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Ionization processes and energetics 

Selected bond lengths and angles for the neutral, radical-anion, and radical-cation states 

of TPT and PPPT starting with both alternated and helical forms at the B3LYP/6-31G** 

level of theory are presented in Tables S1 and S2, respectively. Reduction of TPT to 

form the radical-anion brings about considerable change in the bond lengths and torsional 

orientations within the center of the molecule; as with the neutral structure, the 

alternating conformation is the most energetically stabilized, but only slightly so (0.07 

kcal/mol). The bonds formed from C5 through C11 change on the order of 0.01 – 0.04 Å. 

These bond-length modifications reflect a change that moves the molecule from an 

aromatic-like structure to one with more quinoidal character; though, it should be 

mentioned that the carbon-carbon bonds between the aryl rings are still quite long. In 

addition, the radical-anion state of TPT is substantially more planar than the neutral state 

as the torsion angles between the phenyl rings decrease by approximately 20 . Moreover, 

it is noteworthy that the sulfur-hydrogen bond orientation in the radical-anion state is 

perpendicular to the plane of phenyl ring, whereas in neutral and radical-cation states the 

bond is parallel. As with the neutral state, the radical-anion state of PPPT maintains a 

nearly planar geometric conformation, even when initiating the geometric analysis from 

the twisted alternating and helical conformations. The bond lengths within the central 

portion of the PPPT undergo a similar transformation – from an aromatic conformation 

to more quinoidal – as observed for TPT. Unlike the radical-anion form of TPT,

however, the sulfur-hydrogen bond maintains its planar orientation with the pyrazine ring 

upon reduction. 
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Oxidation to the radical-cation state of TPT introduces notable geometric changes 

throughout the entire structure; unlike the neutral and radical-anion states, the radical 

cation state is actually more energetically stabilized in the helical form (0.18 kcal/mol). 

The sulfur-carbon bond shortens considerably (0.04 Å), while the carbon-carbon bonds 

throughout the -structure move toward a quinoidal-like structure. As with the radical-

anion state, oxidation of TPT induces a planarization of the molecular architecture as the 

torsional angles between the phenyl rings flatten on the order of 15 – 18 . The oxidation 

of PPPT, as with reduction, introduces similar bond-length modifications as observed in 

TPT while maintaining the planar structure observed throughout.    
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Table S1. Selected bond lengths (Å) and angles ( ) for the neutral, radical-anion, and 

radical-cation states of TPT starting with both alternated and helical forms at the 

B3LYP/6-31G** level of theory. 

 alternating helical 

 neutral anion (a-n) cation (c-n) neutral anion (a-n) cation (c-n) 

S1-C2 1.787 1.787 0.000 1.747 -0.040 1.787 1.786 -0.001 1.747 -0.040 

C2-C3 1.401 1.411 0.010 1.416 0.015 1.401 1.412 0.011 1.416 0.015 

C3-C4 1.391 1.388 -0.003 1.377 -0.014 1.391 1.383 -0.008 1.377 -0.014 

C4-C5 1.405 1.431 0.026 1.423 0.018 1.405 1.431 0.026 1.423 0.018 

C5-C6 1.483 1.445 -0.038 1.451 -0.032 1.483 1.445 -0.038 1.451 -0.032 

C6-C/N7 1.405 1.430 0.025 1.424 0.019 1.405 1.430 0.025 1.423 0.018 

C/N7-C8 1.391 1.378 -0.013 1.377 -0.014 1.391 1.378 -0.013 1.376 -0.015 

C8-C9 1.405 1.426 0.021 1.421 0.016 1.405 1.426 0.021 1.421 0.016 

C9-C10 1.484 1.454 -0.030 1.459 -0.025 1.484 1.455 -0.029 1.460 -0.024 

C10-C/N11 1.405 1.424 0.019 1.417 0.012 1.405 1.424 0.019 1.417 0.012 

C/N11-C12 1.394 1.389 -0.005 1.387 -0.007 1.394 1.389 -0.005 1.387 -0.007 

C12-C13 1.396 1.402 0.006 1.401 0.005 1.396 1.402 0.006 1.400 0.004 

1 33.8 11.2 -22.6 18.9 -14.9 38.2 14.2 -24.0 20.3 -17.9 

2 -38.4 -18.2 20.2 -26.3 12.1 39.3 19.3 -20.0 24.2 -15.1 
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Table S2. Selected bond lengths (Å) and angles ( ) for the neutral, radical-anion, and 

radical-cation states of PPPT starting with both alternated and helical forms at the 

B3LYP/6-31G** level of theory. 

