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The absorption spectra of polymers derived from ortho, meta and para phenylenediamines (o-PDA, m-PDA and p-PDA) have been simulated combining periodic density functional theory (DFT) calculations with Time-Dependent DFT simulations. These latter have been carried out on finite clusters embedded in a set of point charges devised to exactly reproduce the electrostatic potential of the periodic chains. The results are compared with those obtained for solvated o-PDA, m-PDA and p-PDA oligomers of increasing sizes extracted from the periodic structures. The electronic transitions involved have been investigated by a qualitative analysis based on isodensity maps completed by a quantitative analysis based on the density-based index (DCT). For poly-(o)-and poly-(p)phenylenediamines the agreement with the experimental data is achieved already by modelling solvated dimers whereas the inclusion of long-range electrostatic effects is mandatory for poly-(m)phenylenediamine highlighting the importance of an accurate treatment of the electrostatic environment when a finite cluster approach is considered.

Introduction

Conjugated polymers are used in a wide range of devices such as rechargeable batteries, sensors, solar cells and light emitting diodes since they couple tunable spectroscopic and electronic properties with suitable mechanical features. [1][2][3][4][5][6] Among the so-called conducting polymers, 7 the polyaniline (PAN) received the most attention due to its easy preparation and outstanding stability. 8 Novel conjugated polymers using phenylenediamines (PDA) with the ortho, meta and para derivates (o-PDA, m-PDA and p-PDA) have been also investigated due to the enhanced thermal stability, electrical conduction and processing polymer properties compared to PAN. The multifunctionality of aromatic PDA, leads, in fact, to a large variation of several properties including conductivity and good optical and magnetic activity obtaining high environmental and thermal stability. Interesting applications in biomedical field were highlighted, where the potential toxicity of aniline and its oligomers is feared, and promising fields are seen in corrosion protection, energy conversions, and water purification. Very recently, the Luque's group reported an intriguing one-step synthesis of highly luminescent PDAbased polymers at room temperature via the biocatalytic activity of magnetic nanobioconjugates.

Fluorescent polymers have been synthesized by the oxidative polymerization of o-PDA, m-PDA and p-PDA precursors using a hybrid redox protein-MNP assembly based on hemoglobin immobilized on dopamine (DA) coated Fe2O3 nanoparticles. 9 The simulation of the electronic properties of these materials can provide insights for the synthesis of novel tailored semi-conducting polymers with enhanced electron transfer and optical properties.

However, the -1D-long-range periodic nature of these systems can raise issues in terms of computational cost when it comes to prediction of excited state properties. Several literature reports 10,11 tackled this problem by considering small oligomers composed of a limited number of monomeric units as representative model systems and applying quantum molecular methods, essentially rooted on Density Functional Theory (DFT) and time dependent DFT (TD-DFT) to compute their excited state properties and to extrapolate, by polynomial fitting, the behaviour of the infinite periodic chains. However, this type of approaches neglects primarily the electrostatic potential produced by the infinite periodic chain which can significantly influence and modulate the optical properties of the oligomers.

In this work we aim at simulating the effect of the long range electrostatic potential introduced by the infinite periodic system by means of the SC-Ewald approach (see Computational details) to reproduce more accurately the optical properties of extended 1D periodic polymers. We will focus on the accuracy obtained in the computed Ultra Violet-Visible (UV-Vis) absorption spectra of single strain polymer chains when using TD-DFT Linear Response methods coupled with the SC-Ewald electrostatic embedding approach. Such methodology will be tested on the poly-(x)-PDA (with x = ortho, meta, and para) (see Figure 1) polymers. It is worth to recall that the oxidative polymerization of o-PDA, m-PDA and p-PDA yields two possible polymer structures: 1) a ladder like one consisting of condensed diaminophenazine repeating units (Figure 1) and 2) an open-ring structure typical of poly-aniline (see Figure S1). 11,12 Experimental evidence shows that the ladder type structures is predominant in the case of poly-(x)-PDA, with only few fractions of the chains assuming an open-ring configuration. 13 As a result, we can safely assume that the ladder type structure is mainly responsible for the optical features observed for the poly-(x)-PDA considered. 8 Hence, we have considered primarily this structure as model in our theoretical analysis, including excited state properties. Furthermore, poly-(x)-PDA feature additional low-lying absorption band in the visible range which are not present in the experimental UV-Vis spectra of their precursors ascribable to the formation of more highly π-conjugated systems following the polymerization process.

