
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry C

www.rsc.org/materialsC

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal of Materials Chemistry C RSCPublishing 

ARTICLE 

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1  

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 

Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Multiscale simulation of charge transport in a host 

material, N,N'-dicarbazole-3,5-benzene (mCP), for 

organic light-emitting diodes†††† 

Furitsu Suzuki,a Katsuyuki Shizu,a Hisafumi Kawaguchi,a Shinya Furukawa,a 
Tohru Sato,b Kazuyoshi Tanaka,b and Hironori Kaji*a  

We have performed multiscale charge transport simulations in organic amorphous thin films 
by explicitly considering organic molecules. The simulations were based on quantum 
chemical and Monte Carlo calculations. The amorphous layer was composed of N,N'-
dicarbazole-3,5-benzene, which is a widely used host material in the emissive layer of blue-
emitting organic light-emitting diodes. The hole mobility was calculated to be three to four 
times larger than the electron mobility. This trend was consistent with the experimentally 
obtained mobility ratio. It was also found that the charges are transported dominantly by 
diffusion-type character at low applied electric fields and the contribution of drift-type 
character increased as the applied electric field increased. The difference between the 
number of hops in the forward and the backward directions contributes to the actual charge 
transport. From the detailed molecular level analysis, it was turned out that the molecular 
pairs with a large electronic coupling do not necessarily have large contributions to the 
charge transport; rather can temporarily trap charges. We found important molecular pairs, 
which form effective charge-transfer paths, although the electronic coupling was not 
substantially large. 
 

 

Introduction 

Organic light-emitting diodes (OLEDs) are one of the most 
attractive and promising devices for application to flat/flexible 
ultra-thin displays and solid-state lighting sources. In 1953, the 
first electroluminescence (EL) from organic compounds was 
observed by Bernanose et al.1 Thereafter, Helfrich et al. 
observed EL resulting from the recombination of holes and 
electrons in anthracene single crystal under an applied electric 
field.2 The first multi-layered OLEDs were reported in the 
pioneering work of Tang and VanSlyke in 1987.3 They have 
greatly improved the EL efficiency of OLEDs by the insertion 
of a hole transport layer between electrode and 
emissive/electron transport layer.  Adachi et al. have further 
improved the EL efficiency using the multi-layered structures.4 
These early studies have emerged significant interest in OLEDs 
and have formed the basis of device structures of today’s 
OLEDs.  
 At present, considerable efforts have been devoted to 
improve the luminescence efficiency.5-10 The optimization of 
the charge injection and charge blocking at each interface, and 
charge transport in each layer is one of the crucial issues to 
decrease the energy loss. Among these factors, the injection and 
the blocking of charges have often been discussed in terms of 
energy levels of the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO) 

of organic molecules. The HOMO and the LUMO can be well 
estimated using quantum chemical calculations for isolated 
molecules. However, the charge transport in organic aggregate 
systems is considered to greatly depend not only on the 
structure of the molecule in an isolated state but also in an 
intermolecular aggregated state. Recently, some research 
groups11-14 including our own15, 16 have evaluated charge 
transport properties by quantum chemical calculations of the 
rate constant for charge hopping between two molecules, kCT. 
This approach will provide some hints for the material design. 
However, calculated kCT instead of the calculated mobility was 
compared against the experimental mobility in these studies. 
Moreover, crystal structures are used for the calculation of kCT 
in most cases. Approaches not for crystal systems but for 
amorphous systems are necessary for a full understanding of 
OLEDs, because actual OLEDs are composed of amorphous 
thin layers. 
 We can find an approach for the understanding of charge 
transport properties of amorphous systems; Bässler et al.17-19 
evaluated the charge transport properties between the electrodes 
using Monte Carlo simulation. This is one of the most 
successful studies for charge transports. However, because this 
approach, including related studies,20-30 does not consider the 
organic molecule explicitly, it is somewhat difficult to link the 
macroscopic charge transfer and the microscopic molecular 
structure directly. 
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Fig. 2 Flow of the charge transport simulations for the amorphous mCP 
layer. 

 

Fig. 1 (a) Molecular structure of mCP; (b) distribution of the HOMO of 
mCP; (c) distribution of the LUMO of mCP. The squared molecular orbital
coefficients of benzene rings in carbazole unit, nitrogen in carbazole unit, 
and central phenylene unit are also shown in percentage.  

