffBT4T-2OD and to PT2-FTAZ, there occurs an increase in the g(r) values of the 

polymer backbones over the whole range of distance, which means an increase in polymer 

aggregation. To provide a more quantitative description of polymer aggregation, we extracted all the 

polymer-polymer pairs in the three equilibrated blend systems (where a polymer-polymer pair 

consists of two neighboring polymer chains that have atoms on their backbones within a distance of 

5 Å of each other); we find that there are 21.3% [33.6%], 29.3% [42.5%], and 37.2% [50.0%] 

thiophene [A] units involved in inter-chain interactions in the PBT4T-2OD, PffBT4T-2OD, and PT2-

FTAZ cases, respectively. This more quantitative assessment supports the RDF findings and can be 

understood in the following way: 
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(i)         Replacing the hydrogen atoms in the A moieties with fluorine atoms leads to a higher 

degree of planarity of the polymer backbone around the A moieties, an effect already 

seen in earlier investigations.[6,23,24] As illustrated by the top right panels of Figures S1a, 

S1b, and S1c (Supporting Information), both the local and global minima of the inter-

ring torsion potentials point to a planar conformation of the polymer backbone around 

the A moieties for PffBT4T-2OD and PT2-FTAZ, but to a non-planar conformation 

around the A moieties for PBT4T-2OD. To compare the extent of planarity among the 

polymers, we illustrate in Figure S5 the inter-ring dihedral-angle distributions around 

the A moieties for the three polymers. The dihedral-angle distributions for PffBT4T-

2OD and PT2-FTAZ are closer to the anti and syn conformational limits and have much 

steeper peaks, which indicates that in the bulk it is more energetically demanding to 

break away from planarity in these two systems than in PBT4T-2OD. 

(ii) Replacing the hydrogen atoms in the A moieties with fluorine atoms also slightly 

increases the interaction strength between polymer backbones. Calculations of the 

(counterpoise-corrected) interaction energies at the ωB97XD/6-31G(d,p) level of 

theory (where all polymer side-chains are replaced with methyl groups) indicate that 

the interaction energies between two polymer repeat units are -28.8 kcal mole-1 for 

PT2-FTAZ  -28.6 kcal mole-1 for PffBT4T-2OD > -27.5 kcal mole-1 for PBT4T-2OD. We 

note that we can expect the difference in backbone interaction strength between PT2-

FTAZ or PffBT4T-2OD and PBT4T-2OD to increase linearly with backbone interaction 

length, which is supported by a difference increase from 1 to 2 kcal.mol-1 in going 

from monomer to dimer. 
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(iii) The linear side-chains attached to the A moieties favor polymer aggregation. As shown 

in Figure S6, the angles between the linear C3H7 side-chains and the vectors normal to 

the A moieties of PT2-FTAZ distribute mainly around high values, 60-85, which 

suggests that the C3H7 side-chains extend away from the A moieties; as a result, the A 

moieties remain open for backbone-backbone interactions. Such a configuration of 

linear side-chains with respect to the backbone has been shown earlier to favor 

polymer aggregation.[4,25] 

All these factors combine to have polymer aggregation in the order: PBT4T-2OD < PffBT4T-2OD 

< PT2-FTAZ. It has been reported that self-aggregation (or self-folding via significant intra-chain 

interactions) can occurs in dilute solution, concentrated solution, and neat film of PBT7.[26] Such an 

intra-chain aggregation appears to trigger local order in an amorphous PTB7 film, which impacts the 

resulting opto-electronic properties.[26] However, in all three polymer cases studied here, no clear 

self-aggregation behavior can be observed in the equilibrated blend systems; there are only 1.1% 

[0.6%], 2.6% [3.6%], and 0.6% [1.1%] thiophene [A] units involved in intra-chain interactions for the 

PBT4T-2OD, PffBT4T-2OD, and PT2-FTAZ systems, respectively (see Figure S7 for an illustration of 

the intra-chain interactions in the PffBT4T-2OD case); these values are much lower than those 

corresponding to inter-chain interactions. 

