
 

 

 

 

 

 

 

Coupled Systems Mechanics, Vol. 6, No. 1 (2017) 75-96 

DOI: https://doi.org/10.12989/csm.2017.6.1.075                                                                                              75 

Copyright ©  2017 Techno-Press, Ltd. 

http://www.techno-press.org/?journal=csm&subpage=8             ISSN: 2234-2184 (Print), 2234-2192 (Online) 
 
 
 

 
 
 
 

Electronic and carrier transport properties of  
small molecule donors 

 

Ramon Valencia-Maturana and Chun-Wei Pao
*
 

 
Research Center for Applied Sciences, Academia Sinica, Taipei 11529, Taiwan 

 
(Received August 22, 2016, Revised October 11, 2016, Accepted October 18, 2016) 

 
Abstract.  As electron donor/acceptor materials for organic photovoltaic cells, small-molecules 

donors/acceptor are attracting more and more attention. In this work, we investigated the electronic 

structures, electrochemical properties, and charge carrier transport properties of four recently-synthesized 

small-molecule donors/acceptor, namely, DPDCPB (A), DPDCTB (B), DTDCPB (A1), and DTDCTB 

(B1), by a series of ab initio calculations. The calculations look into the electronic structure of singly 

oxidized and reduced molecules, the first anodic and cathodic potentials, and the electrochemical gaps. 

Results of our calculations were in accord with those from experiments. Using Marcus theory, we also 

computed the reorganization energies of hole/electron hoppings, as well as hole/electron transfer integrals of 

multiple possible molecular dimer configurations. Our calculations indicated that the electron/hole transport 

properties are very sensitive to the relative separations/orientations between neighboring molecules. Due to 

high reorganization energies for electron hopping, the hole mobilities in the molecular crystals are at least an 

order of magnitude higher than the electron mobilities. 
 

Keywords:  electronic structure; charge carrier transport; morphology; small molecule organic solar 

cell 

 
 
1. Introduction 
 

The conversion of solar energy into electricity is one of the most important hurdles to pass to 

solve the worldwide energy crisis. New organic solar cells are poised to become one of the best 

alternative renewable energy sources because of their potential low cost, ease of processing, and 

compatibility with flexible substrates as compared to the expensive inorganic solar cells (Grätzel 

2003, Riede et al. 2008, Roncali 2009, Walker et al. 2011). These small molecules are organic 

compounds (materials), each containing a delocalized Pi electron system, which can absorb 

sunlight, create charge carriers, and transport these charge carriers through the system (Boudreault 

et al. 2011, Krebs 2009, Smichidt-Mende et al. 2002, Tang 1986). The functioning and behaviors 

of these cells are in many ways different from those of inorganic semiconductors, as such their 

material properties are expected to enable a number of exciting new applications (Boudreault et al. 

2011, Kippelen and Brédas 2009, Krebs 2009, Tang 1986). Different designs of solar cells based 
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on organic materials have been manufactured, examples of which include cells based on liquid 

crystals (Smichidt-Mende et al. 2002), dye sensitised solar cells (Hagfeldt and Grätzel 2000), bulk 

heterojunction cells (Yu and Heeger 1995), and composite cadmium/selenide polymer solar cells 

(Ginger and Greenham 1999). Currently, the power conversion efficiency of organic photovoltaic 

cells using conjugated polymers as the electron donor and fullerenes derivatives as the electron 

acceptor is around 10% (Chen et al. 2009, Wong et al. 2007). However, as these solar cells suffer 

from the problem of batch-to-batch variation in device performance due to the polydiversity of 

polymers, it becomes important to use an alternative electron donor. Some of the alternative 

electron donor materials are small molecules (Fig. 1). With molecular-level accuracy, the small 

molecule organic photovoltaic cells can effectively avoid the problems of batch-to-batch variation. 

Although, small-molecule organic photovoltaic cells are in general not as efficient as their 

polymer-based counterparts, these problems with efficiency have been resolved recently with the 

synthesis of new small molecules, the with power conversion efficiencies of which is greater than 

8%, in combination with a C70 based fullerene acceptor (Scharber et al. 2006, Chen et al. 2012). 
The synthesis and design of new organic molecules with special properties (donor-acceptor-

acceptor) are vital to the production of organic solar cells, or as a very important component in 

bulk heterojunction solar cells and their efficiency (Scharber et al. 2006, Chen et al. 2012). Among 

these types of new materials, the tailor-made small molecules A, B, A1, and B1 are promising 

electron donor and acceptor materials in combination with fullerenes (C60 or C70) or their 

derivatives used as an acceptor material (Scharber et al. 2006, Chen et al. 2012).  
In this work, we systematically investigated the electronic structures, electrochemical 

properties, and charge carrier transport properties of A, B, A1, and B1 by carrying out a series of 

density functional theory (DFT) calculations. Results from our calculations on the electronic 

structure of singly oxidized and reduced molecules, the first anodic and cathodic potentials, and 

the electrochemical gaps are in accordance with those from experiments. Moreover, we estimated 

the electron/hole transport properties by computing the electron/hole hopping reorganization 

energies and transfer integrals over a wide range of molecular dimer configurations. Our 

calculations indicated that electron/hole hopping rates are very sensitive to the relative 

separations/orientations between neighboring small molecules. By analyzing the hole/electron 

transfer integrals from all possible molecular dimers in the molecular crystal, we also identified 

potential charge carrier transport bottlenecks. As we found that the hole mobilities in the molecular 

crystal are at least an order of magnitude higher than the electron mobilities due to high electron 

hopping reorganization energies, we demonstrated that these four small molecules are poor 

electron conducting materials.  

