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Abstract 

Poly(benzodifurandione) (n-PBDF) has garnered significant interest as it displays the highest 

reported n-type electrical conductivity among π-conjugated polymers. Earlier theoretical 

explorations of n-PBDF oligomers and one-dimensional chains could not rationalize the origin of 

this remarkable conductivity; hence, here, we move to two-dimensional (2D) and three-

dimensional (3D) n-PBDF networks and investigate their geometric and electronic properties using 

first-principles calculations and tight-binding models. In 2D networks, a metallic electronic 

configuration occurs when considering a coplanar geometry with BDF moieties bounded to 

protons (acting as counter ions) all on the same side; however, backbone torsions strongly disrupt 

the metallic behavior. In contrast, all 3D architectures consistently lead to a metallic nature. 

Importantly, the metallic characteristics are not impacted by variations in proton positions and 

stacking patterns. Tight-binding models then allowed us to evaluate the respective strengths of 

intra- and inter-chain electronic couplings in n-PBDF. Overall, our investigations provide a 

comprehensive picture into the electronic properties of n-PBDF and shed light on how they are 

affected by system dimensionality, proton positions, and stacking patterns. 
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I. Introduction 

The incorporation of dopants into π-conjugated polymers provides an avenue for modulating 

carrier density, charge mobility, and energy levels.1–7 This allows one not only to tailor the 

electronic properties but also to enhance the overall performance of organic electronic devices.7,8 

Recently, Huang and co-workers9 and Mei and co-workers10 reported the synthesis of a n-type 

conjugated polymer, poly(benzodifurandione) (n-PBDF): 

 

This polymer, whose π-conjugation pathway is akin to that in poly(para-phenylene vinylene), is 

solution processable even though it does not carry any side-chains. Following a tandem 

polymerization / reductive doping process, the backbone ends up carrying excess negative charges 

(nearly 0.9 excess electron per BDF unit), with protons serving as counter ions. n-PBDF displays 

the highest n-type electrical conductivity measured to date, up to 6000 S/cm.9,10 Also, n-PBDF has 

been shown to exhibit both kinetic and thermodynamic stabilities, which makes it a promising 

candidate across a diverse range of applications, from electrochemical transistors to thermoelectric 

devices and transparent conducting electrodes.9–11 These advances have stimulated considerable 

interest in the realm of organic electronics12–22 and call for a comprehensive understanding of the 

electronic properties of this polymer.  

 

Recently, we carried out density functional theory (DFT) calculations to evaluate the electronic 

and magnetic properties of oligomers and one-dimensional (1D) periodic chains of n-PBDF.23 The 

results highlighted that the most energetically favorable species are singlet bipolarons formed 
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when two adjacent carbonyl groups in nearest-neighbor benzodifurandione (BDF) moieties are 

protonated. In these low-dimensional systems, we also found that there exists a significant 

correlation between the exact locations of the protonated carbonyl groups and the resulting 

electrical behavior, which ranges all the way from insulating to semiconducting or metallic, see 

Figure S1 in the Supplementary Information (SI). However, it is well established that the 

macroscopic performance of organic materials in their solid state is strongly affected by inter-

molecular (inter-chain) interactions.24–29 Therefore, in the present work, we extend our previous 

investigations first to two-dimensional (2D) and then to three-dimensional (3D) networks of n-

PBDF and consider a variety of possible proton locations. The 2D networks are seen as a useful 

intermediate step in going from chains to 3D crystalline structures. In the case of 2D systems, we 

first examine the relationships between the charge transport characteristics and the proton locations; 

then, the energy barrier for proton diffusion from one chain to a neighboring chain is assessed. In 

the case of the 3D networks, in the current absence of precise experimental data, we first rely on 

ab initio molecular dynamics (AIMD) approaches to examine their structural stability; then, their 

electronic band structures, charge distributions, and Fermi surfaces are investigated to characterize 

the charge transport features. Tight-binding models are also employed to evaluate the intra- and 

inter-chain electron transfer processes.  