 We can assume that a detailed study of the charge transfer 
processes between electrodes is possible by the combination of 
these two approaches and such attempts have been made in 
recent years.31-37 For example, Kwiatkowski et al. performed 
simulations of the charge mobility for an amorphous tris(8-
hydroxyquinoline) aluminum (III) (Alq3) system by 
approximating the Alq3 molecule as a rigid body.31 This is the 
first attempt for the charge transfer simulation considering 
organic molecules explicitly, as far as we know. Although the 
absolute value of the experimental charge mobility of Alq3 
could not be reproduced, they succeeded in explaining the 
difference between hole and electron mobility. They considered 
that this difference originated from the delocalization of the 
HOMO and the LUMO on the Alq3 molecule. Lukyanov et al. 
constructed an Alq3 aggregated structure using molecular 
dynamics (MD) simulations without applying the rigid body 
approximation and investigated the influence of the force fields 
on the charge mobility in detail.32  However, theoretical 
treatment of amorphous systems is not yet well established. 
One of the reasons is that large-scale, high computational cost 
MD simulations are required to reproduce actual amorphous 
systems. Also, the method has been applied to Alq3

31-36 and 2,8-
bis(triphenylsilyl)-dibenzofuran (BTDF)37, 9,10-di-(2 ′ -
naphthyl)anthracene (ADN),38 N,N′ -bis(1-naphthyl)-N,N′ -
diphenyl-1,1′ -biphenyl-4,4′ -diamine (NPD)38 so far. The 
theory should be applied to other important molecular systems 
for the understanding of charge transfer phenomena in organic 
amorphous systems and for the development of excellent 
charge transfer materials. 
 In this study, we have performed multiscale charge 
transport simulations for the amorphous structure of N,N'-
dicarbazole-3,5-benzene (mCP; shown in Fig. 1a), which has 
been used as a bipolar host material for the emissive layer in 
blue-emitting OLEDs. We also investigated the contribution of 
respective molecular pairs to the charge transport in amorphous 
thin films. We show that molecular pairs with large electronic 
couplings are not most important in charge transport processes. 
We will show some molecular pairs effectively transport 
charges in the forward direction, although they do not have 
substantially large electronic couplings. Charge transport in 
single crystal systems is mainly detemined by electronic 
coupling. However, that is not necessarily true of amorphous 
systems. Actual OLEDs are composed not of crystalline but of 
amorphous thin layers. Since the crucial factor is different in 
amorphous and crystal systems, the approach for amorphous 
systems in this study is significant for the understanding of 
charge transports in actual OLEDs. 

Results and discussion 

The entire computational flow is shown in Fig. 2. The geometry 
optimization of the mCP in its neutral, cationic, and anionic 
states were performed using density functional theory (DFT) 
implemented in the Gaussian 09 program package using the 
B3LYP/6-31G(d) level of theory.40 The reorganization energy 
for hole transport (λ+) was obtained from the energies of the 
optimized structures of the neutral and cationic states. The 
reorganization energy for electron transport (λ−) was calculated 
in a similar way. The details are provided elsewhere15, 16. The 
construction of the amorphous structure was carried out by MD 
simulation for 100 molecules of mCP in a cubic cell (denoted 
as “mCP-100”). To mimic the deposition process, the initial 
construction of the structure was performed at a density of 0.1 g 
cm−3 and at a temperature of 598 K. Pre-optimization was then 
conducted. The MD simulation was performed until the density 
of the system becomes constant, which was over 300 ps with 
the constant-pressure, constant-temperature (NPT) ensembles at 
298 K. A system consists of ten molecules of mCP (denoted as 
“mCP-10”) was also constructed in the same way. The final 
density of the structure was 1.0 g cm−3 for both the mCP-100 
structure and the mCP-10 structure. The amorphous structures 
thus obtained are shown in Fig. S1 in ESI. The calculation of 
the electronic coupling for hole and electron transfer (HAB

+ and 
HAB

−, respectively) was performed for the molecular pairs that 
have a center-to-center distance within 20 Å in the amorphous 
structure. Using the values of HAB