 

 
2. Computational methods 

 
All calculations were carried out using the Gaussian 09 and ADF 2010 packages (Gaussian 

2009, ADF 2012). Geometries were optimized using DFT-B3LYP21,22 and the 6-31G(d,p) basis 

sets. The transfer integrals for the nearest neighbouring molecular pairs and reorganization 

energies were calculated with the B3PW91,23 B3LYP, PBEPBE,23 LSDA,24 LDA,25 and 

GGA26 functionals and the 6-31G(d,p) basis set, and the exchange-correlation functional of Becke 

and Perdew (Perdew 1986, Becke 1988), using Gaussian and ADF packages. The charge carrier 

mobility was calculated using the reorganization energy and transfer integral values with a better 

contribution from the different functionals. The small molecule electronic structure calculations in 
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Electronic and carrier transport properties of small molecule donors 

the solution phase were performed with the Amsterdam Density Functional (ADF) 2010 package 

(ADF 2010) with the exchange-correlation functional of Becke and Perdew. The scalar relativistic 

corrections were included in the self-consistent calculation by means of the zeroth-order regular 

approximation (ZORA) (van Lenthe et al. 1993). Triple- polarization basis sets (TZP) of the Slater 

type were employed to describe the valence electrons of C, N, H, and S. Frozen cores consisting of 

a 1s shell for C, N, and S were described by means of single Slater functions. The calculation for 

predicting the electrochemical gaps was done in the presence of a continuous model solvent by 

means of the conductor-like screening model (COSMO) (Klamt and Schuumann 1993, Andzelm et 

al. 1995). The solvents used dichloromethane and tetrahydrofuran were the same as those used in 

the experiments. 

The incoherent hopping model was employed to investigate the charge carrier mobilities of A, 

B, A1, and B1. The carrier mobility μ can be expressed using Einstein’s relation 

 
(1) 

where kb is the Boltzmann’s constant, T is the temperature, e is the electronic charge, and D is the 

charge diffusion coefficient. This can be calculated from the hopping rate as 

 

(2) 

where n is the dimensionality (n=3), b is the distance to the ith neighbour (center of mass distance 

between the dimers), and ki and Pi are the hopping rates and the relative probability for charge 

transfer to the ith neighbour. 

According to the Marcus theory (Marcus 1993), the hopping rate kct between neighbouring 

charge carrier occupation site X to site X1 across the distance RXX1 can be expressed as follows 

 (3) 

where , v, and λ correspond to the Planck’s constant, transfer integral, and reorganization energy 
(Inner), respectively. ΔG

0 
is the difference in the Gibbs free energy; this is equal to zero when the 

sites X and X1 are the same species at zero field. From Eq. (3), it is clear that the most important 

parameters in determining the carrier mobilities are the internal reorganization energy  and the 

transfer integral . In this respect, lower reorganization energy and a large transfer integral would 

increase the charge carrier mobilities. With this method, the charge carrier mobility in a molecular 

single crystal can be easily evaluated. 

Various computational techniques using semiempirical or ab initio methodologies have been 

created to estimate the electronic coupling Vif (Balzani 2001, Bixon and Jortner 1999, Newton 

1991). A common method to compute Vif is to describe the adiabatic states of the reactants and 

products using a Slater determinant and to compute their splitting at the transition states (Li et al. 

1999a).
 
Another method is to use Koopmans’ theorem to estimate the transfer integral (t) for holes 

as half splitting of the HOMO levels in a system made of two chains in the neutral state. These two 

methods have been used in the case of benzene and biphenyl dimers, and the two approaches give 

similar results, except in the strong interaction regime, an exception which is expected to take 
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place in the case of small molecules separated by short intermolecular distances (Pati and Karna 

2001). Pati and Karna were the first to confirm the applicability of Koopmans’ theorem in the 

study of the electron transfer (ET) in σ-bonded organic cage structures (bicyclo[1.1.1]pentane, 

cubane, and bicyclo[2.2.2]octane) (Wolfsberg and Helmhotz 1952). Also, the transfer integral can 

be estimated in a yet simpler approach from the spatial overlap between the two atomic orbitals in 

interaction (Pietro et al. 1985, Liang and Newton 1992). These considerations explain why many 

theoretical studies have made use of Koopmans’ theorem to estimate electronic coupling (Pietro et 

al. 1985, Liang and Newton 1992, Paulson et al. 1996, Voityuk et al. 2000, Grozema et al. 2002, 

Palenberg et al. 2000, Valeey et al. 2006). For this reason, in this study we considered that much 

care must be taken when Koopmans’ theorem is used to estimate the transfer integral in 

asymmetric dimers. 

The theory of charge transport in organic materials relies on two contributions. The first one is 

the magnitude of the electronic coupling (transfer integral), which depends on the relative 

arrangement of the molecules in the crystal, whereas the second is the geometric relaxation of the 

molecule and its surrounding (reorganization energy) on movement of the charge carriers. 

However, Palenberg et al. (2000) have demonstrated that the charge transport in organic material 

generally based on the energy splitting in dimer method can fail, even in molecular crystal with 

weak van der Waals intermolecular interactions, due to the substantial impact of polarization 

effects, particularly on the site energies. As the transfer integral (Marcus 1993) is basically an 

approximation of the energetic splitting of the electronic level, in this study, we use the framework 

of the Marcus-Hush two-state model to calculate the electron-transfer coupling matrix element or 

transfer integral, V, between adjacent molecules. In these organic molecules, the highest occupied 

molecular orbital (HOMO) of the isolated molecule is a  orbital delocalized over the molecule 

(with energy ), which for the neutral dimer is split into two levels, denoted as HOMO and 

HOMO-1. The coupling matrix element, V, is given by, 

 (4) 

In this case, the isolated molecules are identical (and in equivalent sites in the crystal), such that 
Eq. (4) becomes 

 (5) 

where EH and EH-1 denote the HOMO and HOMO-1 energy levels, respectively. The transfer 

integral of the electron (Jelectron) can be evaluated also via the energy difference between the 