 

II. Computational Approaches 

Five 2D and four 3D n-PBDF polymer networks were constructed by stacking 1D chains in various 

ways, as depicted in Figure S2. Their structural optimizations were initially carried out at the DFT 

level with the Perdew-Burke-Ernzerhof (PBE) functional in the framework of the generalized 

gradient approximation, as implemented in the Vienna Ab initio Simulation Package (VASP).30–

32 The PBE-derived structures were then reoptimized at the global-hybrid PBE0 level of theory 



5 
 

using VASP and CRYSTAL.33,34 The convergence  criterion was set to atomic forces smaller than 

0.01 eV/Å. A plane-wave cutoff of 500 eV was adopted for all systems. In the self-consistent 

calculations, we adopted Monkhorst-Pack k-point meshes of 9×7×1, 9×7×1, 9×4×1, 5×4×1, and 

5×4×1 for the 2D n-PBDF networks 2D-a, 2D-b, 2D-c, 2D-d, and 2D-e, respectively; 9×5×15 for 

the 3D PBDF structures 3D-a, 3D-b, and 3D-c; and 5×5×15 for the 3D-d system. The DFT-D3 

van der Waals corrections were considered in all calculations.35  

 

To examine the structural stability of the four 3D n-PBDF systems 3D-a, 3D-b, 3D-c, and 3D-d, 

supercells containing 64 BDF units (1088 atoms in total) were adopted to perform AIMD 

simulations with VASP in the NVT (constant number, N, volume, V, and temperature, T) 

canonical ensemble with a time step of 1 fs for 6 ps at 300 K with the Nose-Hoover thermostat;36–

38 a Γ-point-only k-point grid was used. The climbing image nudged elastic band (NEB) 

method39,40 as implemented in VASP was adopted to assess the energy barrier associated with 

proton diffusion between two adjacent chains using the 2D-a system as an example. The 

VASPKIT41 and C2x42 codes were employed for post-processing of the VASP-calculated data. 

The VESTA43 and XCrySDen44 packages were used to visualize the results.  

 

III. Results and Discussion 

a. Two-dimensional n-PBDF networks 

We built five 2D n-PBDF networks by expanding in the lateral dimension the oligomer and 1D 

chain models of n-PBDF we considered earlier.23 Their structures are illustrated in Figures 1a-1e, 

with further details provided in Figure S3 and Table S1. In these 2D n-PBDF networks, each BDF 

unit can be classified according to its number of protonated carbonyl groups, which ranges from 
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zero to two.  All protons are situated on the same side of the chain in the first three cases, 2D-a, 

2D-b, and 2D-c, which are the 2D counter parts of the 1D coplanar n-PBDF chain, as illustrated 

in Figure S1a. In the fourth case (2D-d), a distinct pattern is present with protons adopting an 

alternating top-bottom configuration; this corresponds to the 1D top-bottom n-PBDF chain, see 

Figure S1b. 2D-e n-PBDF has one BDF unit unprotonated and the neighboring unit doubly 

protonated, which is similar to the case of the 1D 0H-2H n-PBDF chain (Figure S1c).  

 

 

Figure 1. (a) to (e): Structures of the 2D n-PBDF networks, as optimized at the PBE0 level of 
theory. The backbone of each BDF unit is highlighted in green. The protonated C=O group and the 
nearest O from the neighboring chain are represented by a dashed circle. Positive and negative 
charges are highlighted in red and blue, respectively. The blue arrows in (d, e) indicate the twisting 
between neighboring BDF units.  
 

 

We note that in the 2D-a, 2D-c, 2D-d, and 2D-e networks, an unprotonated carbonyl group is 

adjacent to the protonated one in the neighboring chain, while in 2D-b, it is a furan moiety that is 
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close to the protonated C=O. Optimization of the 2D-a, 2D-b, and 2D-c systems lead to coplanar 

structures. The 2D-a and 2D-b networks have one protonated BDF unit per repeating cell, while 

2D-c comprises two BDF units per cell with adjacent BDF units herringbone stacked. The 2D-d 

and 2D-e networks display deviations from coplanarity, which is consistent with the twists 

observed in their corresponding 1D counterparts.23  The relative energies of these 2D n-PBDF 

networks are listed in Table S2 with 2D-d calculated as the most stable structure; the trends are 

again consistent with the 1D chain models. 