+ and λ+ or HAB
− and λ− 

obtained above, the rate constants for hole and electron transfer 
(kCT

+ and kCT
−, respectively) under the applied external electric 

field was calculated according Eq. 1,17, 41  

�CT�/� � ���
	 
��

�/�
 �
�����/��B�

exp ��� ���/��∆���
���/��B� ��,       (1) 

where ∆G is the free energy difference between the initial and 
final states, T is the temperature, h is Plank’s constant and kB is 
Boltzmann’s constant. At present, Marcus theory is widely used 
and no crucial problems are found for treating the charge 
transport of organic molecules.42-44  Under the applied external 
electric field, the free energy change, ∆G, is given by Eq. 2, 

∆� �  !∆",                                      
(2) 
where q is the elementary charge (unit charge), F is the applied 
external electric field strength, and ∆x is the distance between 
the neighboring relevant molecules along the electric field. The 
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Fig. 3 Histograms of the number of pairs with the electronic coupling for (a) 
holes (HAB

+) and (b) electrons (HAB
−) in the mCP-100 structure where ∆G = 

0. 

 
 

Fig. 4 Simulated field dependence of the charge mobilities for the mCP-100
structure. The thickness was set to 100 nm. 

 
 

Fig. 5 Charge transfer trajectory under the electric fields applied in the 
direction of the a-axis: (a) hole at 300 V1/2 cm−1/2; (b) hole at 1000 V1/2

cm−1/2; (c) electron at 300 V1/2 cm−1/2; (d) electron at 1000 V1/2 cm−1/2. The 
simulations were started from the origin of the cell with one hole or one 
electron, respectively. 

calculations of kCT were performed for the pairs of molecules 
with a center-to-center distance within 20 Å as described above. 
 The charge hopping was performed using a Monte Carlo 
simulation based on the hopping probability corresponding to 
the calculated value of kCT. The hoppings of 1,000 charges were 
simulated and the charge mobilities for holes and electrons 
(µCT

+ and µCT
−, respectively) were calculated. The amorphous 

structures constructed in this study should be isotropic; 
therefore, the a-, b- and c-axis should be statistically equivalent. 
To verify this, charge transport simulations were performed by 
applying the electric field along the a-, b- or c-axis of the cubic 
cell individually. Anisotropy was observed in the charge 
mobility for the mCP-10 structure (Fig. S2 in ESI), so the 
statistical average in mCP-10 was not sufficient. As described 
below, the charge mobility was isotropic for the mCP-100 
structure, reflecting the random distribution of mCP molecules, 
so the results of the calculations using the mCP-100 structure 
are mainly described in this paper. The reorganization energy 
for hole and electron transport (denoted as λ+ and λ−, 
respectively) were 0.077 eV and 0.14 eV, respectively. Figure 
1b and c show distribution of the HOMO and the LUMO of 
mCP, respectively. The squared molecular orbital coefficients 
of respective fragments of mCP are also shown in percentage. 
While the HOMO is delocalized over the entire molecule 
including the central phenylene moiety, the LUMO is strongly 
localized on the outer benzene rings in carbazole moieties. 
Figure 3 shows the calculated electronic coupling for hole and 
electron transfer (HAB

+ and HAB
−, respectively) between the 

neighboring molecules in the structure of mCP-100 for ∆G = 0. 

 Compared with the values of HAB
+ (Fig. 3a), those of HAB

− 
(Fig. 3b) have a larger distribution. This implies that the 
overlap of the LUMOs among neighboring mCP molecules is 
significantly increased when there is close contact of the 
carbazole moieties. As shown in Fig. S3a and b in ESI, the pair 
of molecules with the maximum value of HAB

− (HAB
−

max) has 
closer contact of the carbazole moieties than that with 
maximum value of HAB

+ (HAB
+

max).  
 Figure 4 shows the electric field dependence of the hole and 
electron mobilities along the a-, b- and c-axes of the amorphous 
mCP-100 structure by Monte Carlo simulations. Compared 
with the results for the mCP-10 (see Fig. S2 in ESI), the 
difference in the charge mobility for the mCP-100 structure 
along each axis is significantly small. The mCP-100 structure 
can sufficiently reproduce the isotropic nature of an amorphous 
system. The ratio of the charge mobility for hole/electron 
transfer, µ+/µ−, varied between 2.7 and 4.2 within the range of 
300–1,000 V1/2 cm−1/2. This suggests that the mCP-100 
structure has better hole transport than electron transport. The 
ratio of µ+/µ− is almost the same as that experimentally 
obtained. The absolute mobilities are 1–2 orders of magnitude 
higher than the experimental values. 45-47 This is probably 
because outer-sphere reorganization energies and/or 
distributions of HOMO/LUMO energy levels (diagonal 
disorder) are ignored in our calculation. In addition, the absence 
of these effects would lead to the calculated negative field 
dependence (Fig. 4), which are inconsistent with the 
experimental observations. The calculation of reorganization 
energies can be improved, for example, by taking into account 
effects of surrounding molecules with a quantum 
mechanical/molecular mechanical method.48 The origin of the 
inconsistency between calculations and experiments is now 
under investigation. 
 Figure 5 shows the charge transport trajectories for the one-
hole and the one-electron simulations using the mCP-100 
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Fig. 7 Number of hops in the forward direction (N +), backward direction 
(N−), and difference (Ndiff): (a) hole at 300 V1/2 cm−1/2; (b) hole at 1000 V1/2