Importantly, an increase in polymer aggregation means a decrease in the number of polymer 

backbones available to interact with PC71BM molecules. Consequently, it can be seen from Figure 2b 

that, in going from PBT4T-2OD to PffBT4T-2OD and to PT2-FTAZ, there occurs a decrease in g(r) 

intensity for the polymer backbones vs. PC71BM molecules (cfr., the reduction in peak intensity at 

7.3 Å), and thus a decrease in polymer-PC71BM mixing. 
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A further confirmation can be obtained by extracting all the polymer-PC71BM pairs (where a 

polymer-PC71BM pair is defined as consisting of a polymer backbone and a PC71BM molecule 

interacting with each other) from the three equilibrated systems. We find that the number of 

polymer-PC71BM pairs decreases in going from PBT4T-2OD to PffBT4T-2OD and to PT2-FTAZ, 

although the total number of PC71BM molecules in the model systems in fact becomes larger, see 

Table S1 (Supporting Information). The larger degree of polymer-PC71BM mixing in the PBT4T-2OD 

case, while promoting exciton splitting at the donor-acceptor interface, can be detrimental to the 

formation of the continuous PC71BM domains required for charge transport.[15,27] It has been found 

experimentally that charge-transport pathways do not properly form in the PBT4T-2OD:PC71BM 

system.[15] In reality, the extent of polymer-PC71BM mixing and the domain continuity need to be 

well balanced for optimal device performance. The smaller degree of polymer-PC71BM mixing in the 

PT2-FTAZ case points to a larger extent of phase segregation (i.e., formation of large domain sizes), 

which is detrimental to the generation of charge carriers.[6,16] This result is fully consistent with the 

experimental finding that large-scale phase segregation occurs in the PT2-FTAZ:PC71BM system.[16] In 

both cases, the implication is that JSC (and FF) can be significantly reduced. 

 

2.2. Polymer-PC71BM Packing in the Mixed Regions 

We now turn to a discussion of the impact of the backbone changes on the polymer-PC71BM 

packing in the mixed regions. In the three equilibrated systems, two basic polymer-PC71BM packing 

configurations can be found, see Figure 3: (i) a face-on configuration, where the PC71BM molecule 

locates on top of the polymer backbone; and (ii) an edge-on configuration, where the PC71BM 
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molecule locates on the side of the polymer backbone. Table S2 (Supporting Information) 

summarizes the probabilities of finding face-on and edge-on configurations for the polymer-PC71BM 

pairs in the three systems (these probabilities are evaluated in the following way: for instance, the 

probability of finding face-on configurations is calculated as the ratio between the number of 

polymer-PC71BM pairs in face-on configurations and the total number of polymer-PC71BM pairs in 

the equilibrated system). In all cases, the polymer-PC71BM pairs mostly adopt face-on configurations, 

with edge-on configurations having probabilities of only 22.5% (PBT4T-2OD), 23.3% (PffBT4T-2OD), 

and 19.8% (PT2-FTAZ). It is interesting to note that substituting hydrogen atoms in the A moieties 

(PBT4T-2OD) with fluorine atoms (PffBT4T-2OD) has negligible effect on the probability of finding 

face-on and edge-on configurations, while the attachment of linear side-chains to the A moieties in 

PT2-FTAZ increases the probability of finding face-on configurations. The reason is that the C3H7 side-

chains on the A moieties of PT2-FTAZ prevent the PC71BM molecules from getting close to the side of 

the A moieties. 

In all three polymers, for the face-on configurations, the PC71BM molecules are found to be 

generally closer to the D moieties (i.e., the quaterthiophene moieties), see Table 1, independently of 

the polymer backbone structures. Thus, the fact that in PT2-FTAZ, each A moiety has an additional 

C3H7 side-chain (see Figure 1) has little effect on the probabilities of finding the PC71BM molecules on 

top of either A or D moieties. The reason is that, as we discussed above, the side-chains extend away 

from the A moieties in PT2-FTAZ. Figure 4 displays the distribution of the angles between the 

branched 2OD side-chains and the vectors normal to the corresponding thiophene units for the 

three polymers in the equilibrated systems. In all the three cases, the distributions of angles 

between the branched 2OD side-chains and the vectors normal to the corresponding thiophene 



 

  

 

This article is protected by copyright. All rights reserved. 

10 

 

units have very similar profiles and peak around 40. Thus, the structural modifications of the 

polymer backbones have negligible effect on the steric distributions of the polymer side-chains. 

The results of the MD simulations described above in terms of face-on vs. edge-on 

configurations and locations of the PC71BM molecules on top of A vs. D moieties can be understood 

on the basis of quantum-chemical calculations of the magnitude of the interaction between the 

polymer backbone and PC71BM molecule. Table 2 collects the counterpoise-corrected interaction 

energies between the backbones (where the polymer side-chains are replaced with methyl groups) 

and PC71BM for all the polymer-PC71BM pairs extracted from the three equilibrated systems. The 

interaction energy between PC71BM and the polymer backbone is indeed significantly weaker for the 

edge-on configuration, since the dispersion (induced dipole – induced dipole) interactions between 

the π-conjugated systems of the two entities are then smaller. This explains only a minority of 

polymer-PC71BM pairs present an edge-on configuration, as shown in Table S2 (Supporting 

Information). 