 

The DFT-PBE0 band structures of the 2D n-PBDF networks are illustrated in Figure 2. The 2D-a, 

2D-b, and 2D-c networks are characterized by a metallic behavior due to the presence of dispersive 

bands (corresponding to the intra-chain direction in real space) that intersect the Fermi level, while 

networks 2D-d and 2D-e display bandgaps of 0.48 and 1.39 eV, respectively. The evolution of the 

Fermi levels and the energies of the lowest unoccupied and highest occupied levels of the 2D n-

PBDF systems are provided in Figure 2f, where the pristine undoped 1D PBDF chain is adopted 

as reference. In line with our previous investigations on 1D n-PBDF systems,23 the metallic, 

semiconducting, or insulating characteristics of the 2D n-PBDF networks correlate with the 

patterns of proton locations.  
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Figure 2. (a) to (e): Band structures of two-dimensional n-PBDF networks as calculated at the 
PBE0 level of theory. The bandgap values are 0.48 and 1.39 eV for 2D-d and 2D-e n-PBDF, 
respectively. (f) Comparisons of the Fermi energies and the energies of the lowest unoccupied and 
highest occupied levels of the intrinsic PBDF chain and 2D n-PBDF networks, as calculated at the 
PBE0 level and theory. The vacuum level is taken as zero energy. The bandgaps are indicated by 
vertical dashed arrows. There is no gap in the 2D-a, 2D-b, and 2D-c n-PBDF networks. 
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We note that the Fermi level energy of the 2D n-PBDF networks varies within a small energy range 

(‒4.1 ± 0.1 eV), which is close to the experimentally reported value of 4.4-4.6 eV.10 The metallic 

2D-a, 2D-b, and 2D-c configurations represent degenerately n-doped systems with their Fermi 

energies located about 0.75 eV above the lowest unoccupied level of the undoped system; this 

difference compares very well with the experimental results, which indicate that the Fermi level 

of the n-PBDF polymer is about 0.6-0.8 eV higher than the lowest unoccupied orbital of the parent 

system.10 Further details on the electronic properties of the 2D networks coming from tight-binding 

model analyses can be found in the SI (see Figure S4, Table S3, and the related discussion). 

 

Given the significant influence of the proton position on the electronic characteristics of 2D n-

PBDF networks, we thought of interest to assess the energy barrier associated with proton diffusion 

between two chains. To do so, we turned to the climbing image nudged elastic band (NEB) method 

and took the 2D-a system as a representative example. 

 

As illustrated in Figure 3, the initial and final configurations exhibit only minuscule differences 

in bond lengths. The hydrogen-bonding dynamics (initially O‒H‧‧‧O distances of 1.137 and 1.300 

Å) progresses to a saddle point (O‧‧‧H‧‧‧O, 1.226 and 1.196 Å), followed by another local minimum 

(O‧‧‧H‒O, 1.309 and 1.130 Å). The NEB computations yield an energy barrier of approximately 

2.3 meV per BDF unit (equivalent to ~0.22 kJ/mol), which is much lower than thermal energy at 

room temperature (2.48 kJ/mol). Thus, the protons demonstrate dynamic equivalence between 

adjacent PBDF chains. 
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Figure 3. Reaction path calculated with the climbing image nudged elastic band (NEB) approach, 
showing the energy barriers for proton diffusion between the carbonyl groups of two adjacent 
chains in the 2D-a PBDF network.  
 
 
 
b. Three-dimensional n-PBDF networks 

Here, we have considered four 3D crystalline structures, which are obtained by stacking the chains 

found in 2D networks into various π-π packing patterns (see Figure S2); the 3D networks are 

illustrated in Figure 4. In 3D-a, 3D-b, and 3D-d, every other chain is unprotonated while the 

neighboring one is doubly protonated; in 3D-c, each BDF unit has one protonated carbonyl group 

and all protons are situated on the same side of the chain. There appear torsions (~27°) between 

neighboring BDF units along each chain in 3D-d, which are comparable to the torsion angles 
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observed in the 1D and 2D cases. In all instances, the π-π stacking distance is in the range of 3.2-

3.4 Å, while the lamellar packing distance ranges from 11.3 to 15.1 Å. Importantly, the lattice 

parameters of these proposed 3D n-PBDF structures closely align with experimentally reported 

values: d-spacing of lamellar packing around 11.18/10.91 Å and π-π stacking distance of 3.30/3.33 

Å.9,20 The lattice parameters of the four 3D n-PBDF systems are provided in Table S4. The 

structural parameters of the 3D-a network are those that more closely approximate the ones 

observed in the experimental studies. 

