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Abstract: PTB7-Th is an important donor copolymer used in construction of many organic devices and other 

industrial applications. In this work, we investigate the structure and energetics of PTB7-Th. We employ 

density functional theory (DFT) (B3LYP), dispersion corrected DFT (B3LYP-D3) and long-range corrected DFT 

(CAM-B3LYP, LC-BLYP, and ωB97xD) to analyze the conformational structures and their corresponding 

energies to determine the lowest energy state of PTB7-Th. The role of the alkane side chains is carefully 

investigated. Our findings indicate that, when branched ethylhexyl side chains are present, the lowest energy 

structure of PTB7-Th has fluorine in the same plane and the same side as the double bonded oxygen in the TT-

CF part of the monomer and S-C-C-S dihedral angles along the chain backbone are cis-like having values in 

the range of 20-30 degrees in most cases. Without these side chains the polymer, not unexpectedly, has many 
near conformational degeneracies.   

Keywords: PTB7-Th; donor polymer; lowest energy structure; alkane side chains; density functional 

theory; dispersion correction; long-range correction 

 

1. Introduction 

For more than three decades now, organic based electric and thermoelectric devices such as 

organic solar cells (OSCs) [1–4] and organic light emitting diodes (OLEDs) [5]), and organic wearable 

products [6] have emerged, due to their superior advantages such as the flexibility, non-toxicity and 
low cost, as important sources of electrical power and of many other industrial applications. These 

devices and applications often employ organic polymers as their sole or as one of the materials in 

their construction. For example, the highly promising bulk heterojunction OSCs use polymers 
(donors) and fullerenes (acceptors) in their active layers [7]. When fullerenes are replaced with small-

molecule (SM) acceptors which are combined with polymer donors, the resulting pairings give rise 

to the so-called non-fullerene acceptor (NFA) OSCs with much improved efficiencies [8].  

One of the critically important donor polymer (one could say foundational in the history of 

OSCs) is PTB7-Th [1,9,10] (poly[[4,8-bis[5-(2-ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b']dithiophene-

2,6-diyl][2-[[(2-ethylhexyl)oxy]carbonyl]-3-fluorothieno[3,4-b]thiophenediyl]], also known as 

PBDTTT-EFT and PCE-10 [9]). PTB7-Th is an example of a low band gap (1.58 eV [8]) donor co-

polymer whose monomers consist of donor-acceptor (D-A) parts, i.e. the electron donating alkyl-

thienyl-benzodithiophene (BDTT) and the electron accepting thienothiophene with carbonyl and 

fluorine (F) substituents (TT-CF) units [1] (see Scheme 1). PTB7-Th has oxy-ethylhexyl side chains on 
TT-CF and thienyl ethylhexyl side groups on BDTT. The thienyl ethylhexyl side groups extend the 
polymer’s conjugation along the backbone plane giving rise to better interchain π–π overlapping 
which leads to higher charge mobility of PTB7-Th which, in turn, leads to better device performance 

[1,2].  

The above mentioned and other (experimentally determined) properties of PTB7-Th have been 

studied extensively (see [1,2,9–15] a small sample of recent examples). Fewer computational 
investigations of PTB7-Th have been carried out [15–19].  However, we found that in spite of its 

importance, the lowest energy structure of PTB7-Th is not unambiguously established in the current 
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scientific literature. This is because, the detailed (conformational) knowledge of its lowest energy 

structure is not essential for experimental/device investigations. Furthermore, the structure  of 
PTB7-Th used in computational studies (typically involving heterogeneous donor-acceptor pairs) is 

one without alkyl side chains and often without considering which of its possible many 

(conformational) structures has the lowest energy. 

As a result of this ambiguity, different chemical structures of PTB7-Th are displayed in literature 

(see examples in Scheme 1). For instance, in the reference [13] the structure of PTB7-Th has sulfur on 

the same side as the single bonded oxygen in the TT-CF part of the monomer while, in the review [1] 

the structure of PTB7-Th has fluorine in the same plane as the single bonded oxygen. Also, in some 
studies (e.g. [8,9]) the S-C-C-S dihedral angle along the chain backbone of PTB7-Th is in a cis-like 

whereas it is in a trans-like conformation in others (e.g. [10–12]). In this work, we address this 

structural ambiguity of PTB7-Th (as related to its most stable structure) by carrying out the 

conformational analysis.  