Table 2 also indicates that in all the three cases the interaction energy for the polymer-PC71BM 

pairs with PC71BM on top of D moieties is slightly weaker than that for polymer-PC71BM pairs with 

PC71BM on top of A moieties. However, the longer length of the quaterthiophene moieties (and thus 

their spatial availability) eventually leads to a higher probability of finding PC71BM molecules on top 

of D moieties (see Figure 1 and Table 1). The important message from Table 2 is that in going from 

PBT4T-2OD to PffBT4T-2OD and PT2-FTAZ, there occurs no obvious change in interaction energies, 

whether PC71BM is on top of an A or D moiety. Combining this result with the fact that the polymer 

backbone modifications have negligible effect on the steric distribution of the polymer side-chains 
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allows us to understand why the probabilities of finding the PC71BM molecules on top of A or D 

moieties are similar in the three cases. 

When the PC71BM molecules lie on top of the polymer backbones, three main orientations can 

be identified, see Figure S8 (Supporting Information), which is reminiscent of what we found earlier 

in the case of PBDTTPD and PC61BM:[25] (i) the PC71BM side-groups are oriented along the long axis of 

the polymer backbones (a configuration we denote here as conf-1); (ii) the PC71BM side-groups are 

oriented normal to the plane of the polymer backbones (conf-2); and (iii) the PC71BM side-groups are 

oriented along the short axis of the polymer backbones (conf-3). Table S3 (Supporting Information) 

collects the probabilities of finding the polymer-PC71BM pairs with conf-1, conf-2, or conf-3 

orientations. In all three polymer cases, the orientation probabilities follow the sequence: conf-3 > 

conf-1 > conf-2, independently of whether PC71BM is on top of an A or D moiety. Interestingly, see 

Table S4, the relative interaction energies between PC71BM and the polymer backbones follow a 

different sequence corresponding to: conf-1 > conf-3 > conf-2, again regardless of whether PC71BM 

sits on top of an A or D moiety. Given that the three polymers have a similar steric distribution of the 

side-chains (i.e., similar PC71BM-polymer side-chain interactions), the fact that there is a larger 

probability of appearance of conf-3 than conf-1 has then to be assigned to PC71BM-PC71BM 

interactions. 

 

2.3. Interfacial CT States and Electronic Couplings Relevant for Charge-Recombination Processes 

Having in hand the description of the interfacial polymer-PC71BM packing, we now make the 

correlation with the characteristics of the charge-transfer electronic states. Figure 5 displays the 
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energetic distributions of the CT states for the three polymer-fullerene systems. The average 

energies of the CT states, a

CTE , and their standard deviations, σ, are collected in Table 3. More 

details as a function of face-on (with PC71BM on top of A and D moieties) and edge-on configurations 

can be found in Table S5, Supporting Information. 

In going from the PBT4T-2OD blend to PffBT4T-2OD, there occurs an increase in a

CTE  from 1.58 

to 1.72 eV and a slight decrease in σ from 114 to 112 meV; while going from PffBT4T-2OD to PT2-

FTAZ leads to a decrease in a

CTE  from 1.72 to 1.66 eV and an increase in σ from 112 to 130 meV. It is 

important to note that the PffBT4T-2OD:PC71BM blend has both the highest a

CTE  and lowest σ 

values. To better understand the impact of the chemical variations of the polymer backbones on the 

a

CTE  values, we evaluated the HOMO (highest occupied molecular orbital) energies in the tetramers 

of the three polymers, see Table S6. Expectedly, in going from PBT4T-2OD to PffBT4T-2OD and then 

to PT2-FTAZ, the HOMO level first decreases and then increases; PffBT4T-2OD thus has the largest 

energy gap between the HOMO level of the polymer and the LUMO (lowest unoccupied molecular 

orbital) level of PC71BM, which translates into the highest a

CTE  value. Table S6 also shows that 

PffBT4T-2OD has the smallest optical gap, which is susceptible to provide a higher JSC. 

On the basis of the calculated a

CTE  and σ values, the effective CT-state energy, e

CTE , is 

estimated to be 1.33, 1.47, and 1.33 eV (using the relationship: e

CTE  = a

CTE  – σ2/2kBT , where kB is 

the Boltzmann constant and T is the temperature at 300 K) in the PBT4T-2OD, PffBT4T-2OD, and 

PT2-FTAZ cases, respectively.[28] As shown in Table 3, these values are consistent with the 

experimental exp

CTE  values that are derived from the experimental VOC values via the widely 
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employed empirical relation: qVOC = exp

CTE  – (0.6 ± 0.1).[28] The higher VOC in the PffBT4T-2OD case 

thus comes from its higher e

CTE  value, which is a combination of a higher a

CTE  value and a lower 

contribution from the interfacial disorder σ to the VOC loss. We note that, if the σ value for the 

PffBT4T-2OD:PC71BM system (112 meV) could be reduced to that obtained, for instance, in the 

P3HT:PC61BM system (75 meV),[28] the VOC loss induced by interfacial disorder would decrease from 

243 to 109 meV; everything else remaining the same, the VOC and PCE values could then improve to 

0.90 eV and 12.3%, respectively. 