LUMO and LUMO+1; that is, 

 (6) 

The internal reorganization energy (Kirkpatrick 2008), λ, involves conformational changes 

when the molecules move from (reorganizing) neutral states to charged states, and from charged 

states to neutral states. The reorganization energies can be evaluated from the following equation 

* *

1 2 ( ) ( )neu ion ion neuE E E El l l= + = - + -  (7) 
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Electronic and carrier transport properties of small molecule donors 

 

 
Fig. 1 DPDCPB (A), DPDCTB (B), DTDCPB (A1), and DTDCTB (B1) optimized structures. C, N, S, 

and H atoms are coloured black, blue, yellow, and pink, respectively 

 

 

where λ1 and λ2 account for the energy difference due to the structural change of gaining and losing 

an electron and are equal to E*neu–Eion and E*ion–Eneu, respectively. Note that E*neu, Eion, E*ion, and 

Eneu refer to the energies of ionized state with neutral geometry, optimized ionized geometry, 

neutral state with ionized geometry, and optimized neutral geometry, respectively. The 

reorganization energies and matrix couple element or transfer integral were calculated using the 

B3LYP functional; nevertheless, we also computed reorganization energies using other functionals 

(B3PW91, PBEPBE, LSDA, LDA, and GGA) for consistency test (see Tables 4 and 5). From 

Tables 4 and 5, we can find that all these functionals gave similar results on hole/electron hopping 

reorganization energies. 

 

 

3. Results and discussions 

 
3.1 Electronic structure 

 
Through our calculations, we present the optimized geometries of four small molecules, A, B, 

A1, and B1. The chemical structures of these four molecules are displayed in Fig. 1. In that figure, 

it can be seen that A differs from A1 in the lack of methyl groups in the external benzyl rings.  
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Table 1 Selected bond lengths for A, B, A1, and B1 

 

 C3-C4 
a
 C4-C5 

a
 C5-C6

 a
 C6-C7

 a
 BLA

 b
 

 Exp.
1 

DFT Exp.
1 

DFT Exp.
1 

DFT Exp.
1 

DFT Exp.
1 

DFT 

A  1.392  1.416  1.393  1.467   

B  1.396  1.409  1.399  1.433   

A1 1.379 1.392 1.407 1.415 1.376 1.393 1.472 1.466 0.030 0.023 

B1 1.393 1.397 1.395 1.408 1.395 1.400 1.434 1.431 0.001 0.001 

 

 
Fig. 2(a) HOMOs, LUMOs, and (b) SOMOs of DPDCPB (A), DPDCTB (B), DTDCTB (A1), and 

DTDCTB (B1) 

 

 

Instead, we can find hydrogen atoms. The same case occurs for B and B1. In contrast, A differs 

from B in that the central benzyl ring is replaced with the thiophene ring. The bond lengths of A, 

B, A1, and B1, determined by experiment and from DFT calculations, are listed in Table 1. The B1 

and A1 bond lengths from our DFT calculations show excellent agreement with measurements 

from experiments (Chen et al. 2012). 
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Electronic and carrier transport properties of small molecule donors 

Table 2 Experimental and computational band-gaps for A, B, A1, and B1 

 HOMO
1
 (eV) LUMO

2
 (eV) 

3
ΔE

opt
 (eV) 

 Exp.
4 

DFT Exp.
4 

DFT Exp.
4 

DFT 

B -5.35 -5.42 -3.44 -3.46 1.91 2.12 

B1 -5.30 -5.32 -3.44 -3.38 1.86 2.08 

A -5.50 -5.44 -3.36 -3.49 2.14 2.12 

A1 -5.43 -5.32 -3.35 -3.44 2.08 2.05 
1
HOMO: Higher occupied molecular orbital 

2
LUMO: Lowest unoccupied molecular orbital 

3
ΔE

opt
: Optical band-gaps 

4
Exp.: Experimental results  

 
Table 3 Redox parameters for the molecules A, B, A1, and B1 

 Eox
1
 (V) OEDFT Ered

1
(V) REDFT ΔE

CV
 (eV) 

 Exp DFT  Exp DFT  Exp DFT 

B 0.41 0.58 5.38 -1.07 -1.09 -3.71 1.48 1.67 

B1 0.35 0.51 5.31 -1.09 -1.13 -3.67 1.44 1.64 

A 0.60 0.67 5.47 -1.13 -1.08 -3.72 1.73 1.75 

A1 0.47 0.56 5.36 -1.19 -1.11 -3.69 1.66 1.67 

Eox: Oxidation Potential 

OEDFT: Oxidation Energy 

Ered: Reduction Potential 

REDFT: Reduction Energy 

ΔE
CV

: Cyclic Voltammogram Band-gaps 

Exp.: Experimental results  

DFT: Density Functional theory results 
 

 

The HOMOs, LUMOs, and SOMOs (Singly Occupied Molecular Orbitals) of the molecules A, 

B, A1, and B1 are displayed in Fig. 2. Electronic structure analysis shows that the HOMOs (Fig. 

2(a)) are mainly localized on the benzene rings; in contrast, the LUMOs (Fig. 2(a)) are mainly 

localized on the iso-indene or benzothiophene (BT) rings. Hence, when the molecules are 

oxidized, the electrons are removed from the benzene rings, whereas the incoming electrons are 

likely to be found in the iso-indene structures when the molecules are reduced. 

The electronic structures for A, B, A1, and B1 can be further elucidated by analysing their 

corresponding SOMOs (Fig. 2(b)). Note that the SOMOs for all four small molecules in reduced 

states are very similar to the LUMOs in the neutral molecules, an observation confirming that the 

electrons can be found in the iso-indene structure. The SOMOs in the reduced species show an 

important contribution from the iso-indene structures. The SOMOs of the oxidized species, 

however, are very similar to the HOMOs in the neutral molecules A, B, A1, and B1. These orbitals 

receive contributions from the whole molecule, particularly from their benzene rings. Therefore, 

for all four small molecules, oxidation takes place in the entire molecule, especially in the benzene 

rings. 