 alternating helical 

 neutral anion (a-n) cation (c-n) neutral anion (a-n) cation (c-n)

S1-C2 1.779 1.796 0.017 1.738 -0.041 1.779 1.796 0.017 1.738 -0.041 

C2-C3 1.401 1.410 0.009 1.412 0.011 1.401 1.410 0.009 1.412 0.011 

C3-C4 1.388 1.379 -0.009 1.378 -0.010 1.388 1.379 -0.009 1.378 -0.010 

C4-C5 1.403 1.424 0.021 1.419 0.016 1.403 1.424 0.021 1.419 0.016 

C5-C6 1.480 1.442 -0.038 1.447 -0.033 1.480 1.442 -0.038 1.447 -0.033 

C6-C/N7 1.345 1.382 0.037 1.356 0.011 1.345 1.382 0.037 1.356 0.011 

C/N7-C8 1.331 1.319 -0.012 1.317 -0.014 1.331 1.319 -0.012 1.317 -0.014 

C8-C9 1.406 1.419 0.013 1.430 0.024 1.406 1.419 0.013 1.430 0.024 

C9-C10 1.484 1.446 -0.038 1.458 -0.026 1.484 1.446 -0.038 1.458 -0.026 

C10-C/N11 1.346 1.368 0.022 1.354 0.008 1.346 1.368 0.022 1.354 0.008 

C/N11-C12 1.335 1.331 -0.004 1.325 -0.010 1.335 1.331 -0.004 1.325 -0.010 

C12-C13 1.396 1.397 0.001 1.410 0.014 1.396 1.397 0.001 1.410 0.014 

1 0.1 0.1 0.0 0.1 0.0 0.1 0.0 -0.1 0.2 0.1 

2 0.1 0.1 0.0 0.1 0.0 0.1 0.1 0.0 0.3 0.2 
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From the above geometric analyses of the neutral, radical-anion, and radical-cation states 

of TPT and PPPT, we can provide information pertaining to the total intramolecular 

reorganization ( i) energy for the reductive and oxidative processes, respectively, see 

Table S3. The total intramolecular reorganization energy is one of the key parameters in 

the Marcus expression for electron transport: 
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where  is the total reorganization energy, t is the transfer integral, G  is the free energy 

for reaction, kB is the Boltzmann constant, T is temperature, and h is Planck’s constant.6-9

 can further be broken down into the sum of the reorganization energy due to the 

medium ( o) and the intramolecular reorganization energy ( i) upon charge transfer. i is 

a summation of the electron donor ( 1) and acceptor ( 2) molecule relaxation energies – 

calculated, for example, by taking the difference of the energy of the adiabatic minimum 

geometry of the donor [acceptor] and the energy on the donor [acceptor] potential energy 

surface where the acceptor [donor] adiabatic minimum geometry lies; a diagram showing 

the individual relaxation energy components for i is presented in Figure S1. For the 

reduction of TPT, the total intramolecular reorganization energy is on the order of 0.70 

eV – a relatively substantial energy – while that for PPPT is 0.34 eV. These differences 

point to the fact that the move towards a more planar structure for the radical-anion form 

of TPT takes a significant amount of energy. For oxidation, the total reorganization 

energies are more comparable, though the reorganization energy for TPT (~0.3 eV) is 

larger than that for PPPT (~0.2 eV). 
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Table S3. Relaxation energies in the neutral ( 1) and respective radical-ion ( 2) potential 

wells and total intramolecular reorganization energy ( i) for reduction and oxidation of 

TPT and PPPT at the B3LYP/6-31G** level of theory. All energies are given in eV.  

  Reduction Oxidation 

1 2 i 1 2 i

TPT alternating 0.28 0.40 0.68 0.16 0.17 0.32 

 helical 0.25 0.46 0.71 0.14 0.20 0.34 

 planar 0.13 0.13 0.26 0.11 0.11 0.22 

PPPT  0.17 0.17 0.34 0.11 0.11 0.22 

Figure S1. Schematic of the relaxation energy components of the total intramolecular 

reorganization energy. Also shown are the vertical and adiabatic ionization energies. 
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From the self-consistent field (SCF) analyses of the neutral and radical-ion states, along 

with Koopmans’ Theorem6 (KT) approximations from the electronic structure, the 

electron affinities and ionization potentials can be determined (note that both the electron 

affinity and ionization potential are defined here as the energy of the neutral state 

subtracted from the energy of the radical-ion state; thus, a negative electron affinity 

reflects an energy stable radical-anion state), see Table S4. The calculated electron 

affinities (both vertical and adiabatic) point to PPPT being more easily reduced. These 

results coincide nicely with the KT analysis of the electronic structure in that the LUMO 

for PPPT is more energetically stabilized versus TPT. It is worth noting that the vertical 

and adiabatic estimates of the electron affinity for TPT are a somewhat confusing: the 

results indicate that while the radical-anion form is stabilized versus the neutral state, it 

takes energy to reach the ionized potential surface; further work needs to be done to 

clarify this data. Oxidation, on the other hand, is easier in TPT versus PPPT, as is 

suggested by the both the vertical/adiabatic SCF calculations and KT estimations.  