It is also of interest to relate the polymer-PC71BM packing configurations to the electronic 

couplings (VCR) between the 1CT1 states and the ground states (GS), which are relevant to the charge-

recombination processes. Table 4 summarizes the corresponding electronic couplings for face-on 

configurations (with PC71BM on top of an A or D moiety) and edge-on configurations. In all three 

blends, the relative magnitudes of VCR follow the order: edge-on configuration < face-on 

configuration with PC71BM on top of A moiety ≤ face-on configuration with PC71BM on top of D 

moiety. The result that VCR for face-on configurations with PC71BM on top of A moiety is slightly 

smaller than those with PC71BM on top of D moiety has been reported too in other 

polymer:fullerene blend systems.[25] We also note from Table 4 that, for the same polymer-PC71BM 

packing configuration, the structural changes to the polymer backbone have little effect on the VCR 

values. Since these changes have also little impact on the probability of finding the PC71BM 

molecules on top of either A or D moieties, they are expected to have a minor effect on the overall 

VCR values. If the VCR electronic couplings are indeed similar, the major contribution to the 

nonradiative recombination rates from the charge-transfer states to the ground state will be related 
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to the ECT values, as we have shown recently.[29] In that context, lower nonradiative recombination 

rates are expected in the PffBT4T-2OD case. 

 

2.4. PC71BM-PC71BM Connecting Network within the Mixed Regions 

Finally, we have investigated the impact of the polymer backbone modifications on the PC71BM-

PC71BM connecting network within the mixed regions. Figure 6 shows the radial distribution 

functions of the PC71BM molecules (centers of mass of the C70 cages) in the three equilibrated 

systems. The first sharp peak at 10.7 Å represents the relative density of nearest-neighbor PC71BM-

PC71BM packing with the C70 cages directly interacting with each other. An interesting result is that 

the PC71BM molecules in the PffBT4T-2OD case have a larger local packing density than those in the 

PBT4T-2OD and PT2-FTAZ cases. To assess the PC71BM-PC71BM connecting network in the three 

cases, we extracted all the PC71BM-PC71BM pairs from the three equilibrated systems. Here, a 

PC71BM-PC71BM pair is defined as two PC71BM molecules interacting with each other via their C70 

cages since the PC71BM frontier orbitals mainly distribute over the C70 cage and thus the charge-

transport process largely proceeds through the C70 cages. In the PBT4T-2OD, PffBT4T-2OD, and PT2-

FTAZ cases, out of a total of 428, 444, and 454 PC71BM molecules, 711, 838, and 812 PC71BM-PC71BM 

pairs are generated, respectively; thus on average, one PC71BM molecule is involved in 1.66, 1.89, 

and 1.79 PC71BM-PC71BM pairs, respectively. This points to a more efficient PC71BM-PC71BM 

connecting network for the PC71BM molecules in the mixed phase with PffBT4T-2OD than with 

PBT4T-2OD and PT2-FTAZ. 
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In addition, we estimated the electron-transfer rates between two PC71BM molecules for all the 

PC71BM-PC71BM pairs in the mixed phases with the three polymers. Table 5 collects the proportions 

of PC71BM-PC71BM pairs corresponding to various orders of magnitude in the electron-transfer rates. 

At the higher levels of electron-transfer rates (≥ 1012, ≥ 1011, ≥ 1010 and ≥ 109 s-1), the PC71BM-PC71BM 

pairs in the PffBT4T-2OD case are consistently found to be in larger proportion. This result suggests a 

higher efficiency of electron transport among the PC71BM molecules for the PffBT4T-2OD case. Table 

5 also gives the average number of PC71BM-PC71BM pairs per PC71BM molecule at the different levels 

of electron-transfer rates. Again, the average number is systematically larger in the PffBT4T-2OD 

case, which is consistent with a more efficient PC71BM-PC71BM connecting network and the larger JSC 

measured for this blend.[13] 