It is important to note that, in most organic devices and applications, PTB7-Th is combined with 

different acceptor materials (SMs, fullerenes or other polymers) [7–19]. Hence, the understanding of 

intra- and inter-molecular interactions of the PTB7-Th and PTB7-Th/acceptor blends is critical for the 
enhanced device performance. This means the most stable structure of PTB7-Th must be determined 

accurately for the use in its computational/modelling investigations. We have found that the 

conformational analysis of the relatively large molecular systems (such those employed to model 

PTB7-Th) must be carried out with the help of a high-level quantum mechanical approach such as 

DFT since the low-level approaches such Molecular Mechanics (MM) and Molecular Dynamics (MD) 

give unphysical results for their chemical structures. In this work, we perform a careful (full) DFT 

conformational study of monomers and dimers of PTB7-Th which we then use to determine the 

structure and energies of (stable) longer oligomers such as tetramers.  

Based on our earlier work [20], DFT/B3LYP [21,22] and dispersion corrected DFT/B3LYP-D3 [23] 

methods are reliable in determining the electronic structures and conformational energies of organic 

oligomers mentioned above.  We also employ long-range corrected (LC) DFT methods such as 

CAM-B3LYP [24], LC-BLYP [25] and ωB97xD [26]. Moreover, as mentioned above, most (if not all) of 

computational studies that are available consider PTB7-Th without (alkyl) side chains [15–19]. 

Experimental works have illustrated that varying side chains/groups of PTB7-Th (and of other similar 

conjugated polymers) has a significant effect on device performance [10,27–29]. For example, it is well 
known that length of alkyl side chains may have a negligible effect on energy levels and optical 

absorption spectra of polymers, but can have profound effect on their aggregation in solution and 

self-assembly in thin film since side chains can cause steric hindrance and twisting of the conjugated 

backbone, which in turn could lead to a larger band gap and lower carrier mobility and lower device 

performance [30,31]. For all of the above reasons, in this work, we carry out the first detailed 

conformational analysis of PTB7-Th (with model systems that include side chains) and determine its 

most stable structure using B3LYP, B3LYP-D3 and LC-DFT (CAM-B3LYP, LC-BLYP and ωB97xD) 
methods. In addition, we extensively study the effect of branched ethylhexyl side chains (henceforth 
simply referred to as side chains (SdChs)) on the structure and energy of an isolated PTB7-Th 

oligomers.  
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Scheme 1. Examples of the different chemical configurations of PTB7-Th found in literature (the 

differences are colored). 

2. Computational Approach 

Our main theoretical/computational tool that is used to carry out the proposed research is the 
density functional theory as implemented in Gaussian 16 software [32]. We use the hybrid B3LYP 

functional [21,22] to determine electric and conformational structures and energies. Experimental 
studies show that material properties are sensitive (apart from the chemical structure) to their 3D 

morphology and microstructure. For this reason, weak non-covalent van der Waals forces should be 

included in our simulations. DFT approach has been extended to include the long-range electron 

correlations (known as the dispersion forces) which allow for more accurate description of molecular 

configurations and conformations where the interactions are dominated by the dispersion forces [23]. 

Hence in addition to DFT/B3LYP, we employ B3LYP-D3 as the dispersion corrected DFT [23] (that 

(explicitly) includes dispersion C6 (∼1/r6) corrections) in our calculations especially those that focus 

on investigating the effect of the alkane side chain interactions on the polymer structure. In addition, 

we employ (other) LC-DFT methods (CAM-B3LYP, LC-BLYP and ωB97xD) [24–26] in our 

computational analysis of dimers with SdChs. 

3. Conformational Analysis - Most Stable Structure of PTB7-Th 

In order to determine the most stable structure of PTB7-Th, we first focus on the determining 

the lowest energy state of its repeat unit, consisting of a dimer (i.e. two monomers of PTB7-Th), which 

in turn requires that we begin with studying the conformational states of monomers of PTB7-Th.  
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3.1. Monomers of PTB7-Th 

It is clear from the structure of PTB7-Th (see Scheme 1) that there are two possible chemical 

geometries for the monomers of PTB7-Th defining two intra-monomer S-C-C-S dihedral angles Φ1 

and Φ2 (see Figure 1).  In the first case (top part of Figure 1), the TT-CF unit is oriented with fluorine 

(F) pointing towards the BDTT part (Φ1) and in the second case (bottom part of Figure 1) sulfur (S) is 

pointing towards the BDTT part (Φ2). In addition to the differences in the orientation of S-C-C-S 

dihedral angles, the double bonded oxygen (=O) can be rotated and can either be placed on the side 
of F or the side of S of the TT-CF part of the PTB7-Th monomer. Hence we consider four initial 

structures of the monomers (see again Figure 1): (1) F=O…F meaning F facing in (Φ1) with =O on the 
same side as F; (2) S=O…F meaning S facing in (Φ2) with =O on the same side as F; (3) F=O…S meaning 
F facing in (Φ1) with =O on the same side as S; (4) S=O...S meaning S facing in (Φ2) with =O on the 
same side as S. 