Tables 2 and 3 list the band-gaps (Table 2) and the oxidation free energies (Table 3) from 

experiments and DFT calculations for A, B, A1 and B1, as well as the first anodic and cathodic 
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potentials, referred to as the ferrocenium/forrocene (Fc
+
/Fc) potentials, which have been derived 

from the free energies. As expected from the relatively low LUMOs, the computed ΔG
0
 values for 

the reduction processes, -1.09 eV (B), -1.13 eV (B1), -1.08 eV (A), and -1.11 eV (A1), are 

exothermic. The corresponding cathodic potentials, 0.58 V (B), 0.51 V (B1), 0.67 V (A), and 0.56 

V (A1), are in concordance with the experimental values of 0.41 V, 0.35 V, 0.60 V, and 0.47 V, 

respectively. As expected from the quite deep HOMOs, the computed free energies for the 

oxidation processes are very endothermic (5.38 eV, 5.31 eV, 5.47 eV, and 5.36 eV). The 

deviations in the predicted oxidation potentials with respect to the observed ones are also quite 

small. The electrochemical gaps (EC) for the four molecules are approximately 13% smaller for B 

and B1, and 2% smaller for A and A1. The predicted EC gaps for A, B, A1 and B1 are in good 

agreement with experiments. 

The electrochemical gaps for A, B, A1, and B1 can also be evaluated from the HOMO-LUMO 

gaps in the neutral molecules (Table 2). It is worth noting that the reduction energy and oxidation 

energy can also explain the main differences between the redox properties of the four molecules; 

molecule B1 is reduced and oxidized somewhat more easily than are B, A, and A1. In addition, 

other computational studies show similar band-gap results in B1, bithiopheneide-

Dithienosilole/Dithienogermole copolymers, and Thieno [3,4-c]pyrrole-4,6-dione analogues (Lin 

et al. 2011, Boudreault et al. 2007). Chen et al. (2012) found that the band-gap value according to 

the HOMO-LUMO level is 2.01 eV for DTDCTB. This result is quite consistent with our result 

from DFT calculation, 2.05 eV. Marks et al. (2005) found values between 2.79 and 3.13 eV for a 

series of molecules with characteristics similar to those of A, B, A1, and B1. Thus, it appears that 

our results are consistent with those of other computational studies of small molecules. 

 
3.2 Reorganization energies 

 
Tables 4 and 5 present the reorganization energies (λ) from the computational results according 

to different functionals for the hole and electron hopping of A, B, A1, and B1. In all cases, it can be 

observed in general that B and B1 have the highest reorganization energies for the hole and 

electron hopping. Note that according to the DFT results, the reorganization energies for electron 

hopping are several times higher than those for hole hopping, demonstrating that all four small 

molecules are poor electron conducting materials. Our results shows that the reorganization 

energies for A, B, A1, and B1 are very similar to the reorganization energies of naphthalene, 

anthracene, tetracene, and pentacene (0.189 eV, 0.143 eV, 0.121, and 0.099 eV, respectively) 

(Deng and Goddard 2004). In contrast, these reorganization energies are 50% lower than those of 

Alq3 and their derivatives (Wang et al. 2013), and between 70% to 80% lower in the case of DSA 

and their derivatives (Lee et al. 2012). In the case of the reorganization energy and the number of 

phenyl rings in the molecular structure, according to Deng and Goddard 2004, these results show 

good similarity with the results published for naphthalene, anthracene, tetracene, and pentacene. 

Our computational calculations show that the reorganization energies for B and B1 (three phenyl 

rings) are higher than those for A and A1 (four phenyl rings) as a result of the greater number of 

phenyl rings, even though the variation in the values of the reorganization energies for the 

compound with the same number of phenyl rings are small. It is interesting to note that, when the 

methyl groups in A1 are replaced with hydrogen atoms (i.e., A), the reorganization energy for hole 

hopping drops by 0.023 eV, while the electron hopping reorganization energy increases by 0.002 

eV. In contrast, for B1, when the methyl radicals are replaced with hydrogen atoms, its 

reorganization energy increases by 0.031 eV, while that for electron hopping increases by 0.016 
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Table 4 Reorganization energies (eV) for the molecules A, B, A1, and B1 (hole hopping) 

 Tot PW91 Tot B3LYP Tot PBEPBE Tot LDA Tot GGA 

A 0.098 0.094 0.093 0.083 0.080 

B 0.165 0.162 0.163 0.155 0.142 

A1 0.116 0.117 0.118 0.123 0.118 

B1 0.133 0.131 0.133 0.144 0.137 

 
Table 5 Reorganization Energies (eV) for the molecules A, B, A1, and B1 (electron hopping) 

 Tot PW91 Tot B3LYP Tot PBEPBE Tot LDA Tot GGA 

A 0.364 0.361 0.362 0.354 0.347 

B 0.452 0.454 0.455 0.446 0.456 

A1 0.360 0.359 0.359 0.348 0.343 

B1 0.436 0.438 0.439 0.437 0.436 

 

 
Fig. 3 Hole transfer Integral: (a) as the function of separations between two BT rings, and b) Transfer 

Integral vs. Torsional Angle in dimer A, B, A1, and B1 

 

 

eV. The effect of the methyl substitution on reorganization energy is significant according to the 

electronic characteristics of the original systems. A possible explanation is that the substitution 

could promote intramolecular charge transfer due to the network of the electron donating methyl 

group (Sun et al. 2012), which is not the case for A and A1.  