To better visualize these results, we illustrate the PC71BM-PC71BM connecting networks in the 

mixed phases with the three polymers, where we take into account the PC71BM-PC71BM pairs with 

electron-transfer rates between two linked PC71BM molecules larger than a threshold of 109 s-1 (and 

thus discard PC71BM-PC71BM pairs with electron-transfer rates lower than that threshold). As seen 

the green balls and lines in Figure 7, a total of 392, 421, and 422 PC71BM molecules (green balls) 

produce 678, 814, and 776 "efficient" PC71BM-PC71BM pairs (green lines) in the PBT4T-2OD, PffBT4T-

2OD, and PT2-FTAZ cases, respectively (on average, here, one PC71BM molecule is involved in 1.68, 

1.92, and 1.81 PC71BM-PC71BM pairs, respectively). The more efficient PC71BM-PC71BM connecting 

network in the mixed phase with PffBT4T-2OD leads to smaller amounts of isolated PC71BM-PC71BM 

pairs, illustrated as red balls and lines in Figure 7. 
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3. Conclusion 

We have chosen three representative PBT4T-2OD:PC71BM, PffBT4T-2OD:PC71BM, and PT2-

FTAZ:PC71BM bulk heterojunctions with minor structural changes to the polymer backbone, yet 

marked differences in device performance. Via a tight combination of MD simulations and long-range 

corrected DFT calculations, we examined the three systems to elucidate the molecular-scale impact 

that the structural changes to the polymer backbone have on the polymer-fullerene mixing and 

packing and on the formation of PC71BM-PC71BM connecting networks in the mixed phases. The main 

results that can be drawn from our work are: 

(i) Replacing hydrogen atoms with fluorine atoms leads to higher planarity of, and larger 

interactions among the polymer backbones. Attaching linear side-chains on the nitrogen 

atoms of PT2-FTAZ also favors polymer aggregation. These factors combine to produce an 

extent of polymer aggregation following the order: PBT4T-2OD < PffBT4T-2OD < PT2-FTAZ. A 

larger polymer aggregation means that a smaller proportion of polymer backbones are able 

to interact with PC71BM molecules, which leads to an extent of polymer-PC71BM mixing in 

the reverse order: PBT4T-2OD > PffBT4T-2OD > PT2-FTAZ. 

(ii) The structural changes among the PBT4T-2OD, PffBT4T-2OD, and PT2-FTAZ backbones have 

little effect on the backbone-PC71BM interactions and the steric distributions of the polymer 

side-chains; thus, these changes hardly alter the probabilities of finding PC71BM molecules 

on top of either A or D moieties. 

(iii) Replacing hydrogen atoms with fluorine atoms (going from PBT4T-2OD to PffBT4T-2OD) 

increases the energies of the interfacial charge-transfer states without much impacting the 
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width of their distribution. However, attaching linear side-chains (PT2-FTAZ case) increases 

their energetic distribution. The larger VOC for the PffBT4T-2OD:PC71BM system can thus be 

attributed to its higher average CT-state energy (due to the polymer higher ionization 

potential) and lower interfacial disorder. 

(iv) The structural changes to the polymer backbone have little effect on the electronic couplings 

between the charge-transfer state and ground state. The magnitudes of the electronic 

couplings follow the order: edge-on configuration < face-on configuration with PC71BM on 

top of A moiety ≤ face-on configuration with PC71BM on top of D moiety. Overall, the rates of 

nonradiative recombinations to the ground state will thus be affected by the CT-state 

energies, with the higher ECT for the PffBT4T-2OD:PC71BM blend expected to result in lower 

nonradiative recombination rates. 

(v) Compared to the other two blends, the PC71BM molecules in the mixed phase with PffBT4T-

2OD have a more efficient connecting network and generally higher electron-transfer rates, 

which points to more efficient electron transport among the PC71BM molecules in the mixed 

region of the PffBT4T-2OD:PC71BM bulk heterojunction. 

Based on these results, the higher performance of PffBT4T-2OD:PC71BM BHJ solar cells with 

respect to the other two systems can be attributed to the following factors: (1) The intermediate 

extent of mixing between polymer chains and PC71BM molecules aids in the formation of domains 

with appropriate size, which is beneficial for the generation of charge carriers and a large JSC. (2) The 

higher interfacial CT-state energies and their narrower energetic distribution lead to higher VOC. (3) 

The more efficient PC71BM-PC71BM electron-transport network in the mixed phase leads to higher JSC. 
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Finally, we emphasize that the overall results obtained from the three representative PBT4T-

2OD:PC71BM, PffBT4T-2OD:PC71BM, and PT2-FTAZ:PC71BM systems investigated here are expected to 

translate to other BHJ systems. These include those incorporating nonfullerene acceptors, which we 

are currently investigating. 