Table S4. Vertical and adiabatic electron affinities (VEA and AEA, respectively) and 

ionization potentials (VIP and AIP, respectively) for TPT and PPPT as determined at the 

B3LYP/6-31G** level of theory. All energies are in eV. 

  VEA AEA VIP AIP 

TPT alternating 0.27 -0.13 6.99 6.83 

helical 0.31 -0.15 7.00 6.80 

planar ----- -0.14 6.83 6.72 

PPPT  -0.59 -0.76 7.43 7.32 
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As a check for basis set consistency for these molecular systems, the B3LYP calculations 

were repeated for both TPT and PPPT with the 6-311G** basis set. The molecular 

orbital energies and ionization potentials at this level follow the trends established by the 

smaller basis set, see Table S5, with both sets of energies stabilized by ~0.2 eV with the 

6-311G** basis set. Following the manuscript, the results at this level suggest an 

increased barrier for hole injection for PPPT versus TPT, in agreement with the 6-31G** 

calculations. In addition, the geometries of the neutral and radical-ion states, see Tables 

S6 and S7, are very similar at this level.  

Table S5. HOMO and LUMO energies and adiabatic ionization potentials (AIP) for TPT

and PPPT as determined at the B3LYP/6-311G** level of theory. All energies are in eV. 

Energies at the B3LYP/6-31G** level are given in italics. 

 HOMO LUMO AIP 

TPT (alternating) -5.82 

-5.61

-1.39 

-1.12 

7.03 

6.83 

PPPT -6.20 

-6.01

-2.26 

-2.04 

7.50 

7.32 
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Table S6. Selected bond lengths (Å) and angles ( ) for the neutral, radical-anion, and 

radical-cation states of TPT starting with the alternated structure at the B3LYP/6-

311G** level of theory. 

 neutral anion (a-n) cation (c-n) 

S1-C2 1.788 1.788 0.000 1.745 -0.043 

C2-C3 1.398 1.408 0.010 1.414 0.016 

C3-C4 1.389 1.381 -0.008 1.374 -0.015 

C4-C5 1.403 1.429 0.026 1.421 0.018 

C5-C6 1.482 1.444 -0.038 1.450 -0.032 

C6-C/N7 1.403 1.428 0.025 1.421 0.018 

C/N7-C8 1.389 1.376 -0.013 1.374 -0.015 

C8-C9 1.402 1.424 0.022 1.419 0.017 

C9-C10 1.484 1.454 -0.030 1.459 -0.025 

C10-C/N11 1.403 1.422 0.019 1.414 0.011 

C/N11-C12 1.392 1.386 -0.006 1.385 -0.007 

C12-C13 1.393 1.400 0.007 1.398 0.005 

1 34.7 11.4 -23.3 18.6 -16.1 

2 40.3 18.3 -22.0 27.1 -13.2 
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Table S7. Selected bond lengths (Å) and angles ( ) for the neutral, radical-anion, and 

radical-cation states of PPPT at the B3LYP/6-311G** level of theory. 

 neutral anion (a-n) cation (c-n) 

S1-C2 1.780 1.789 0.009 1.736 -0.044 

C2-C3 1.398 1.411 0.013 1.409 0.011 

C3-C4 1.385 1.375 -0.010 1.375 -0.010 

C4-C5 1.400 1.424 0.024 1.416 0.016 

C5-C6 1.480 1.439 -0.041 1.446 -0.034 

C6-C/N7 1.342 1.378 0.036 1.353 0.011 

C/N7-C8 1.328 1.316 -0.012 1.314 -0.014 

C8-C9 1.403 1.415 0.012 1.428 0.025 

C9-C10 1.484 1.448 -0.036 1.458 -0.026 

C10-C/N11 1.343 1.363 0.020 1.351 0.008 

C/N11-C12 1.332 1.329 -0.003 1.323 -0.009 

C12-C13 1.394 1.395 0.001 1.408 0.014 

1 0.0 0.0 0.0 0.0 0.0 

2 0.0 0.2 0.2 0.1 0.1 