Our work has been structured as follows: after a description of the computational approaches, a structural analysis of the polymer chains will be provided together with the excited state properties computed for the oligomers in solution and including the SC-Ewald electrostatic embedding. Finally, the computational results will be compared with the available experimental data and we will show how, using computational approaches, the experimentally observed differences in the photophysical behaviour between monomeric units and polymeric structures can be rationalized.

Computational details

Density Functional Theory (DFT) and its time dependent formulation (TD-DFT) have been used to describe ground and excited state properties of both molecular and 1D periodic polymeric systems.

Excited state properties have been computed both in presence of a continuum model of solvation 14 and in combination of an electrostatic embedding to take into account long-range electrostatic effects generated by the infinite periodic polymer chain following the so-called SC-Ewald procedure. 15 Structural optimizations of the periodic poly-(x)-PDA models were performed by means of the Crystal17 code 16 using the PBE0 global hybrid functional in conjunction with 6-311G Pople basis

sets. An extra-large DFT integration grid composed of 75 radial and 974 angular points was employed. A shrinking factor of 14 was selected to sample the reciprocal space, corresponding to 8 k points in the irreducible Brillouin zone. The data provided by the periodic optimizations (lattice parameters, atomic positions and partial atomic charges) were thereafter used as an input to the SC-Ewald electrostatic embedding scheme for UV-Vis spectra simulation (see below). Excited state properties were computed by the means of TD-DFT calculations 17,18 and several benchmark studies underlined the importance of the exchange correlation functional applied for the description of excited states and especially the correct description of long-range interactions such as through-space charge transfer states. In particular, it was clearly shown how the use of non-asymptotically corrected functionals, such as GGA and global hybrids, may lead to the prediction of unphysical low-lying excited states also known as "ghost" states 19 and diagnostic index to track the presence of these states were developed. 20 To overcome this major drawback, long range corrected functionals, introducing a variable percentage of HF-like exact exchange as a function of the electron-electron distance, can be used. 21 In the present work the CAM-B3LYP functional, 22 including 19% of Hartree-Fock (HF) and 81% of Becke (B) exchange at short interelectronic distances and 65% HF and 35% B exchange at long range, has been used associated with the 6-31++G(2d,2p) basis set. Absorption spectra have been obtained from computed absorption energies and oscillator strengths by convolution with Gaussian functions with half width at half height of 0.1 eV. The use of CAM-B3LYP is also motivated by the results obtained in ref. 23 where the performance of different functionals was tested for the application in conjunction with SC-Ewald 15 to reproduce the absorption and emission spectra of organic mechanofluorochromic materials. Indeed, CAM-B3LYP proved to be the most stable with respect to the self-consistent charge fitting process of the SC-Ewald method (see below) and overall provided better results with respect to other functionals tested especially in terms of emission energies.

Since the optical features of organic molecules are known to be potentially affected by the environment, its effect was considered following two approaches:

1. As a conductor-like polarizable continuum model (CPCM) 14 in order to implicitly consider the effect of the solvent (water) on the optical properties of the poly-(x)-PDA oligomers.

2. As an electrostatic embedding using the method developed by some of us and known as SC-Ewald, 15,24 to simulate the long-range electrostatic effects of the periodic chain of poly-(x)-PDA polymers.

The TD-DFT calculations in combination with the CPCM solvation model (approach 1) were performed on poly-(x)-PDA oligomers composed of one, two and four condensed diamino phenazine repeating units. These oligomers were extracted from the optimized chains obtained from periodic calculations saturating the dangling bonds with hydrogens atoms. The SC-Ewald method in combination with TD-DFT was used to simulate the UV-Vis absorption spectra of poly-(x)-PDA chains (approach 2). Briefly, this method, originally conceived to determine the excited state properties of crystalline materials, seeks to reproduce the long-range electrostatic effect of a periodic object by using an array of point charges surrounding a predefined cluster of atoms (known as quantum cluster) to be treated at QM level and extracted from the periodic structure. The point charges used occupy lattice positions and their values are optimized so that the electrostatic potential they produce matches the electrostatic potential of the infinite periodic system 25 at the QM core positions. More in detail, the overall system is split and described by 3 zones:

1. An inner first zone containing the quantum cluster (QC)

2. An intermediate spherical second zone surrounding the first zone and containing point charges whose values are set to be equal to the partial atomic charges provided by a Mulliken population analysis obtained by the periodic calculation

3. An outer third zone containing variable point charges whose values are determined by solving a set of N3 (number of point charges included in the third zone) linear equations under the constraint that the direct Coulomb summation be equal to the Ewald potential (VE) calculated for all sites of the first two zones:

∑ 𝑞 𝑖 + ∆𝑞 𝑖 |𝑟 𝑘 -𝑟 𝑖 | 𝑁 𝑇 𝑖≠𝑘 = 𝑉 𝐸 (𝑟 𝑘 )
where NT is the total number of sites of the three zones, and rk is a site belonging to the first two zones.