In order to determine the most stable structures of monomers we carry out one dimensional (1D) 

potential energy curve (PEC) DFT/B3LYP scans for the two S-C-C-S dihedral angles, Φ1 and Φ2, as 

defined in Figure 1. The scans are performed for the four structures of monomers without and with 

side chains (SdChs) present (see Scheme 1). Figure 2 illustrates the results of the 1D-PEC scans and 

of the geometry optimizations near scan minima for monomers. This figure clearly shows that in all 

cases, the minima are associated with their either cis-like (Φ1 and Φ2 are close to 0°) or trans-like (Φ1 

and Φ2 are close to +180° or -180°) conformations. Therefore, their optimized structures will be our 

focus in this section (see Table 1) and will be used for studying the structures of longer oligomers in 

the following sections (3.2 and 3.3). 

In order to determine more precisely the orientation of a =O relative to S and F of TT-CF part, 

we have carried out 1D-PEC scans for the C=C-C=O dihedral angles of the two Φ1 and Φ2 structures 

(see Figure 3). These scans show that =O strongly prefers to be located in plane containing F or S, i.e. 
be in the plane of TT-CF (and not be either perpendicular or in some other orientation relative to that 

plane). 
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Figure 1. A representation of the four possible structures of PTB7-Th monomers, defining the dihedral 

S-C-C-S angles Φ1 (top part) and Φ2 (bottom part) and the orientations of =O in TT-CF units. Also 

defining the naming of monomers as F=O...F etc as shown in the figure (see text for more details). 
Monomers are shown without SdChs. 

 

Figure 2. 1D-PEC B3LYP scans for monomers of PTB7-Th with and without SdChs. 
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Figure 3. 1D-PEC B3LYP scans for =O relative to F or S in the TT-CF part of the PTB7-Th monomer 

with and without SdChs. 
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Table 1. S-C-C-S Dihedral Angles, Conformational Energies ( 𝐸𝐸 ), and Conformational Energy 

Differences (∆𝐸𝐸) for the four conformational sets of PTB7-Th monomers without and with SdChs 

optimized with B3LYP and B3LYP-D3 methods. 

 

Table 1 shows the relative (fully optimized) B3LYP and B3LYP-D3 conformational energy 

differences of the cis-like and trans-like conformations of PTB7-Th monomers (that were obtained 

from the results of Figure 2). For the monomers without SdChs, the B3LYP and B3LYP-D3 results 

show that cis-like S=O…S structure has the lowest energy. However, all of the other (B3LYP and 
B3LYP-D3) conformations (two trans-like and the other cis-like) for the S=O…S structure have 
energies that are within 0.02 eV (or less) of the global minimum energy. Meaning that they are all 

nearly degenerate. Moreover, for the B3LYP calculations, with the exception of trans-like 

conformations of F=O...S and F=O…F structures, all of the other conformations and structures also 

have energies within the 0.02 eV of the global minimum. For the B3LYP-D3 computations, the cis-

like conformations have energies within 0.02 eV of the global minimum in F=O…S, S=O…F and 
F=O…F configurations (other conformations have higher relative energies). This means that, both 

B3LYP and B3LYP-D3 computations indicate that, for the PTB7-Th monomer without SdChs all of 

the cis-like structures have energies close to the global minimum energy irrespective of whether S or 

F is facing in and whether =O is on the same side as S or F of the TT-CF unit. In particular, for 

monomers with F facing in, Φ1 is equal to -26.10° (B3LYP) or -29.04° (B3LYP-D3) in their lowest energy 

(cis-like) states, and with S facing in, Φ2 is equal to 22.09° (B3LYP) or 25.17° (B3LYP-D3) in their lowest 

energy (cis-like) states. For these systems trans-like conformations have somewhat higher relative 

energies. In both (B3LYP and B3LYP-D3) cases energy differences range from 0 to 0.06 eV, which 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 February 2023                   doi:10.20944/preprints202302.0270.v1

https://doi.org/10.20944/preprints202302.0270.v1


 8 

 

means that dispersion energy does not affect relative energies very much when there are no SdChs 

present in the monomers. 