  
3.3 Dependencies of transfer integrals and molecular dimer geometries 

 
From Eq. (3), we can discover that the charge carrier hopping rates between molecular dimers 

of the same molecules depend only on the transfer integrals. According to our results, the transfer 

integrals between different molecular dimers of A, B, A1, and B1 are very sensitive to their relative 

molecular separations and orientations (Fig. 3). In this subsection, we systematically discuss the  
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Fig. 4 Crystal configuration of B1 

 

 

correlations between transfer integrals and molecular dimer-related separations/orientations. Fig. 

3(a) shows the hole transfer integrals as a function of separations between the BT rings of two 

molecules in the crystal packing configurations reported in Chen et al. 2012. From Fig. 3(a), it is 

clear that B/B1 have higher transfer integrals than A/A1. It can also be observed that the transfer 

integrals undergo significant drops with respect to increasing BT ring separations, implying that 

large intermolecular separation leads to low hole hopping rates (and mobilities). Next, we 

examined the effects of relative molecular orientations on the hole transfer integrals by rotating 

one small molecule around an axis normal to the BT ring planes (inset, Fig. 3(b)). Note that the BT 

separations between the two molecules were fixed at 6 Å  (inset, Fig. 3(b)). Fig. 3(b) displays the 

transfer integrals for hole transport as a function of relative rotation angle , and from Fig. 3, we 

can see that the transfer integrals are very sensitive to their relative orientations and that the 

transfer integrals of B/B1 are generally higher than those of A/A1. The magnitudes of hole transfer 

integrals with respect to torsional angles between two small molecules are compiled in Table S1 in 

the Supporting Information. Interestingly, a previous study indicated that the antiparallel, cofacial 

packing between two small molecules (corresponding to =0) might facilitate charge carrier 

hopping; however, our calculations indicate that molecular dimers at =0 have almost the lowest 

transfer integrals, implying that this antiparallel, cofacial packing might not be the preferential 

pathway for charge carrier hopping.  
 

3.4 Charge carrier transfer in molecular crystal 
 

The charge transport properties of organic molecules are significantly affected by the relative 

orientations and crystal packing motifs. Based on crystal structures of these compounds, we 

investigated the charge carrier transport properties in the molecular crystal of all four small 

molecules. One molecule was chosen as the charge donor, and all the nearest neighbour molecules  
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Electronic and carrier transport properties of small molecule donors 

 
Fig. 5 Molecular pairs in the partial molecular packing of B1 and A1 

 

 
Fig. 6 Transfer integral (hole and electron) for the dimers A, B, A1, and B1 according to the molecular 

pairs (eV) in the full molecular packing 

 

 

could be regarded as the charge acceptor. The crystal structures were based on those of the A1 and 

B1 extracted from XRD data (Chen et al. 2012) (Fig. 4). We focused on the substitution effect on 

transfer integrals under the assumption that the derivatives A and B have the same crystal 

parameters as those of DTDCTB and DTDCPB. Because the charge carrier mobilities in molecular 

crystals are highly anisotropic, we must consider all of the possible nearest molecular pairs of all 

four small molecules. Fig. 5 illustrates all possible nearest neighbour pairs of B1/B (left panel) and 

A1/A (right panel). Note that totals of fifteen and twelve molecular dimer configurations were 
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identified in B1/B and A1/A molecular crystals, respectively. 

Fig. 6 displays the respective transfer integrals for the molecular dimers shown in Fig. 5. The 

magnitudes of these transfer integrals are provided in Tables S2 and S3 in the Supporting 

Information. Note that the magnitudes of the transfer integrals of A, B, A1, and B1 range between 

0.0001 to 0.204 eV (Hole), and 0.0001 to 0.187 eV (Electron), respectively, which demonstrates 

that the hole/electron hopping rates are highly anisotropic, and molecular pairs with low transfer 

integrals (e.g., pairs 1-2, 1-3, and 1-4) could potentially become bottlenecks for charge carrier 

transport in the molecular crystal. From the hole transfer integrals summarized in table S5, it can 

be seen that the most important hole-transport pathways present are 1-5 for A, 1-11 for B, 1-6 for 

A1, and 1-14 for B1. These transfer integrals are much larger than those in other dimers in all four 

types of molecules, which indicates that the 1-5 (A), 1-11 (B), 1-6 (A1), and 1-14 (B1) directions 

are the dominant conducting channels. However, due to the different intermolecular distances 

among the different dimers, there are obvious differences among the hole/electron transfer 

integral. The transfer integral variations for the various dimers are small (Tables S7, S8, S9, and 

S10) when small substituents are introduced to A1 and B1. For A1, the transfer integrals of both 

hole and electron in pathway 1-11 are very high (7.4×10
-3

 and 0.074 eV respectively), 

demonstrating that the transfer integral may exhibit high charge mobilities for holes. When the 

methyl radicals are replaced with H atoms, the center of mass distance and nearest distance are 

similar, whereas the planar angle becomes a little bit smaller (51.52 to 49.42º). We can observe the 

same behaviour with the values of the transfer integral (7.4×10
-3

 to 7.8×10
-3

 eV). According to our 

results, the transfer integral shows small changes when the methyl radicals are replace by H atoms. 

These small changes can be appreciated by means of the average for the different molecules. It can 

be seen that for A1, the average of the transfer integral for all the dimer is 3.09×10
-3

 eV, whereas 

for A, it is 2.83×10-3 eV. The transfer integral decreases by 2.6×10
-4

 eV. In the case of B1, we can 

observe a transfer integral decrease of 2.17×10
-2

 to 1.53×10
-2

 eV in B. This decrease is around 

6.4E
-3

 eV. All these changes in the values of the transfer integral show very small variation, 

considering the susceptibility of these values with the distances and the displacements. But it is not 

only the values of transfer integral that undergo a very small change. The values of the centre of 

mass distance, planar angle, and nearest atoms distances are also affected by the introduction of H 

atoms. It can be seen that the average for the values of the planar angle in A1 is 35.26 º, whereas in 

A, it is 34.12 º. For centre of mass distance, we can observe that the average in A1 is 11.7 Å , while 

in A, it is 11.23 Å . In the case of the nearest atoms distance, the variations are almost negligible 

because the average of the distances in A1 is 3.33 Å , whereas for A it is 3.35 Å . These results in A1 

and A are similar to the results or variations that are observe in the molecules of B1 and B.  