So far, this method has been successfully applied to model excited-state properties of periodic materials of different types such as molecular crystal showing intramolecular proton-transfer, 15 aggregation induced emission materials 26 or mechanochromism 23 in 3D periodic systems. More recently the method has been extended to investigate the optical properties of systems with reduced dimensionality such as CdSe nanoplatelets and CdSe quantum dots. 24 In the present work, a onedimensional periodic formalism has been used throughout to account for the long-range interactions originating from the periodic system at low computational cost. In particular, a charge array was built around suitable QC models (see results section) considering a supercell with 20 unit cells, resulting in 384 and 2114 point charges occupying the second and third zones respectively, with a root mean square deviation from the Ewald potential lower than 0.3 μV in the first zone.

Finally, to describe the nature of the electronic excitations mostly contributing to the simulated UV-Vis spectra, the isodensity maps corresponding to the difference in total density between the excited state of interest and the ground state is performed. From these maps it is possible to qualitatively define the region corresponding to a density depletion (hole localization) and increase (electron localization) upon excitation. This qualitative information will be completed by a quantitative analysis based on the density-based index (DCT), developed some years ago by some of us, 27,28 allowing to assess the charge transfer extent of the investigated electronic transitions computed as the distance between the barycenters of the hole and electron charge density distributions (defined as R+ and R-, respectively):

𝐷 𝐶𝑇 = |𝑅 + -𝑅 -|
This distance quantifies the hole electron separation at the excited state so that low values are associated to local transitions while charge transfer transitions are characterized by large DCT values.

Results

A preliminary conformation study was performed on a model dimer to assess the degree of interring torsion to define the lowest-energy conformations of poly-(x)-PDA chains (see Figure 2). To lower the computational cost, each monomeric unit constituting the polymers has been simplified using a three member rings analogue. Using this model, the relaxed Potential Energy Surface (PES) was computed as a function of two dihedral angles (θ1 and θ2, Figure 2), at the PBE0/6-31G(d) level. Based on the results of the conformational map, we have chosen the conformational minima (reported in Table 1) as initial guess and corresponding to green and red asterisks highlighted in Figure 2 (bottom) that allowed us to build a periodic extended chain with a dimeric repeating unit. Periodic DFT calculations have been performed on the models described above to get the optimized ground state structures of the polymer chains. In particular, geometry optimization provided ladder-like chains with 1 and 2 dihedral angles of -161.6 º and 66.7 º for poly-o-PDA, -155.5 º and -153.5 º for poly-m-PDA while they are both equal to -155.5 º for poly-p-PDA, indicating that the repeating units are more tilted for the former case, in agreement with the larger steric hindrance around the intermonomer torsional angle generated by the amino group in the ortho position, whereas the latter two polymers are almost coplanar. The smaller interring torsional angle may induce a stronger conjugation for poly-m-PDA and poly-p-PDA with respect to poly-o-PDA, thus modifying the observed photophysical properties. A representation of the optimized periodic structures is reported in Supporting Information (Figure S2).

Table 1. Summary of the dihedral angles (in degrees) employed in the building of the polymer chains

From each periodic polymeric structure, oligomers composed of one (hereafter monomer), two (hereafter dimer) and four repeating units (hereafter tetramer) have been extracted, saturating dangling bonds with hydrogen atoms leading to the model oligomers reported in Figure 3). experimentally attributed to π-π* transitions localized on the aminobenzoic fragments while the latter is ascribed to the presence of phenazine fragments within the chains. [29][30][31][32] For poly-(p)-PDA there are some experimental reports indicating also the presence of a broad peak around 636 nm attributed to the occurrence of imine containing fragments. 29 Indeed, the presence of different fragments, including imine or diazo fragment for instance, 29 in variable relative ratio within each polymers chain cannot be excluded depending on experimental conditions such as solvent, acidity of the reaction environment, oxidizing agent and/or catalysts used for the synthesis. [32][33] Among the three polymeric chains, poly-m-PDA seems to be the most prone to branching and stitching during the polymerization thereby increasing the variety of chain fragments possibly present in the chain. Simulated spectra, depicted in Figure 4, show that the highest energy band (independently on the oligomer length and type) is always predicted around 290-303 nm. [29][30][31] This band is in all cases ascribed to a π-π* transition located on the amino benzoic ring as depicted in Figure S3 in the case of the poly-(x)-PDA oligomers, in accordance with experimental data.