 
The 3D-d structure is found to be more stable than 3D-a, 3D-b, and 3D-c by 0.19, 0.10, and 0.21 

eV/BDF (18.3, 9.7, and 20.3 kJ/mol/BDF), respectively. As an important step to assess the stability 

of the proposed 3D n-PBDF networks, we carried out AIMD simulations (see Figures S5 and S6). 

The results point to the absence of any significant structural distortion in the framework up to 6 ps 

of simulation, especially in the 3D-a, 3D-c, and 3D-d cases, which confirms the stability of these 

structures at room temperature. A reconstruction of the twisting between neighboring BDF units 

was found in the 3D-b case in the course of the AIMD simulations, which leads to a structure 

sharing some similarities with 3D-d. It is worth noting that some protons diffuse to neighboring 

BDF chains, as depicted in Figure S7, leading again to a dynamic equilibrium of the protons 

among neighboring chains.   
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Figure 4. Geometrical structures of the proposed 3D n-PBDF crystalline networks. The protons 
are highlighted in green. The π-π stacking distance and lamellar packing distance are given in blue 
and the dihedral angle between neighboring chains, in green. The boxes represent the unit cell. In 
3D-a, 3D-b, and 3D-d, every other chain is unprotonated while the other chains are doubly 
protonated. In 3D-c, each BDF unit has one protonated carbonyl group with all protons situated 
on the same side of the chain. Lattice vector a is oriented along the chain direction, b represents 
the lamellar packing direction, and c corresponds to the π-π stacking direction. 
 
 
From a Bader charge analysis,45,46 the net charges on the protons are found to be about +0.67 |e| in 

all structures, which is consistent with the values reported for the 1D n-PBDF chains23 (details are 

provided in Table S5). The backbones of the doubly protonated chains host negative charges of -

0.81 to -0.85 |e|, while the charges localized on the unprotonated chains are -0.49 to -0.51 |e|. In 

the case of 3D-c, where each BDF unit has one protonated carbonyl group with a uniform 
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distribution over the chains, the net charge on each proton is +0.66 |e| with each BDF unit along 

the backbone of the chain then formally holding a -0.66 |e| charge. 

 

The band structures of the 3D n-PBDF networks are shown in Figure 5. The major result, in 

marked contrast with the 1D and 2D n-PBDF systems, is that all 3D crystalline networks we have 

considered exhibit a metallic electronic structure, with multiple bands crossing the Fermi level. 

Also, the metallic character is found to be independent of the proton positions and stacking 

patterns. The partial charge density distributions in real space of the bands near the Fermi level 

demonstrate that they are delocalized along the moieties situated between the protons along the 

lamellar direction. It is worth noting that the partial charge distributions in 3D-d are not as uniform 

as those in the other three cases, which can be related to the backbone torsions. 

 

In all four cases, the most significant dispersions occur along the intra-chain direction, 

corresponding in reciprocal space to the Γ-X and S-Y k-paths (their first Brillouin zones are 

provided in Figure S8). The band dispersions along the directions related in real space to the 

lamellar direction (i.e., X-S, Y-Γ, and R-U) are much smaller, as electronic interactions are 

naturally the weakest along that direction. The band dispersion along the Γ-Z direction, which 

corresponds in real space to the inter-chain π-π interactions, is also expectedly less dispersive 

compared to those along the intra-chain direction.  
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Figure 5. DFT-PBE0 calculated band structures of the 3D n-PBDF crystalline networks and partial 
charge density distributions of the bands crossing the Fermi level. The k-paths used to calculate 
the band structures are highlighted in green in Figure S8 in the SI.  
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To directly evaluate the intra- and inter-chain coupling strengths, we analyzed the DFT-PBE0 

calculated band structures with tight-binding (TB) models, as shown in Figure S11. We note again 

that the inter-chain electronic couplings consist of two components: one corresponding to the 

interactions along the lamellar direction, and the other, to π-π interactions. The TB fitting 

parameters are listed in Table 1.  