In general, the transfer integrals of B and B1 are higher than those of A and A1, which can be 

attributed to the higher density of B/B1 crystal relative to A/A1 (Chen et al. 2012), thereby leading 

to smaller intermolecular separation and higher transfer integrals. These values for the transfer 

integrals of A, B, A1, and B1 are in the same range as the values calculated for naphthalene, 

anthracene, tetracene, pentacene, DSA, Alq3, and their derivatives (Lin et al. 2011, Boudreault et 

al. 2007, Deng and Goddard 2004). For naphthalene, anthracene, tetracene, and pentacene, the 

transfer integrals are all in the range of 0.0008 to 0.13 eV. For Alq3 and their derivatives, the 

transfer integral values are between 0.00 to 0.50 eV. In contrast, for DSA and its derivatives, the 

values are between 9.2×10
-8 

to 0.09 eV. According to these values, the charge carrier mobilities in 

the different compounds of A, B, A1, and B1 are dependent on the number of pairs in the crystal 

structure, making the number of pairs a critical factor for determining the charge carrier mobility.  

The charge carrier mobilities μ of the four small molecules were estimated from Eqs. (1)-(7)  
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Table 6 Hole and electron mobilities (μ) in the crystal structures 

 A B A1 B1 

hole (cm
2
/V s) 0.085 0.128 0.073 0.198 

electron (cm
2
/V s) 0.0074 0.0041 0.0087 0.0052 

 

 
Fig. 7 Planar angle (θ), Center of mass (CM) distance, and nearest distance (NA) For the different dimer 

 

 

using reorganization energies and transfer integrals obtained from previous QM calculations. The 

hole/electron mobilities of A1 and B1 in the crystal structures are presented in Table 6. It can be 

clearly seen that the charge carrier mobilities of the holes increase in A1 when the methyl radicals 

are replaced by H atoms, whereas in B1, they decrease. The charge carrier mobility of electrons in 

both cases decrease when the methyl radical are replaces by H atoms. If we analyse the results 

according to charge carrier mobility values, we can see that our charge carrier mobilities are lower 

than the charge carrier mobility of anthracene (0.54 cm
2
/V s), results that are in general similar to 

those of DSA, DSA-CN, DSA-OCH3, and DSA-TBU (0.21, 0.14, 0.0026, and 0.045 cm
2
/V s, 

respectively), and lower than that of Alq3 (Lin et al. 2011, Boudreault et al. 2007, Deng and 

Goddard 2004). One important observation from Table 6 is that the hole mobilities are at least an 

order of magnitude higher than those of the electrons. Note that from Figs. 5 and 6, it is evident 

that the hole/electron transfer integrals have similar magnitudes, showing that, it is the high 

reorganization energies for electron hopping from our calculations (Table 5) that lead to low 

electron mobilities in these small molecules. Therefore, our calculations demonstrate that all four 

small molecules are poor electron conducting materials. Next, we find that the hole mobilities of B 

and B1 are higher than those of A and A1, which can be attributed to the noticeably higher hole 

transfer integrals of B and B1 (Fig. 6). In addition, from Eq. (2), it is clear that the diffusion 

constant monotonically increases with increasing nearest neighbour pairs. In B/B1 molecular 

crystals, we can identify fifteen nearest molecular pairs, in contrast to twelve nearest neighbors in 

A/A1 molecular crystals, thereby leading to higher diffusion constants in B/B1 than in A/A1. 
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A recent study shows that the zero field hole mobilities of A1 from an OPV device fabricated 

using vacuum co-deposition were several orders of magnitude lower than those estimated in the 

present study (Chen et al. 2012). We attribute this to differences in the microstructures of the 

molecular films. In the present study, the whole molecular film was one single molecular crystal 

without any defects; however, in experiments, the films were fabricated using vacuum co-

deposition of A1 and C70 simultaneously, which may have led to highly-disordered film 

microstructures filled with defects and consequently substantially lower hole mobilities. The 

effects of defects and large-scale disorder on charge carrier mobilities can be evaluated by carrying 

out kinetic Monte Carlo charge carrier dynamics simulations (Rühle et al. 2011, Nelson et al. 

2009), which will be our next step in studying the charge carrier dynamics of small molecule thin 

films. 

 

 

4. Conclusions 
 

We have carried out a series of ab initio calculations to investigate the electronic structures, 

electrochemical properties, and charge carrier transport properties of new tailor-made small-

molecule electron donor molecules, A, B, A1, and B1. Our results from the calculations on the 

electronic structures and electrochemical properties of these small molecules are in concordance 

with those from experiments. Our calculations reveal that the hole/electron hopping rates are 

extremely sensitive to the relative orientations and separations between neighbouring molecules, 

and that the antiparallel, cofacial packing molecular dimer configurations are not the most 

favourable charge carrier transport path. It was predicted that A, B, A1, and B1 would show high 

charge mobilities. According to our calculations, the principals hole transport pathways are 1-5(A), 

1-11 (B), 1-6 (A1), and 1-14 (B1), whereas in the electron, the principal transport pathways are 1-5 