For monomers with SdChs, the B3LYP results show that cis-like (-22.04° and 14.83°) 
conformations of S=O…S structure have the lowest energies (with differences less than 0.003 eV) 
which, in turn, are nearly degenerate (energies differ by 0.02 eV or less) with cis-like conformations 

of F=O…S (-26.37°) and F=O…F (-24.82°, 26.54°), and with trans-like conformation of F=O…S (-
148.69°) monomers. It should be noted that for these monomers, the B3LYP relative energy 

differences range from 0 to 0.08 eV which is again a relatively narrow energy range similar to the case 

when no SdChs are present as discussed above. The B3LYP-D3 removes many degeneracies, giving 

S=O…S cis-like (37.94°) as the lowest energy state which is only nearly degenerate (energy difference 

of 0.02 eV) with the cis-like state (16.26°) of S=O…F.  The lowest energy state with F in (which is 0.21 
eV above the global minimum) is given by cis-like conformations (-14.71° and 30.36°) of F=O…S 
monomer. In this case, the B3LYP-D3 relative energy differences range from 0 to 0.33 eV (which are 
significantly higher compared to the B3LYP results). This indicates that the inclusion of the dispersion 

energy in the B3LYP-D3 computations introduces stronger intermolecular interactions between 

SdChs which bring the SdChs closers in the cis-like compared to the trans-like conformations of the 

monomers (see an example in Figure 4, and Figures S1 and S2 in Supplementary Information (SI) for 
the remaining B3LYP and B3LYP-D3 optimized geometries of the four conformational sets of 

monomers with SdChs).  In summary, these computations indicate that, for the PTB7-Th monomers 

with SdChs, the cis-like conformations in S=O…S (B3LYP, B3LYP-D3), S=O…F (B3LYP-D3), and 

F=O…S and F=O…F (B3LYP) have some of the lowest energies (see their optimized geometries in 

Figure 5). Figure 5 illustrates again the stronger interactions between SdChs in the B3LYP-D3 cis-like 

conformations of S=O…S and S=O…F. Based on the above discussion, we expect that since cis-like 

conformations are preferred in the monomers of PTB7-Th, that they will be preferred in the longer 

oligomers as well (i.e. the lowest energy state will be cis-like for the whole polymer).  
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Figure 4. Representative examples of the intermolecular interactions between SdChs for the cases of 
(a) cis-like and (b) trans-like within (S=O...S) and (S=O…F) optimized monomer using B3LYP-D3 

method. 
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Figure 5. The optimized geometries of the lowest-energy cis-like conformations in S=O…S and 
S=O…F (B3LYP-D3) monomers, and F=O…S and F=O…F (B3LYP) monomers. 

3.2. Repeat Units (Dimers) of 2PTB7-Th  

3.2.1. DFT/B3LYP and DFT/B3LYP-D3 results 

The monomer prediction (as discussed above) is first tested on repeat units (dimers) of PTB7-Th 

(referred to as 2PTB7-Th). Once again there are four possible configurations for the dimers: (1) S=O...S; 
(2) S=O…F; (3) F=O…S; (4) F=O…F. Based on the previous results of Figure 2, we expect that these 
dimer structures will have the low conformational-energy states when the S-C-C-S dihedral angles 

are either cis-like (c) or trans-like (t). Therefore, we consider the orientation of S-C-C-S dihedral angles 

of the dimers that can take the form of all-cis (c-c-c) or all-trans (t-t-t) or a mix of both cis and trans 
(c-t-c and t-c-t). Theses four types of S-C-C-S dihedral angles along the backbone chains of 2PTB7-Th 

are illustrated in Figure 6 for an S=O…S structure as an example. The results of the relative B3LYP 
and B3LYP-D3 conformational energy differences for the 16 optimized dimers without and with 

SdChs are given in Table 2. 
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Figure 6. An example of the four types of S-C-C-S dihedral-angles for the 2PTB7-Th (S=O…S) 
structure. Dimers are shown without SdChs. 

Table 2. B3LYP and B3LYP-D3 results for the representative 2PTB7-Th dimers. 
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Table 2. shows that, once again, the B3LYP and B3LYP-D3 energy differences are relatively close 

to each other (the largest energy difference is close to 0.09 eV) for the various conformations for the 
dimers without the SdChs in comparison to dimers with SdChs. The representative B3LYP results 

show that c-c-c, t-c-t, and t-t-t conformations of S=O…S dimers, and c-c-c and c-t-c conformations of 

F=O…S dimers have the lowest energies (with differences less than 0.01 eV). The representative 
B3LYP-D3 results show that c-c-c and c-t-c conformations of F=O…S dimers have the lowest energies 
(with differences less than 0.01 eV), followed closely (to within 0.02 eV of energies) by c-c-c and c-t-c 

conformations of F=O…F dimers and c-c-c and t-c-t conformations of S=O…S dimers. Clearly for 

dimers without SdChs, we obtain a number of conformational states that are nearly degenerate in 

energy.   