 

4. Computational Methodology 

4.1. Molecular Dynamics Simulations 

The MD simulations were performed with the LAMMPS package[30] and the Optimized Potentials 

for Liquid Simulations – All Atom (OPLS-AA) force field.[31-34] To accurately capture the polymer 

configurations and describe the interactions present in the polymer-fullerene mixed regions, we 

parameterized the generalized OPLS-AA force field based on the atomic charges, bond lengths, bond 

angles, and dihedral angles along the polymer chains, and atomic charges of the PC71BM molecule, as 

determined by DFT calculations. The atomic charges were evaluated by the restricted electrostatic 

potential (RESP) fitting scheme at the ωB97XD/cc-PVTZ level of theory. For the PC71BM molecule, all 

the other force-field parameters were taken from Ref. [32]. For the polymer chains, the dihedral 

parameters were fitted on the basis of the converged torsion potentials of dimers (see Figure S1 and 

Figure S2 in Supporting Information), while the bond lengths and angles were taken from the 

optimized dimers with the harmonic force constants kept unchanged. All the DFT calculations were 

performed at the ωB97XD/6-31G(d,p) level with the Gaussian 09 package[35] and the RESP 

calculations with the Red software.[36] 
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In addition, we tested the modified OPLS-AA force field by considering the density of an 

amorphous PC71BM bulk (i.e., taking account of the PC71BM-PC71BM interactions) and the polymer-

PC71BM interactions. The density of the simulated amorphous PC71BM bulk was 1.48 g cm-3, which 

is in good agreement with an earlier reported value of 1.56 g cm-3.[37] The polymer-PC71BM 

interactions calculated at the ωB97XD/6-31G(d,p) level were well reproduced with the updated 

OPLS-AA force field, as illustrated in Figure S4 (Supporting Information). All these results point to the 

ability of the modified OPLS-AA force field to accurately describe the interactions present in the 

mixed regions. More details can be found in the Supporting Information. 

To access the molecular-scale features in the mixed regions, we built our initial models by 

randomly placing polymer chains and PC71BM molecules in cubic cells with an extremely low density 

of 0.05 g.cm-3, for which there are nearly no chain-chain, chain-PC71BM, or PC71BM-PC71BM 

interactions. The cells include 30 PBT4T-2OD chains and 428 PC71BM molecules (total of 99244 

atoms), 30 PffBT4T-2OD chains and 444 PC71BM molecules (total of 100812 atoms), and 30 PT2-FTAZ 

chains and 454 PC71BM molecules (total of 105392 atoms), respectively. In each instance, a polymer 

chain consists of 12 repeat units and the polymer:PC71BM weight ratio is 1:1.2. 

In the PBT4T-2OD and PffBT4T-2OD cases, the MD simulations were carried out with the NPT 

(constant number of molecules, pressure, and temperature) ensemble from 650 K (50 ns) to 383 K 

(50 ns) and then to 300 K (40 ns) at a pressure of 1 atm, where 383 K is the temperature used for 

device fabrication.[13] We note that the first 2 ns of the NPT simulation at 650 K were carried out 

using a very small time step of 0.1 fs, which allows the system to slowly form a bulk. The cooling 

processes from 650 K to 383 K and from 383 K to 300 K were realized by four successive NPT 

simulations (at 600 K for 500 ps, 550 K for 500 ps, 500 K for 500 ps, and 450 K for 500 ps) and by one 
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NPT simulation (at 340 K for 500 ps), respectively. To simulate the experimental annealing process, 

MD simulations were performed from 353 K (50 ns) to 300 K (40 ns), where 353 K is the annealing 

temperature,[13] with a cooling rate from 353 K to 300 K of 10 K ns-1. The Verlet integrator was used 

with a time step of 1 fs and the Nosé-Hoover thermostat/barostat was employed for 

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

interactions and the particle-particle particle-mesh (PPPM) solver for the long-range Coulomb 

interactions. In the case of PT2-FTAZ, the device fabrication and annealing temperatures were 388 K 

and 373 K, respectively,[16] while all the other settings were identical to the PBT4T-2OD and PffBT4T-

2OD cases. We note that the polymer:PC71BM weight ratio (1:1.5) and device fabrication 

temperature (300 K) used experimentally in the PBT4T-2OD case are different from those in the 

PffBT4T-2OD and PT2-FTAZ cases.[13,16,22] However, in order to better grasp the effects related to the 

structural changes of the polymer backbone and avoid those coming from a change in experimental 

conditions, we used the same polymer:PC71BM weight ratio and device fabrication temperature as 

for the PBT4T-2OD and PffBT4T-2OD cases. 