cm−1/2, (c) electron at 300 V1/2 cm−1/2; (d) electron at 1000 V1/2 cm−1/2. The 
molecular pairs are numbered in order of decreasing Nall at 300 V1/2 cm−1/2. 
The top 40 molecular pairs with high Nall are shown in the figure. The charge 
transport simulations were performed with the electric field in the direction 
of the a-axis. The values of N + and N − are the averages of the 1000 times of 
the Monte Carlo simulations. Note that N + and N − are shown in positive and 
negative values, respectively. 

 
 

Fig. 6 Correlation of the total number of hops (Nall) and the electronic 
coupling ((a) for holes, HAB

+, and (b) for electrons, HAB
−) under the different 

electric fields in the direction of the a-axis. 

 
 
Fig. 8 The values of HAB

+, HAB
−, ∆X +, and ∆X − for the molecular pairs with 

HAB
+

 max, HAB
−

 max, ∆X + max, and ∆X –
max: (a) for hole transfers and (b) electron 

transfers along the a-axis at a 300 V1/2 cm−1/2. The length of the arrow is 
proportional to the actual migration distance, ∆X. 

structure. At 300 V1/2 cm−1/2, the hole (Fig. 5a) reached the 
counter electrode by using complicated routes, going back and 
forth, indicating a strong diffusive behavior. At 1,000 V1/2 
cm−1/2, the hopping of the hole in the direction of the applied 
field was more efficient (Fig. 5b). The trajectories for electron 
transport had a similar trend depending on the applied electric 
field (Fig. 5c and d). These results clearly indicate that there is 
increased contribution of the drift transport as the applied 
electric field strength was increased. 
 As shown in Fig. 3, HAB

−
max is greater than HAB

+
max. For the 

two molecular pairs which have HAB
−

max and HAB
+

 max, kCT
+ and 

kCT
− were calculated according to Eqs. 1 and 2. They are 

denoted as kCT
−

max and kCT
+

max, respectively. For 300–1,000 V1/2 
cm−1/2, the kCT

−
max and kCT

+
max were calculated to be 9.1 × 1013 – 

3.2 × 1014 s−1 and 2.6 × 1013 – 5.1 × 1013 s−1, respectively. From 
the results, we expect mCP has superior electron transport 
property rather than hole transport. However, Monte Carlo 
simulations tell us that µ+ is larger than µ− as shown in Fig. 4. 
To clarify the details, we analyzed the relationship of HAB and 
the charge transport between the electrodes. Figure 6 shows the 
relationship of HAB and the total number of hops, Nall. Here, Nall 
is the number of times that hopping occurred between the two 
molecules during the simulation (the sum of the hops in the 

forward direction (N +) and in the backward direction (N −); Nall 
= N + + N −). The values of Nall, N

+, and N − are the averages of 
the 1000 times trials of the Monte Carlo simulations. At 300 
V1/2 cm−1/2, Nall for both of holes and electrons monotonously 
increased with HAB

+ and HAB
−. However, at 1,000 V1/2 cm−1/2, a 

deviation from the trend was observed. In Fig. 7a and b, N +, N 

−, and their difference (Ndiff; Ndiff = N + − N −) are shown for the 
top 40 pairs of large Nall at 300 V1/2 cm−1/2. The corresponding 
data for 1,000 V1/2 cm−1/2 is shown in Fig. 7c and d. A clear 
relationship was not seen between N + and Ndiff. This suggests 
that hopping transport may not always proceed efficiently in the 
forward direction even if N + is high. “Round-trips”, that is, 
carriers hop forward but return back to the original molecule, 
occur. As shown in Fig. 7, even though the number of hops in 
the forward direction, N +, was greater than 102, there was 
approximately the same number of hops in the backward 
direction, N −. The actual number of hops in the forward 
direction (Ndiff) was at most approximately 5. 
 Here, we define ∆X by the product of Ndiff and ∆x: 