When SdChs are added, the number of degeneracies is significantly decreased. The 

representative B3LYP results show that c-c-c conformation of F=O…F dimer has the lowest energy 
(with the next lowest state having energy 0.09 eV above the global minimum in c-t-c conformation of 

F=O…F dimer and t-t-t conformation of S=O…S dimer). The B3LYP-D3 results agree with B3LYP 

computations and give c-c-c conformation of F=O…F dimer as the lowest energy state. Similar to the 
monomers results in precious section, it is clear that the presence of SdChs has a considerable effect 

on determining the lowest energy state of 2PTB7-Th.  In order to illustrate the behaviour of SdChs, 

dimers with SdChs are shown in Figures S3 and S4 in SI.  For example, Figures S3 (containing 
B3LYP-D3 results) shows that SdChs in c-c-c conformation of F=O…F dimer has the two pairs of 
SdChs strongly interacting (see also Figure 9 below). Similarly in the second lowest (B3LYP-D3) 

energy conformation c-t-c of F=O...S dimer also has two pairs of SdChs strongly interacting. In all of 

the other conformations, SdChs are relatively far apart from each other and relative energy 

differences (ranging from 0.2 to 0.7 eV) are considerably above the lowest energy state (this is 
especially true for all of the S=O...S and S=O…F dimer conformations).   

It is interesting to note that the lowest (B3LYP and B3LYP-D3) energy configurations for dimers 

occur for F=O…F (with SdChs) (c-c-c) and F=O…S (without SdChs) (c-c-c) configurations.  This 

appears to contradict the monomer results which showed that S=O…S and S=O…F structures give 
the lowest energy. However, it can be noted that dimers can be also equivalently considered as central 

monomers with end groups (TT-CF and BDTT). In this case the F=O…F (c-c-c) dimer can be 

equivalently thought of as S=O…F monomer with the TT-CF and BDTT end groups (see Figure 7 (a)). 

Similarly, F=O…S (c-t-c) dimer can be thought of as S=O…S monomer with the TT-CF and BDTT end 

groups (see Figure 7 (b)). This does agree with the above-mentioned monomer results (which show 

that S=O…F and S=O…S monomers tend to have the lowest conformational energies). This analysis 
shows that the lowest energy configurations/conformations in monomers tend to dominate the dimer 
results (i.e. the configuration/conformation of central monomer determine dimer’s lowest energy 

state).  
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Figure 7. The optimized geometries of (a) F=O…F dimer (S=O…F central monomer) and (b) F=O…S 
dimer (S=O…S central monomer). Dimers are shown without SdChs. 

The dimer and monomer computational results also show that most trans-like dihedral angles 

are close to either +/-150° or +/-160° and cis-like angles are close to +/-20° (ranging from +/-15° to +/-
30° in most cases). Moreover, most trans-like conformations for monomers are higher in energy than 

cis-like conformations and appear to be more or less equivalent in energy irrespective of their 

configuration. This equivalency of trans-like conformations also appears to be true for dimers 

(although here larger energy differences are observed, see Tables 1 and 2 for comparison).  

3.2.2. LC-DFT results 

To further verify the conformational behavior of 2PTB7-Th dimers as obtained using B3LYP and 

B3LYP-D3 in previous subsection, we optimize the 16 configurations of 2PTB7-Th with SdChs using 

LC-DFT methods (CAM-B3LYP, LC-BLYP and ωB97xD). The results of these computations are given 
in Table 3. The three LC-DFT methods show that, in most cases, the conformations of 2PTB7-Th with 

predominantly cis-like S-C-C-S dihedral angles (such as c-c-c and c-t-c) are more favorable (i.e. they 

have lower total energies) than those with predominantly trans-like dihedral angles (such as t-c-t and 

t-t-t). This behaviour is particularly evident in the F=O…F and F=O…S configurations. For the S=O…F 
and S=O…S configurations, conformational energy differences are smaller for those conformations 
that include all-cis and all-trans S-C-C-S dihedral angles than those that include a mix of cis-like and 

trans-like S-C-C-S dihedral angles (such as c-t-c and t-c-t). We find that in all cases, for a given LC-

DFT method (consistent with the B3LYP and B3LYP-D3 results) the F=O…F all cis (c-c-c) 

configuration has the lowest total energy. Also consistent with the B3LYP and B3LYP-D3 results, we 
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find no energy degeneracies for the optimized LC-DFT configurations. This is mainly due to the 

presence of SdChs as discussed in the previous subsection.  

