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The theoretical details of hole transport

The Marcus theory is a widely used method to estimate the charge transfer rate:1-3
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Where h, t, KB, T and  are the Planck’s constant, charge transfer integral, Boltzmann constant, 

temperature and total reorganization energy, respectively. Hence, k is governed by the two important 

parameters: the total reorganization energy  and intermolecular charge transfer integral.

In equation (1S), for an optimal transport system, transfer integral should be maximized and  

should be minimized. The total reorganization energy which reflects on the ability of vibration 

structure change due to the electron gaining/losing process of the segment consists of two 

components:2, 4 (i) the inner reorganization energy λin that accounts for the changes in the geometry 

of the two molecules upon electron transfer and (ii) the outer reorganization energy λout of the 

surrounding medium. When the medium contribution to the relaxation energy in virtue of the 

polarization in the medium is neglected (such as in thin film), the inner reorganization energy should 

be dominated. In the paper, inner reorganization is the studied object and can be obtained by 

calculating the individual relaxation process energies for the neighboring segments. According to 

the theory, we obtained the total hole reorganization energy  by calculating the optimized 

geometries in neutral, cationic states, the total energy of cation state in the optimized neutral 

geometry, and the total energy of neutral state in the optimized geometry of cation. The inner 

reorganization energy  for holes could be calculated as follows: 
i
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here we use E and  to represent the energies of the neutral segment and the cation segment, *
+E

respectively. Both of them lie in the lowest energy geometries, while E+ and E* denote the energies 



of the neutral segment and the cation segment with the geometries of the cation segment and the 

neutral segment, respectively.5 The other important parameter of the electronic coupling (v) can be 

written as:6, 7
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where S is the spatial overlap, J is charge transfer integral, and H is site energies. The calculation of 
J can be obtained from[6, 7]       
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where hks is the Kohn-Sham Hamiltonian of the dimer system which includes two fragments, and 
φ1

HOMO and φ2
HOMO are the HOMO of two fragments. 

. In order to obtain the hole mobility, we adopt Einstein relation in the low field limit as follows:
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Where e is the electron charge and D is the charge diffusion coefficient. For a d-dimensional system, 

D is defined as the ratio between the mean-square displacement and the diffusion time: 8
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For a spatially isotropic system, the homogeneous diffusion constant D can be approximately 

evaluated by: 9
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where d is the spatial dimensionality, i runs over all nearest adjacent molecules and , and  
ir ik ip

are the corresponding centre-to-center hopping distance, charge transfer rate (k), and hopping 

probability , respectively. )(
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Table S1 The LUMO energy levels of theoretical calculation and experimental values for HTMs.
LUMO( Exp.) References LUMO (Cal.)

TPD -2.2 10 0.46
AS37 -1.99 11, 12 0.51
AS44 -1.93 11, 12 0.58
H101 -2.40 13, 14 0.25
EDOT-OMeTPA -3.3 14 -0.72
BTT-1 -1.98 15 0.71
H-Di -2.22 16 0.36
Z25 -2.44 17 0.11
FDT -2.28 18 0.22
X59 -2.10 19 0.49

Table S2 The absorption wavelengths λabs (nm) and emission wavelengths λem (nm) of molecules 
pDPA-DBTP and X59 in the S0-S1 states together with the Stockes shift at TD-B3LYP/6-31g(d) 
levels in toluene solvent.

Absorption Emission

λabs f Assignments λabs(Exp.) λem Shift(nm)

pDPA-DBTP 422 1.77 H→L (97%) 479 57

X59 398 1.29 H→L (90%) 38717 468 70

Table S3 The adiabatic ionization potential (IPa in eV), electron affinities (EAa in eV), absolute 
hardness (η in eV), exciton binding energy (Eb in eV) and solvation free energy (ΔG in kcal ▪ mol-1) 
of the molecules pDPA-DBTP and X59.

Table S4 Predicted crystal data of investigated molecules.
Molecules Space group ρ Z a(Å) b(Å) c(Å) α β γ

pDPA-DBTP P212121 1.026 4 9.55 21.33 25.99 90° 90° 90°

S1 P212121 1.192 4 7.29 26.71 18.50 90° 90° 90°

S2 P212121 1.114 4 20.80 17.93 12.71 90° 90° 90°

S3 Pbca 0.987 8 6.87 64.52 27.17 90° 90° 90°

Eb IPa EAa η ΔG
pDPA-DBTP 0.46 5.13 -0.24 2.69 -5.93

X59 0.50 5.14 -0.10 2.62 -5.79



Table S5 The reorganization energy λh (eV), hole coupling vh (eV), hole transport rate kh (s-1), 
center-of-mass distance D (Å) and hole mobility uh (cm2V-1s-1) of main hopping pathway selected 
on basis of the predicted crystal structure for molecules pDPA-DBTP.

Compounds Pathways λh vh kh D uh uh(Exp.)20

pDPA-DBTP 1 0.595 5.983×10-5 2.46×105 9.553 6.92×10-4 3.10×10-4

2 9.395×10-3 6.08×109 14.064 

3 1.063×10-3 7.78×107 11.868 

4 1.867×10-4 2.40×106 16.783 

5 3.416×10-3 8.03×108 13.648 



Figure S1 The chemical structures of the molecules X59.

Figure S2 Electron density difference plots of electronic transition S0→S1 for X59 (isovalue: 4×10-2 
e au-3), Δq in e is transferred charge amount ((|e-|)).



Figure S3 The predicted crystal structures of the investigated molecules pDPA-DBTP and S1-S3.

Figure S4 Main hole hopping pathways selected on basis of the predicted crystal structures for the 
molecule pDPA-DBTP.
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