(A), 1-8 and 1-10 (B), 1-5 (A1), and 1-3 (B1). The different DFT calculations showed that the 

reorganization energy of A in the hole increases when the methyl groups are present, such that this 

compound becomes A1. In contrast, for B, the reorganization energy decreases when this 

compound becomes B1 due to the presence of methyl groups. In the case of the reorganization 

energy in the electron, we can see decreases in both cases when the methyl groups are present in 

the structures. For A and A1, the lower reorganization energies and the high transfer integrals lead 

to mobilities of 0.085 and 0.073 cm
2
/V s in the hole, while those in the electron are 0.0074 and 

0.0087 cm
2
/V s, respectively. We can observe very small variations in the planar angle, centre of 

mass distances, and nearest atom distances when the methyl radicals are replaced by H atoms, but 

these very small variations do not significantly affect the values of the different transfer integrals 

in the dimers. For that reason, the mobilities of the different molecules are mainly affected by 

reorganization energy, although the variance in the mobility is quite small. We can see that hole 

mobility decreases when the methyl groups are present in the structure, whereas electron mobility 

increases. For B and B1, the hole and electron mobilities are 0.128 and 0.198 cm
2
/V s in the hole, 

while those in the electron are 0.0041 and 0.0052 cm
2
/V s. These values indicate that the hole and 

electron mobility increase when the methyl group is present in the structure. Finally, our 

calculations indicate that the hole mobilities of these four small molecules are at least an order of 

magnitude higher than the electron mobilities due to the high reorganization energies for electron 

hopping. On the basis of these details calculations, we draw the conclusion that because of their 

low conductivity, the new tailor-made molecules (A, B, A1, B1) have wide application prospects as 

promising novel donor materials for small-molecule solar cells. 
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Appendix 
 
Table S1 Reorganization energy (eV) for the molecules A, B, A1, and B1 (B3LYP) 

Hole Hopping 

 1N 
2C 

3Tot 

A 0.049 0.045 0.094 

B 0.083 0.079 0.162 

A1 0.061 0.056 0.117 

B1 0.065 0.066 0.131 

 
Table S2 Reorganization energy (eV) for the molecules A, B, A1, and B1 (B3LYP) 

Electron Hopping 

 N C Tot 

A 0.178 0.183 0.361 

B 0.222 0.232 0.454 

A1 0.178 0.182 0.359 

B1 0.231 0.207 0.438 

 

Table S3 Transfer integral (hole) of A, B, A1, and B1 according to torsional angle (degree). BT 

distances=6.0 A (B3LYP) 

Comp/Ang A B A1 B1 

0 0.00393 0.00762 0.00218 0.00748 

30 0.01749 0.04095 0.01523 0.03918 

60 0.01098 0.05959 0.00762 0.05972 

90 0.00054 0.05646 0.00177 0.05755 

120 0.01003 0.02517 0.01687 0.02585 

150 0.02169 0.00830 0.03320 0.00653 

180 0.01369 0.02530 0.01483 0.01973 

210 0.01871 0.00313 0.00898 0.01129 

240 0.00569 0.02816 0.00272 0.03415 

270 0.00813 0.04367 0.00735 0.05061 

300 0.00569 0.06381 0.00272 0.07089 

330 0.00325 0.04109 0.00122 0.04286 
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Table S4 Transfer integral (hole) for the dimer A, B, A1, and B1 (eV) in the full molecular packing 

(According to the nearest neighbour using B3LYP) 

Molecular Pairs A B A1 B1 

1-2 0.013 0.023 0.016 0.021 

1-3 0.006 0.003 0.009 0.083 

1-4 4×10
-4

 0.100 5×10
-4

 0.100 

1-5 0.102 0.137 0.110 0.151 

1-6 0.061 0.137 0.075 0.151 

1-7 0.020 0.063 0.013 0.076 

1-8 0.080 0.196 0.084 0.204 

1-9 0.021 1×10
-4

 0.012 5×10
-4

 

1-10 0.088 0.196 0.104 0.203 

1-11 0.065 0.196 0.079 0.203 

1-12 0.055 0.063 0.070 0.075 

1-13 1×10
-4

 0.071 0.003 0.097 

1-14  0.160  0.175 

1-15  0.118  0.113 

1-16  1.4×10
-4

  0.001 

 

Table S5 Transfer integral (hole) for the dimer A, B, A1, and B1 (eV) in the full molecular packing 

(According to the nearest neighbour using GGA) 

Molecular Pairs A B A1 B1 

1-2 2.2×10
-3

 3.4×10
-3

 1.8×10
-3

 3.4×10
-3

 

1-3 1.1×10
-4

 6×10
-4

 2.9×10
-4

 6.5×10
-5

 

1-4 3.6×10
-5

 1.2×10
-2

 1.5×10
-5

 2.3×10
-2

 

1-5 7.8×10
-3

 2.4×10
-2

 4.5×10
-3

 3.6×10
-2

 

1-6 5.5×10
-3

 2.5×10
-2

 7.4×10
-3

 4.1×10
-2

 

1-7 1.2×10
-3

 3.2×10
-3

 2.1×10
-3

 4.1×10
-3

 

1-8 1.7×10
-3

 2.7×10
-2

 2.5 ×10
-3

 5.3×10
-2

 

1-9 3.2×10
-3

 3.3×10
-4

 3.8×10
-3

 4.2×10
-4

 

1-10 4.4×10
-3

 2.3×10
-2

 5.1×10
-3

 3.8×10
-2

 

1-11 2.1×10
-3

 3.7×10
-2

 3.2×10
-3

 3.7×10
-2

 

1-12 5.7×10
-3

 7.3×10
-3

 6.4×10
-3

 6.2×10
-3

 

1-13 1.3×10
-5

 8.2×10
-3

 1.8×10
-5

 9.3×10
-3

 

1-14  3.5×10
-2

  4.7×10
-2

 

1-15  2.4×10
-2

  2.7×10
-2

 