∆# � $%&''∆". (3) 
∆X is the contribution of each pair for the migration distance of 
a charge (average migration distance of 1,000 charges) in the 
direction of the applied electric field. Although, no 
relationships were observed between HAB and ∆X (Fig. S4 in 
ESI), and between N + and ∆X (Fig. S5 in ESI), we found a 
correlation between Ndiff and ∆X (Fig. S6 in ESI). These results 
show that the charge transport is not uniquely determined by 
the value of HAB in the case of amorphous systems. This is 
different from the crystal systems.15, 16 

Figure 8 shows the pairs with HAB
+

max, HAB
−

max, the pairs 
with the largest migration distance, ∆X +

max and ∆X −
max, in the 

amorphous structure, respectively (see also Fig. S3 in ESI). 
While ∆X +

max is 4.2 nm for hole transport (the HAB
+ is 2.9 

meV), ∆X + of the pair with HAB
+

 max (29 meV) is only 1.4 nm. 
For electron transport, ∆X −

max is 6.4 nm (the HAB
− is 5.7 meV), 

whereas ∆X − is only 0.16 nm for the molecular pair with 
HAB

−
max (89 meV). Table 1 summarizes N +, N −, Nall, and Ndiff 

for the respective molecular pairs shown in Fig. 7. The ratio, 
Nall / Ndiff, and ∆X are also shown. For the molecular pairs with 
HAB

+
max, the charges hopped in the direction of the applied 
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Table 1 Number of hops in the forward direction (N +), backward direction (N −), the sum (Nall), and the difference (Ndiff) for the respective molecular pairs 

shown in Fig. 8. The ratio of Nall / Ndiff and the average migrated distance (∆X ) are also shown. 

Molecule  
Pairs 

HAB
+/−  

(meV) 
F1/2 

(V1/2 cm−1/2) 
Number of hops 

Nall /Ndiff 
∆X  

(nm) N + N − Nall Ndiff 

HAB
+

max 29 
300 584.7 582.4 1167.1 2.3 515 1.4 
1000 40.2 35.9 76.1 4.3 18 2.7 

∆X +
max 2.9 

300 8.0 3.6 11.6 4.4 3 4.2 
1000 5.8 0.0 5.8 5.8 1 5.5 

HAB
−

max 89 
300 3595.3 3594.5 7189.8 0.8 9289 0.16 
1000 32.2 32.1 64.3 0.1 495 0.026 

∆X –
max 5.7 

300 27.2 22.1 49.3 5.1 10 6.4 
1000 7.8 0.2 8.0 7.6 1 9.6 

 

 
 

Fig. 9 Simulation of the charge mobility with the molecular pairs with
HAB

+
max, HAB

−
 max, ∆X +

 max and ∆X −
 max either enabled or disabled. The 

thickness of the charge transport layer was set to 100 nm. 

electric field once in every 515 times of hops at 300 V1/2 cm−1/2, 
and it became approximately once in every 18 times of hops at 
1,000 V1/2 cm−1/2. It is clear that while the diffusion transport is 
dominant at low applied electric fields, the contribution of the 
drift transport increased as the applied electric field increased. 
For the molecular pairs with ∆X +

max, the charges hop in the 
direction of the applied field once in every 3 times of hops at 
300 V1/2 cm−1/2. The charges hopped almost every time in the 
direction of the applied electric field when the field was 
increased to 1000 V1/2 cm−1/2. The hops for the molecular pairs 
with ∆X −

max and HAB
−

max showed similar trends to those with 
∆X +

max and HAB
+

max. Charge-hopping for the molecular pairs 
with HAB

+
max and HAB

−
max occurred mainly through diffusion, 

resulting that charges tend to take “round-trips” between the 
two molecules, especially at low electric fields. For molecular 
pairs with ∆X +

max and ∆X −
max, the contribution of the drift 

transport increased. For the pairs with large ∆X , the free energy 
difference between the initial and final states, ∆G, is large as 
found from Eqs. 2 and 3. The large ∆G is the origin of the 
effective forward hopping. 