 

Table 1. Parameters of tight-binding models for band structure fitting of 3D n-PBDF. All values 
are given in unit of eV (𝒕𝒕𝒙𝒙, intra-chain transfer integral; 𝒕𝒕𝒚𝒚, inter-lamella transfer integral; and 𝒕𝒕𝒛𝒛, 
π-π interaction dominated transfer integral). 
 

n-PBDF 𝜺𝜺𝟏𝟏,𝟐𝟐 𝒕𝒕𝒙𝒙 𝒕𝒕𝒚𝒚 𝒕𝒕𝒛𝒛 

3D-a 0.15/-0.28 -0.53 -0.05 0.14 

3D-b 0.20/-0.25 -0.52 -0.04 -0.15 

3D-c - -0.42 -0.04 0.05 

3D-d 0.48/-0.05 -0.49 -0.05 -0.15 

 

 

The intra-chain electronic coupling strength is comparable among all three cases, tx = ~0.5 eV. 

Interestingly, if we follow a simple model appropriate for a single chain,24,47 in which the 

bandwidth W amounts to four times the electronic coupling, it leads to W = ~2 eV, which closely 

matches the width measured and calculated for the upper occupied band in poly(para-phenylene 

vinylene).48 While, as expected, the inter-chain interactions are weaker, they remain very 

significant as the electronic couplings range between 10% (lamellar interactions) and 30% (for π-

π interactions) of the intra-chain values, i.e., between ~50 and ~150 meV. We recall that, in the 

organic molecular semiconductors with the highest reported carrier mobilities such as pentacene 
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and rubrene, the inter-molecular electronic couplings are reported to be in the range of 1 to 134 

meV.49–55  

 

Finally, on the basis of our proposed 3D n-PBDF crystalline networks, we sought to obtain an 

estimate of the charge carrier density, making the assumption of one carrier per BDF unit. The 

carrier densities calculated in this way range from 5.7 to 6.2 × 1021 cm-3. These values are in line 

with the experimentally reported carrier density of 1.2 × 1022 cm-3 at room temperature, obtained 

from Hall effect measurements.9 

 
 

Conclusions 

Based on our initial theoretical explorations of n-PBDF oligomers and 1D chains, we have 

extended our computational investigations into 2D and 3D networks. The geometric and electronic 

properties of these systems were studied using first-principles density functional theory 

calculations and tight-binding models. Our objective was to offer a more comprehensive 

description of the relationships between the network structures (i.e., dimensionality, proton 

locations, and stacking patterns) and the electronic properties of n-PBDF. 

 

We first discussed five 2D n-PBDF networks, built through lateral extensions of the 1D chains 

considered earlier. Three of these networks exhibit coplanar conformations of the chains, while the 

remaining two display torsions between neighboring BDF units. The main result is that it is only 

in the coplanar networks that a metallic nature of the electronic structure is found. Also, using one 

of the coplanar networks as an example, we estimated that the energy barrier for proton diffusion 

between adjacent chains is remarkably small (much lower than thermal energy at room 
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temperature), indicating a dynamic equivalence of protons in relation to their binding between 

neighboring PBDF chains. 

 

In the absence of detailed experimental data, we then proposed four 3D n-PBDF crystalline 

networks, designed by stacking the chains found in 2D networks into various π-π packing patterns.  

The thermodynamic stability of these networks was established via ab initio molecular dynamics 

simulations. The key result is that all these 3D networks display metallic properties. Importantly, 

the metallic character is independent of the exact proton positions or the specific 3D stacking 

arrangement. The intra-chain and inter-chain (along both the lamellar and π-stacking directions) 

electronic couplings were evaluated through an analysis of tight-binding models; the results point 

to very significant electronic interactions along all directions, with the values of inter-chain 

coupling strengths remaining as large as 10 to 30% of the ~500 meV intra-chain value.  
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