Clearly, this band is neither affected by the nature of the oligomer nor by the oligomer length in agreement with its local or semi-local characters. Indeed, the computed charge transfer distances associated to the electronic transitions mostly contributed to these bands are all relatively small, as expected or a local excitation. In the case of the poly-(p)-PDA tetramer for instance, a DCT of 0.361 Å is computed for the S41-S0 transition responsible for the band located at 303 nm while for the poly-(o)-PDA tetramer a DCT of 2.676 Å is computed for the S59-S0 transition responsible for the band located at 290 nm. Analogously, in the case of the poly-(m)-PDA tetramer a DCT value of 1.137 Å is computed for S44-S0 transition responsible for the band located at 302 nm. This agrees with the experimental observation although the absorption energy is slightly underestimated.

Considering the lower energy band located around 400-462 nm at the experimental level, from the calculation it is evident that already for the dimers we reach the convergence of the absorption peak positions, thereby confirming that electronic transitions responsible for the optical features are quite localized. This also indicates that the oligomers made of two monomeric units can properly take into account the main local interactions responsible for the optical features observed experimentally. In particular, except for the m-PDA oligomers, the calculated band positions are in good agreement with the experimental results. This would suggest that we can model quite accurately the opto-electronic properties of this kind of polymers by using a finite molecular approach based on oligomers composed of up to two repeating units.

The local nature of the transition is confirmed by the analysis of the computed difference between the electron density of the brightest excited state contributing to the observed absorption bands located in the visible range and the ground state (ΔρSx-S0). Indeed, in the case of the tetramers (reported in Interestingly, for all systems this band is quite asymmetric with a shoulder around 600 nm particularly evident in the case of poly-(p)-PDA, for which a second maxima can be located at 657 nm. In this case the S1-S0 electronic transition responsible for the absorption is also located on the central dimeric unit and rather localized (with a DCT=0.017 Å) as depicted in Figure S5.

The study of oligomers provided us some interesting insights toward the modeling of the optical properties of the entire polymer chain. However, although in the case of o-PDA and p-PDA oligomers the UV-Vis spectra were in good agreement with experimental data, for the m-PDA the absorption band appearing in the visible range is redshifted of about 86 nm (0.43 eV) compared to the experiments, thus rising some question about the reliability of the model used for the simulation. To better describe the electrostatic effect induced by the presence of an infinite polymer chain, SC-Ewald calculations were thus performed. Considering the local nature of the most relevant transitions highlighted from the analysis of oligomeric species of the poly-(x)-PDA series previously discussed, dimeric unit were considered as QC in all SC-Ewald calculations (see Figure S2).

As a result of the application of the SC-Ewald method, we simulated the absorption spectra of the poly-(x)-PDA polymers (see Figure 5) and evaluated the character of the electronic transitions responsible for the low-lying peak observed in the 400-460 nm range (see Figure S6), by carrying out the analysis of ΔρSx-S0, as already done for the oligomers (see Figure S3 By comparing the polymers spectra provided by the SC-Ewald method and the spectra obtained for the tetramers (see Figure 5), it is evident that the ratio between the two main peaks is much larger in the polymer case thereby indicating that the polarization on the QC induced by charge embedding which simulates the periodic potential of the polymer chain, has an impact on the peak intensity. It is worth to stress that the SC-Ewald method provided a better quantitative description for the poly-(m)-PDA case than the conventional approach thereby improving the band position accuracy. This indicates that the simulation of the photophysical properties of polymers cannot in principle be addressed by a straightforward substitution of the periodic chain with oligomers made of a few repeating units, but that the electrostatic effects due to the long-range potential generated by the polymer chain may have to be taken into account. 