In order to illustrate the above results more clearly, the calculated (B3LYP, B3LYP-D3, CAM-

B3LYP, LC-BLYP, and ωB97xD) conformational (relative) energy differences for the 16 conformations 
of 2PTB7-Th are displayed in Figure 8. The hybrid DFT, DFT-D3, and LC- DFT methods, all show 

similar trend for the results of F=O…F and F=O…S configurations. For the S=O…F and S=O…S 
configurations there are some differences in trends. In this case, B3LYP-D3 and ωB97xD perform 
similarly but are somewhat different from B3LYP, CAM-B3LYP and LC-BLYP results. However, in 

all of these cases, the conformational energy differences are far above the energy of the most stable 

structure (F=O…F all cis) and hence these differences in trends do not affect our final conclusion of 
what constitutes the most stable structure of 2PTB7-Th.  Hence, we conclude that the three LC-DFT 

methods confirm our findings as obtained using the B3LYP and B3LYP-D3 functionals. Because of 

this consistency in the results, the remaining part of this conformational analysis (that will involve 

energy optimizations of longer oligomers) is carried out with only B3LYP and B3LYP-D3 DFT 

functionals. This is done primarily for computational expediency. 

Table 3. DFT-B3LYP, DFT-B3LYP-D3, and LC-DFT (CAM-B3LYP, LC-BLYP, and ωB97xD) results for 
the representative 2PTB7-Th dimers with SdChs. 
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Figure 8. Conformational energy differences for the representative 2PTB7-Th conformations and 

configurations using B3LYP, B3LYP-D3, CAM-B3LYP, LC-BLYP, and ωB97xD methods. 

3.3. Longer Oligomers of PTB7-Th 

First, we make a note regarding the naming of longer oligomers (extended dimers). It can be 
seen from the discussion above that dimer names such as F=O…F etc are somewhat ambiguous. That 
is, because of the symmetry of the monomers, dimers can be equivalently thought of as central 

monomer with end groups (e.g. S=O…F monomer in the case of F=O…F dimer). In order to be 
consistent, we name the longer oligomers based on the initial monomers that were used to build the 

longer oligomers of PTB7-Th. Appropriate comments regarding their structures and energies will be 

made as it is needed.  

In order to further assess the lowest energy state of PTB7-Th, we carry out conformational 

analysis of longer oligomers of PTB7-Th. The dimers that exhibited relatively lower conformational 
energy differences in the previous section 3.2 (such as, for example, F=O...F (c-c-c) and F=O…S (c-t-

c)) are extended to two-and-half (2.5) oligomers, trimers and tetramers. They are referred to as 

2.5PTB7-Th, 3PTB7-Th, and 4PTB7-Th oligomers, respectively. The 2.5PTB7-Th is purposely selected 

for its symmetrical structure (that is, for example, its F=O…S configuration can be thought of as 
consisting of either two F=O…S monomers or equivalently of two S=O…S monomers with a 
corresponding end group).  
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Table 4 gives the conformational energy results for the representative longer oligomers without 

SdChs. The B3LYP and B3LYP-D3 computational data in the table predict that all cis-like 

conformations of F=O…S configurations of constituent monomers have the lowest energies for the 

respective oligomers (2.5, trimers and tetramers). There are some near degeneracies in the case of 

B3LYP results. This is very much consistent with the conformational analysis of the monomers, which 

predicted that both cis-like conformations of S=O…S and F=O…S configurations have the lowest 
energies. As described above, it should be noted that for longer oligomers denoted by, say, F=O…S 
name, the F=O…S or equivalently S=O…S monomers are alternating along the chain backbone with 
possible end groups (see also Figure 7). Hence, it is expected that all cis-like oligomers without SdChs 

denoted by S=O…S or F=O…S would produce the lowest energy states. 

Table 4. B3LYP and B3LYP-D3 conformational energy results for the representative PTB7-Th 

oligomers without SdChs. 

 

Table 5 presents the B3LYP and B3LYP-D3 energies and the main S-C-C-S dihedral angles along 

the chain backbones for the representative longer oligomers with SdChs (the optimized structures for 

all of the oligomers with SdChs are displayed in Figures S5 and S6 in SI). In contrast to the results for 

oligomers without SdChs, the results of Table 5 show no degeneracies in the conformational energies 

for all of the studied oligomers with SdChs. This clearly indicates the significant role of SdChs in the 

conformational energy analysis. The data in Table 5 also show that all cis-like conformations of 

F=O…F oligomers with SdChs (or equivalently consisting of cis-like S=O…F configurations of 
constituent monomers) have the lowest energies for all of the representative systems studied (i.e. 2.5 

oligomers, trimers and tetramers). These results for the longer oligomers with SdChs are consistent 

with the dimer results which found that the lowest energy configurations occur for F=O…F (c-c-c) 

dimers with SdChs. The main conclusion that can be made for both dimers and longer oligomers with 

SdChs is that the preferred state is an all cis-like conformation with the =O in the plane with F (see 
optimized geometries in Figure 9). Whereas for longer oligomers without SdChs the =O is located in 
plane with S in their lowest energy structures.  