1-16  1.8×10
-4

  2.9×10
-4

 

 

 

 

 

 

93



 

 

 

 

 

 

Ramon Valencia-Maturana and Chun-Wei Pao 

Table S6 Transfer integral (electron) A, B, A1, and B1 in the full molecular packing (According to the 

nearest neighbour using B3LYP) 

Molecular Pairs A B A1 B1 

1-2 0.046 0.015 0.045 0.016 

1-3 0.009 0.019 0.007 0.204 

1-4 6×10
-4

 0.105 0.001 0.104 

1-5 0.164 0.120 0.176 0.128 

1-6 0.078 0.120 0.085 0.128 

1-7 0.017 0.074 0.040 0.081 

1-8 0.033 0.181 0.025 0.187 

1-9 0.006 1×10
-4

 0.029 1×10
-4

 

1-10 0.098 0.181 0.115 0.187 

1-11 0.056 0.180 0.074 0.187 

1-12 0.066 0.073 0.073 0.081 

1-13 0.001 0.075 0.003 0.098 

1-14  0.157  0.170 

1-15  0.123  0.116 

1-16  1×10
-4

  ~0.000 

 

Table S7 Values of planar Angle (º), centre of mass distances [CM(Å )], nearest atoms distances [(NA(Å )], 

and Transfer Integral [TI(eV)] for the dimers of A 

Molecular Pairs Angle CM NA TI 

1-2 41.56 6.87 2.82 2.2×10
-3

 

1-3 56.23 4.60 2.43 1.1×10
-4

 

1-4 27.78 11.83 4.42 3.6×10
-5

 

1-5 38.41 16.07 3.56 7.8×10
-3

 

1-6 49.42 11.82 2.39 5.5×10
-3

 

1-7 21.48 9.95 2.84 1.2×10
-3

 

1-8 59.12 10.43 4.15 1.7×10
-3

 

1-9 18.44 9.76 2.85 3.2×10
-3

 

1-10 2.46 13.42 3.06 4.4×10
-3

 

1-11 16.52 12.39 3.87 2.1×10
-3

 

1-12 51.53 10.81 2.60 5.7×10
-3

 

1-13 26.43 16.75 5.15 1.3×10
-5

 

1-14     

1-15     

1-16     
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Table S8 Values of planar Angle (º), centre of mass distances [CM(Å )], nearest atoms distances [(NA(Å )], 

and Transfer Integral [TI(eV)] for the dimers of B 

Molecular Pairs Angle CM NA TI 

1-2 43.23 5.53 2.72 3.4×10
-3

 

1-3 32.85 6.48 2.82 6×10
-4

 

1-4 90.65 5.78 3.88 1.2×10
-2

 

1-5 27.29 11.32 2.75 2.4×10
-2

 

1-6 27.29 11.43 2.61 2.5×10
-2

 

1-7 21.87 11.78 2.18 3.2×10
-3

 

1-8 61.65 13.38 2.92 2.7×10
-2

 

1-9 13.34 16.91 4.21 3.3×10
-4

 

1-10 58.61 13.38 3.42 2.3×10
-2

 

1-11 57.58 13.28 2.92 3.7×10
-2

 

1-12 8.52 11.68 2.28 7.3×10
-3

 

1-13 33.05 16.43 5.36 8.2×10
-3

 

1-14 14.49 17.73 3.95 3.5×10
-2

 

1-15 37.78 15.42 7.23 2.4×10
-2

 

1-16 22.51 14.36 6.29 1.8×10
-4

 

 

Table S9 Values of planar Angle (º), centre of mass distances [CM(Å )], nearest atoms distances [(NA(Å )], 

and Transfer Integral [TI(eV)] for the dimers of A1 

Molecular Pairs Angle CM NA TI 

1-2 42.36 6.87 2.82 1.8×10
-3

 

1-3 58.13 4.60 2.83 2.9×10
-4

 

1-4 29.98 12.89 4.42 1.5×10
-5

 

1-5 39.61 16.07 3.76 4.5×10
-3

 

1-6 51.52 11.82 2.39 7.4×10
-3

 

1-7 22.58 9.95 2.84 2.1×10
-3

 

1-8 60.01 11.96 3.85 2.5×10
-3

 

1-9 18.36 9.94 2.85 3.8×10
-3

 

1-10 1.86 14.40 2.76 5.1×10
-3

 

1-11 17.70 12.39 3.87 3.2×10
-3

 

1-12 53.55 11.82 2.40 6.4×10
-3

 

1-13 27.40 17.64 5.15 1.8×10
-5

 

1-14     

1-15     

1-16     
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Table S10 Values of planar Angle (º), centre of mass distances [CM(Å )], nearest atoms distances [(NA(Å )], 

and Transfer Integral [TI(eV)] for the dimers of B1 

Molecular Pairs Angle CM NA TI 

1-2 43.23 4.58 2.72 3.4×10
-3

 

1-3 32.85 7.22 2.82 6.5×10
-5

 

1-4 90.65 7.68 3.28 2.310
-2

 

1-5 27.29 10.59 2.75 3.6×10
-2

 

1-6 27.29 10.59 2.61 4.1×10
-2

 

1-7 23.87 10.67 2.18 4.1×10
-3

 

1-8 61.65 12.28 2.92 5.3×10
-2

 

1-9 15.34 15.71 4.21 4.2×10
-4

 

1-10 58.61 12.28 2.92 3.8×10
-2

 

1-11 57.58 12.28 2.92 3.7×10
-2

 

1-12 7.52 10.68 2.18 6.2×10
-3

 

1-13 36.05 15.73 5.36 9.3×10
-3

 

1-14 14.49 18.59 3.95 4.7×10
-2

 

1-15 37.78 16.78 6.20 2.710
-2

 

1-16 23.51 14.34 6.29 2.9×10
-4
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