Figure 9 shows the results of the charge transport 
simulations (the electric field is applied along the a-axis). The 
hole and electron mobilities along the a-axis in Fig. 5 are 
replotted in Fig. 9 as filled squares. Compared to these, both 
hole and electron mobilities were reduced when the molecular 
pairs with ∆X + 

max or ∆X − 
max was not used for charge transport 

simulations (filled circles). In particular, the electron mobility 
reduced significantly. It is obvious that the molecular pairs with 
∆X + 

max and ∆X − 
max form a critical hopping path for charge 

transports and improve charge mobilities. In sharp contrast, 
both hole and electron mobilities were unchanged, regardless of 
whether the molecular pair with HAB

+
 max (or HAB

−
 max) were 

used (filled squares) or not (open circles). These results show 
that the molecular pairs with HAB

+
 max and HAB

−
 max are not 

critical for charge transports between electrodes. The electron 
mobility of mCP would be increased by increasing ∆X and 
decreasing its distribution. Such distribution can be realized when 
molecular pairs with moderately large HAB

− and intramolecular 
distance (∆x) are placed regularly. 

Conclusions 

In this study, we performed the charge transport simulations in 
an amorphous mCP thin layer. Organic molecules were 
explicitly considered to link the macroscopic charge transfer 
and the microscopic molecular structure directly. The hole 
mobility of mCP was calculated to be three to four times larger 
than the electron mobility. This result was in good agreement 
with the experimentally determined ratio of the charge mobility 
for hole and electron transfer. It was clearly shown that while 
the diffusion transport is dominant at low applied electric fields, 
the contribution of the drift transport increased as the applied 
electric field increased. At a low electric field strength, both 
holes and electrons reached the counter electrode not through 
simple routes directly toward the direction of the applied 
electric field but through complicated routes, including the 
direction opposite to and perpendicular to the electric field. At a 
high electric field strength, charge hopping in the direction of 
the applied electric field can be advantageous and becomes 
significantly efficient. Charge hopping for molecular pairs with 
large HAB was mainly diffusive and back and forth between the 
two molecules tended to occur more frequently. Therefore, 
these molecular pairs are not crucial for charge transports. In 
contrast, the contribution of the drift transport was dominant for 
molecular pairs with large ∆X. The molecular pair substantially 
improve charge mobilities by forming effective charge transfer 
path. 

We revealed that one of the important factor of charge 
transport in amorphous systems is relative configuration of the 
molecules rather than HAB. This is different from the charge 
transport in crystal systems. Our findings are important not only 
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for fundamental science but also for the design of charge-
transporting materials by controlling electronic states and 
intermolecular orientation. Further development of this 
approach is in progress for multi-layered amorphous systems 
composed of hole transport, emission, and electron transport 
layers, and for more complex systems, including charge 
blocking layers, etc.  

Computational methods 

The Dreiding force field was used for the MD simulation. 
The MD simulations were carried out under periodic boundary 
conditions. The parameters for the Dreiding force field such 
that the MD simulation reproduced the molecular structure of 
mCP optimized with DFT method (for more details, see Fig. S7 
in ESI and Tables S1, S2). The total number of pairs, 
approximately 270,000, was reduced to about 5,000 pairs at the 
20 Å cut-off for the calculation of HAB

+ and HAB
−. As shown in 

Fig. S8 in ESI, the values of HAB of the molecular pairs, whose 
adjacent center-to-center distance is more than 20 Å, is 
negligibly small, less than 1×10−10 meV. We verified that these 
molecular pairs with small HAB do not take part in the charge 
transport. For Monte Carlo simulations, periodic boundary 
conditions were set in all directions. The thickness of the film 
was 100 nm and the electric field was applied in this direction 
for the charge transport simulation. The square root of the 
external electric field was 300–1,000 V1/2 cm−1/2, which 
corresponded to a voltage of 0.9–10 V. The temperature was set 
to 298 K. Amorphous cell and Forcite programs (Accelrys Inc., 
San Diego, CA, USA) were used for the construction of the 
amorphous structure. Calculations of HAB was performed by the 
Gaussian 09 program package using the extended Hückel 
theory and in-house program written in C. Charge transport 
Monte Carlo simulations was performed using the in-house C 
program. 
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By considering organic molecules explicitly, we could 

successfully link the macroscopic charge transfer and the 

microscopic molecular structure directly. 
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