To understand why F=O…F (all cis) structure exhibits the lowest conformational energy, we 
consider the optimized geometries of the longer studied oligomers as shown in Figure 9. This figure 

shows that in the all cis-like conformations the SdChs tend to bunch in groups of three along the 

oligomer backbones. These SdChs intermolecular interactions provide extra (attractive) energy that 
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makes these structures more stable relative to other conformations (where the SdChs are either 

unevenly distributed on both side of the backbone in mixed conformations or are farther apart in the 
all trans-like conformations). As an example, we look at the optimized structures of 4PTB7-Th’s as 

shown in Figure 10 in some greater details. It appears that F=O…F (all cis) 4PTB7-Th displays a slight 

twist along oligomer chain backbone, which causes a stronger intra-chain interactions within the 

twisted backbone, thus lowering its conformational energy (see Figure 10 (a)). The backbone twists 

in all cis-like conformations further enhances the SdChs interactions by bunching them in groups of 

three as mentioned above. This twist is not present in the geometries of other structures (such as 

S=O…S (all trans) in Figure 10 (b)). When cis- and trans-like S-C-C-S dihedral angles are mixed (such 
as c-t-c), the chain backbone bends (see Figure 10 (c) and (d)). We also note that these mixed 
conformations have an uneven distribution of SdChs (with one side having significantly more SdChs 

than the other) in comparison to the all cis-like (or all trans-like) conformations.  

Table 5 also includes the main S-C-C-S dihedral angles along the chain backbone of the longer 

oligomers.  Similar to dimer and monomer computational results, the longer oligomers also show 

that most trans-like dihedral angles are close to either +/-150฀ or +/-160฀ (ranging from +/-150฀ to +/-
180฀) and cis-like angles are close to +/-25฀ (ranging from +/-10฀ to +/-40฀). In general, in comparison 

to oligomers without SdChs there are more fluctuations in dihedral angles (and they tend to be 

somewhat larger) when SdChs are present due intermolecular interactions between SdChs for both 

B3LYP and B3LYP-D3 results. Also, due to explicit inclusion of the van der Waals intermolecular 
energy, B3LYP-D3 dihedral angle values tend to be larger than the corresponding B3LYP values, 

again due to SdChs interactions (see discussion above). For example, Table 5 show that cis-like angles 

for longer oligomers with SdChs tend to be closer to 30฀ (B3LYP-D3) rather than 25฀ (B3LYP) and 

similarly B3LYP-D3 trans-like angles tend to be larger by approximately 5฀ in comparison to the 

corresponding B3LYP results for oligomers with SdChs. 
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Table 5. B3LYP and B3LYP-D3 conformational energy and S-C-C-S dihedral angle results for the 

representative PTB7-Th oligomers with SdChs. 

 

 

Figure 9. The B3LYP-D3 optimized geometries for the preferred states of the longer oligomers of 

PTB7-Th (F=O...F, all-cis). Hydrogens are removed for visual clarification. 
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Figure 10. Representative examples of the B3LYP-D3 optimized geometries of 4PTB7-Th oligomers. 

Hydrogens are removed for visual clarification. 

3.4. Electronic Structure of PTB7-Th 

Conformational analysis of the PTB7-Th is the main focus of this paper.  However, to verify that 

our conformational results are physically meaningful, we compare the computed electronic structure 

(HOMO, LUMO and band gap) values of PTB7-Th with the respective experimental values. The 
experimentally determined band gap (Eg) of PTB7-Th is 1.59 eV and its HOMO and LUMO energy 
values estimated to be –5.23 eV and –3.64 eV respectively [1,8,33].  Table 6 (a) lists the HOMO and 

LUMO eigenvalues and band gaps for the most stable DFT/B3LYP and DFT/B3LYP-D3 structures of 

oligomers from monomers to tetramers as found above (to obtain B3LYP energies from B3LYP-D3 

computations, we employ B3LYP-D3 optimized geometries in single point B3LYP 

calculations).  Figure 11 estimates the band gap for the infinite chain length (PTB7-Th) polymer by 

plotting oligomer band gaps as a function of the inverse of their lengths and extrapolating to zero. 
These extrapolations give value of 1.8 eV and 1.86 eV for the B3LYP and B3LYP-D3 band gap of PTB7-