 

4.2. Density Functional Theory Calculations 

DFT calculations at the ωB97XD/6-31G(d,p) level of theory were performed to evaluate the 

interaction energy in complexes between a polymer backbone and a PC71BM molecule. In this case, 

the polymer side-chains are replaced with methyl groups and the polymer chains consist of 

tetramers; the PC71BM molecule is kept close to the center of the tetramer. We note that such a 
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chain length has been demonstrated to be more than large enough to obtain converged values of 

the interaction energies (see Supporting Information). 

We examined the lowest singlet charge-transfer (CT) excited states (1CT1) by means of the time-

dependent DFT (TDDFT) calculations based on the Tamm-Dancoff approximation (TDA-TDDFT)[38] and 

carried out with the long-range corrected ωB97XD functional and the 6-31G(d) basis set;[39] the  

range-separation parameter was optimized within the polarizable continuum model (PCM), taking 

account of a typical dielectric constant value, ε = 3.5.[40] 

According to semi-classical Marcus theory, the electronic couplings among the relevant 

electronic states are critical parameters in determining the exciton-dissociation and charge-

recombination processes.[41] Here, we examined the electronic coupling between the 1CT1 state and 

the ground state (GS), which is relevant for the charge-recombination process via the 1CT1 → GS 

pathway. To evaluate these electronic couplings, a fragment charge difference (FCD) approach was 

used[42] and the calculations were carried out at the PCM-tuned-ωB97XD/6-31G(d) level of theory. 

The semi-classical Marcus equation was also used to estimate the electron-transfer rates 

between neighboring PC71BM molecules.[41] Here, the reorganization energies, electronic couplings, 

and free energy differences between the initial and final states were also calculated at the PCM-

tuned-ωB97XD/6-31G(d,p) level of theory. 

The DFT calculations related to the polymer-PC71BM interaction energies and electron-transfer 

rates between neighboring PC71BM molecules were performed with the Gaussian 09 package;[35] 

those related to the CT states and the electronic couplings between 1CT1 and GS were carried out 
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with the Q-Chem 4 package.[43] More details can be found in the protocol we recently reported[44] as 

well as in the Supporting Information. 

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Chemical structures of PBT4T-2OD, PffBT4T-2OD, and PT2-FTAZ. The change in chemical 

structure between PffBT4T-2OD and PBT4T-2OD [PT2-FTAZ] is highlighted in blue [red]. 
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Figure 2. Radial distribution functions for: (a) the polymer backbones; and (b) the polymer 

backbones and PC71BM molecules (centers of mass of the C70 cages) in the three equilibrated systems. 

 

 

 

 

 

 

 

 

 

 

 

 



 

  

 

This article is protected by copyright. All rights reserved. 

32 

 

 

 

Figure 3. Illustration of face-on and edge-on configurations for polymer-PC71BM pairs in the PBT4T-

2OD case. The white, gray, blue, yellow, and red balls denote H, C, N, S, and O atoms, respectively. 
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Figure 4. Distribution of the angles between the branched 2-octyldodecyl (2OD) side-chains and the 

vectors normal to the thiophene units (that carry 2OD side-chains) for PBT4T-2OD, PffBT4T-2OD, and 

PT2-FTAZ in the equilibrated systems. The vector representative of the long 2OD side-chain is defined 

as going from the first C atom of the side-chain to the center of mass of the side-chain. The branched 

2OD side-chain has two vectors, one for the shorter branch and the other for the longer branch; we 

only consider the branch with the smaller angle with respect to the vector normal to the thiophene 

unit. 

 

 

 

Figure 5. Normalized energetic distribution of the charge-transfer electronic states, fitted with 

Gaussian functions for the PBT4T-2OD, PffBT4T-2OD, and PT2-FTAZ blends with PC71BM. 
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Figure 6. Radial distribution functions of the PC71BM molecules (centers of mass of the C70 cages) in 

the three equilibrated blend systems. 
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Figure 7. Illustration of the PC71BM-PC71BM connecting networks in the mixed phases with the three 

polymers, where the electron-transfer rates among the connected PC71BM molecules are larger than 

109 s-1. The balls denote the centers of mass of the C70 cages in the PC71BM molecules; the lines that 

connect the balls represent the electron-transfer rates between the linked PC71BM molecules larger 

than 109 s-1. The green balls and lines represent the PC71BM-PC71BM pairs involved in the connecting 

networks; the red balls and lines represent the isolated PC71BM-PC71BM pairs. 

 

 

 

 

Table 1. Probabilities of finding PC71BM molecules on top of A (PA) and D (PD) moieties for the 

polymer-PC71BM pairs in the three equilibrated systems. 