Conclusions

In conclusion, a comprehensive study of the optical properties of poly-(o)-PDA, poly-(m)-PDA and poly-(p)-PDA has been carried out. The periodic optimization of the chain structure has been performed according to a ladder-like configuration and the UV-Vis spectra of the polymers have been simulated by two different approaches: 1) oligomers composed of a few monomeric units have been extracted from the optimized periodic chain 35 and saturated with hydrogen atoms; 2) the same unsaturated oligomers have been embedded in an electrostatic embedding simulating the periodic potential of the polymer chain. This study revealed that the low-lying peak appearing in the UV-Vis absorption spectra upon polymerization arises due to π conjugation of adjacent dimeric units. From a methodological point of view, the optical properties of poly-(o)-and poly-(p)-phenylenediamines can be modeled by means of dimers of the investigated polymer, as we clearly reach a very good agreement with the experimental data, whereas in the case of poly-(m)-phenylenediamine long-range electrostatic effects due to the infinite periodic chain had to be included with the SC-Ewald approach in order to recover a quantitative agreement with the experimental data.
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 1 Figure 1. On the left: ortho-(a), meta-(b) and para-(c) phenylendiamine precursors. At the center: ortho-(a), meta-(b) and para-(c) poly-phenylendiamine monomers. On the right: ortho-(a), meta-(b) and para-(c) polyphenylendiamine.

Figure 2 .

 2 Figure 2. Model dimer of PDA used for the Potential Energy Surface (PES) calculations (on top) and Relaxed Potential Energy Surface (PES) of the model dimer calculated as a function of the torsion angles 1 and 2 (on bottom). Isocontour lines interval: 0.5 kcal/mol. Minima are indicated with an asterisk.

31 PolymerFigure 3 .

 313 Figure 3. Monomer (a), dimer (b) and tetramer (c) structures for poly-(x)-PDA with x = ortho (A), meta (B) and para (C). H atoms omitted for clarity and distances in Å.

Figure 4 .

 4 Figure 4. Simulated UV-Vis absorption spectra (solid curve) of PDA oligomers and experimental absorption band positions (blue dashed line) of poly-(o,m,p)-PDA.[29][30][31] 

Figure S4 )

 S4 Figure S4) the Δρ plot reveals that the π-π* transitions are mainly localized on two central units with only marginal delocalization on the terminal blocks. The rather localized nature of the transition is clearly also reflected by the associated DCT values. Indeed, the S7-S0 transition for poly-(p)-PDA tetramer responsible for the absorption band located at 458 nm has an associated DCT index equal to 0.068 Å, in the case of poly-(o)-PDA tetramer the S9-S0 transition responsible for the absorption band located at 452 nm has an associated DCT index equal to 0.929 Å and the S5-S0 transition characterizing the low-energy region of the spectrum (545 nm) for poly-(m)-PDA tetramer has a DCT index equal to 0.855 Å.

  -S5). The extent of the charge transfer characterizing the investigated transitions has been quantified by the DCT index. In the case of poly-(p)-and poly-(m)-PDA, the electronic transition involves both the monomeric units and possesses a slight charge transfer character with a DCT value equal to 2.405 Å and 1.854 Å, respectively. On the other hand, the electronic excitations are much more localized for poly-(o)-PDA thereby providing a DCT of 0.974 Å. This can be explained by its chain conformation, indeed the tilting of the dihedral angle connecting the monomeric units (see Figure3) observed for the poly-(o)-PDA hampers the π-conjugation between the two fragments thereby affecting the electron transfer between the different units. Indeed, the observed DCT trend is in accordance with the electrical conductivity measurement34 indicating poly-(p)-PDA and poly-(o)-PDA as the most and least conductive conformers, respectively.

Furthermore, the

  low-lying absorption peak appearing in the polymers spectra are redshifted of 46 (poly-(o)-PDA), 43 (poly-(p)-PDA) and 123 (poly-(m)-PDA) nm compared to the oligomers as evidenced in Figure 5, resulting in better agreement with the experimental ones.

Figure 5 .

 5 Figure 5. Simulated UV-Vis absorption spectra of poly-(o,m,p)-PDA polymers in black, red and green solid curve respectively obtained with the one-dimensional SC-Ewald approach compared the simulated UV-Vis absorption spectra of the corresponding oligomers represented as dot-dashed curves. Experimental absorption band positions of poly-(x)-PDA single chains are indicated as dashed vertical lines

  

Acknowledgments

D.L, I.C. and F.L. acknowledge the use of computational resources at Très Grand Centre de Calcul (TGCC) provided by GENCI through project A0050810135. I.C. gratefully acknowledges support from the European Research Council (ERC) for funding under the European Union's Horizon 2020 research and innovation programme (grant agreement No 648558, STRIGES CoG grant). I.C., F.L. and D.L. acknowledge support from the Marie Sklodowska Curie Innovative Training Network MSCA-ITN-2017 (grant number 765739 COSINE).

Data availability statement

The data that support the findings of this study are available in Supporting Information.