Th respectively. As expected [34], these gas-phase values differ by approximately 0.2 eV from the 
experimental (bulk phase) value. Hence, we can conclude that our conformational analysis resulted 
in a structure of PTB7-Th with electronic properties that are in good agreement with the respective 

experimental results. 
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Figure 11. Band gaps of B3LYP and B3LYP-D3 optimized geometries of PTB7-Th oligomers versus 

the inverse of their chain lengths. 

In addition, we look at the variation of HOMO and LUMO eigenvalues and band gap energies 

with the changes in conformation and configuration of the oligomers. We focus on the results for the 

4PTB7-Th since it is the longest oligomer we consider (and hence, it can be thought of as the best 

model for the polymer). Table 6 (b) shows that band gaps (and HOMO and LUMO) values change 

very little with different conformational changes in 4PTB7-Th. The average value for the band gap is 

2.1 eV with HOMO and LUMO eigenvalues are close to – 4.8 eV and – 2.7 eV respectively for all of 
the tetramers.  We also study the effect of SdChs on the electronic structure energies by considering 

again results for 4PTB7-Th’s. We found that for all of the tetramers without SdChs, HOMO and 

LUMO eigenvalues are close to – 4.9 eV and – 2.9 eV respectively and the average band gap energy 

is 2.09 eV.  In agreement with our previous findings, alkane (linear or branched) SdChs do not affect 

significantly the band gap energies and HOMO/LUMO eigenvalues of organic polymers [35]. 

Table 6. HOMO (𝜖𝜖𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻) and LUMO (𝜖𝜖𝐿𝐿𝐿𝐿𝐻𝐻𝐻𝐻) eigenvalues, and band gaps (𝐸𝐸𝑔𝑔) calculated using (a) 

(B3LYP and single point B3LYP on B3LYP-D3 optimized geometries) for the most stable structures of 

PTB7-Th (from 1PTB7-Th monomer to 4PTB7-Th tetramers), and (b) B3LYP for various configurations 

of 4PTB7-Th with and without SdChs. 
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4. Conclusions 

In this work, we carry out an extensive conformational analysis on the PTB7-Th oligomers 

(ranging from monomers to tetramers) using the DFT-B3LYP, DFT-B3LYP-D3, and LC-DFT (CAM-

B3LYP, LC-BLYP, and ωB97xD) computations. The fully geometry optimized conformational energy 

states were calculated for various orientations of S, F, and =O in the TT-CF part relative to the PBDTT 

part. Particular attention was paid to the role of branched ethylhexyl SdChs, and the S-C-C-S dihedral 

angles along the chain backbones of the PTB7-Th oligomers. Our findings show that SdChs remove 

the degeneracies in the conformational energy calculations of the oligomers without SdChs. The 

results of B3LYP, B3LYP-D3, CAM-B3LYP, LC-BLYP, and ωB97xD  predicted that all cis-like 

conformation with the S-C-C-S dihedral angles between 20฀ and 30฀ (in most cases) with preference 

for F on the TT-CF part of the monomer being in the same plane and the same side as the =O in the 
lowest energy (ground) state for PTB7-Th oligomers with SdChs (see Scheme 2). In contrast, for 

B3LYP and B3LYP-D3 oligomers without SdChs, there is a slight preference for S on the TT-CF part 

of the monomer to be in the same plane and the same side as the =O in their lowest energy states. The 
preference of the F=O…F structure over other configurations (such as the S=O…S) is mainly due to 
their stronger (grouped) SdChs interactions in oligomers with SdChs. Conformations with mix cis- 

and trans-like dihedral angles along the backbone have an uneven distribution of SdChs (with one 

side having significantly more SdChs than the other) in comparison to the all cis-like conformations. 

All trans-like conformations have similar SdChs distributions as all cis-like conformations but they 

are not energetically preferred for the lowest energy state of PTB7-Th. Finally, DFT electronic 

structure energies agree well with the corresponding experimental values (e.g. to within expected 
accuracy of 0.2 eV for band gaps).  

 

Scheme 2. Chemical Composition for the most stable conformation of PTB7-Th monomer. 

Supplementary Materials: SI displays structures of all of the optimized oligomers with SdChs. 

Data Availability Statement: The raw/processed data required to reproduce these findings cannot be shared at 

this time due to technical or time limitations. 
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