 

 PA PD 

PBT4T-2OD 38.5% 61.5% 

PffBT4T-2OD 37.2% 62.8% 

PT2-FTAZ 37.0% 63.0% 
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Table 2. Average interaction energies (E, kcal mol-1) between the PC71BM molecule and the polymer 

backbone (where the polymer side-chains are replaced with methyl groups) for all the polymer-

PC71BM pairs extracted from the three equilibrated systems. 

 

 face-on configurations 
edge-on configurations 

 PC71BM on top of A PC71BM on top of D 

 EA ED EE 

PBT4T-2OD -13.80 ± 4.36 -12.41 ± 4.30 -6.91 ± 4.51 

PffBT4T-2OD -14.31 ± 4.29 -11.98 ± 4.10 -6.62 ± 3.49 

PT2-FTAZ -15.57 ± 4.99 -12.31 ± 4.65 -5.94 ± 2.93 
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Table 3. Average CT-state energy, a

CTE ; standard deviation, σ; VOC loss induced by interfacial 

disorder (σ2/2kBT); effective energy of the CT states ( e

CTE ) evaluated via e

CTE  = a

CTE  – σ2/2kBT;[28] 

experimentally measured VOC;[13,16,22] and experimental CT-state energy ( exp

CTE ) derived via the widely 

employed empirical relation of qVOC = exp

CTE  – (0.6 ± 0.1) for the cases of the PBT4T-2OD, PffBT4T-

2OD, and PT2-FTAZ blends with PC71BM.a) 

 

 

a

CTE  

(eV) 

σ 

(eV) 

σ2/2kBT 

(eV) 

e

CTE  

(eV) 

VOC 

(V) 

exp

CTE  

(eV) 

PBT4T-2OD 1.58 0.114 0.251 1.33 0.74 1.34 ± 0.1 

PffBT4T-2OD 1.72 0.112 0.243 1.47 0.77 1.37 ± 0.1 

PT2-FTAZ 1.66 0.130 0.327 1.33 0.73 1.33 ± 0.1 

a) We note that exp

CTE  can also be evaluated via fitting of the experimental CT-state absorption 

spectrum via Marcus theory. However, no relevant report on  exp

CTE  by this method exists for the 

three systems. 
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Table 4. Average electronic couplings between the 1CT1 and GS states (VCR, meV) for face-on 

configurations with PC71BM on top of A or D moiety and for edge-on configurations, in the PBT4T-

2OD, PffBT4T-2OD, and PT2-FTAZ blends. 

 

 face-on configuration 
edge-on configuration 

 PC71BM on top of A PC71BM on top of D 

PBT4T-2OD 17±18 17±17 5±7 

PffBT4T-2OD 15±18 18±19 5±6 

PT2-FTAZ 15±16 20±20 4±6 
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Table 5. Proportion of PC71BM-PC71BM pairs (Ppair) and average number of PC71BM-PC71BM pairs per 

PC71BM molecule (Navg) at different orders of magnitude in the electron-transfer rates in the mixed 

phase of the blends with PBT4T-2OD, PffBT4T-2OD, and PT2-FTAZ. 

 

electron-

transfer 

rate (s-1) 

PBT4T-2OD PffBT4T-2OD PT2-FTAZ 

Ppair Navg Ppair Navg Ppair Navg 

≥ 1012 33.1% 0.55 37.1% 0.70 33.4% 0.60 

≥ 1011 67.2% 1.12 71.0% 1.34 68.8% 1.23 

≥ 1010 85.7% 1.42 90.7% 1.71 87.1% 1.56 

≥ 109 95.4% 1.58 97.1% 1.83 95.6% 1.71 

< 109 4.6% - 2.9% - 4.4% - 

 

Minor structural modifications to the polymer backbone can change substantially the 

blend morphology and thus device performance of a bulk-heterojunction solar cell. Our 

computational work, based on a tight combination of molecular dynamics simulations and 

density functional theory calculations, elucidates the molecular-scale impact that the 

structural changes to the polymer backbone have on the ″local″morphology of the mixed 

regions. 
 

 

Keywords: bulk heterojunction solar cells, blend morphology, minor structural modifications, 

molecular dynamics simulations, density functional theory calculations 

 

Tonghui Wang, Xian-Kai Chen, Ajith Ashokan, Zilong Zheng, Mahesh Kumar Ravva, and Jean-Luc 

Brédas* 

 



 

  

 

This article is protected by copyright. All rights reserved. 

42 

 

Bulk Heterojunction Solar Cells: Impact of Minor Structural Modifications to the Polymer 

Backbone on the Polymer-Fullerene Mixing and Packing and on the Fullerene-Fullerene Connecting 

Network 

 

 

 


