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Abstract Density functional theory (DFT) and Marcus

charge transport theory were employed to investigate the

charge transport properties of 4,40-bis(1-naphthylphenyla-

mino)biphenyl (NPB), which is widely used as hole-trans-

port material in organic photoelectron devices. Using an

incoherent transport model, we respectively calculated its

electron and hole mobility (l). It has high electron-transport

efficiency (lelectron = 1.43 9 10-2 cm2/(V�s)) than that of

hole (lhole = 1.62 9 10-3 cm2/(V�s)). The results are con-

sistent with the experiment Tse et al. (Appl Phys Lett 89,

262102, 2006), and the difference was explained in terms of

the spatial extent of the frontier orbitals.

Keywords DFT � Charge transport � Marcus theory �
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1 Introduction

Poly(aryl)amines are now widely used as hole-transport

materials in applications ranging from the xerox process to

multilayer organic light-emitting diode (OLED)-based

devices. Though N,N0-diphenyl-N,N0-bis(3-methylphenyl)-

(1,10-biphenyl)-4,40-diamine (TPD) and NPB are most

widely used as hole-transport materials, only several

authors have used computational methods to address the

structure–property issues in TPD-derived molecular mate-

rials, with particular emphasis on the geometric and elec-

tronic changes which accompany oxidation/hole-transport

phenomena [1–8]. Although these pioneering studies have

been important for understanding the transport of charge

carriers in OLED materials on the molecular level, only

the reorganization energies of these poly(aryl)amines

are considered. Interestingly, for most compounds of

poly(aryl)amines, the reorganization energy for the hole

transport is larger than for the electron transport except

NPB [1]. So, the following question comes out: Whether

the electron mobility of NPB is really larger than its hole

mobility? Tse et al. [9] have proved that the NPB has good

electron transport capability. But the reason remains

unclear. According to Marcus theory [10], the important

parameters to characterize the carrier mobility are elec-

tronic coupling term and reorganization energy. So, if the

question be answered, the electronic coupling of NPB must

be considered. In context, density functional theory (DFT)

method and Marcus theory were employed to investigate

both electron and hole-transport properties of NPB.

2 Computational methods and theory

The hopping model theory [11] is suitable for our case,

because the intermolecular interactions are weak for the

most thin-film amorphous materials in OLEDs. Within the

present simple model, even though the crystal structure is

employed here in defining all the charge transport path-

ways, the results also can be relevant for the thin films. In

fact, in this approach, the charge is assumed to be localized

in one molecule, instead of spreading out in the bulk. A

good thin film is usually quite ordered up to a few hundred

nanometers in size [12, 13]. The effects of grain boundaries

and charge traps were neglected for a pure crystal, if the

intermolecular interaction is strong, the charge could not be

assumed to be localized in the molecule; thus, the present
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model could not be applied. However, for the NPB we

studied, we note that V � k. It is to say the intermolecular

coupling is much less important than the charge relaxation.

So, the Marcus theory is fully applicable, and the results

presented in this work could shed light on materials design

for organic semiconductors.

In these cases, the charge transport mechanism can be

described as a self-exchange electron-transfer reaction

from a charged oligomer to an adjacent neutral oligomer

and vice versa. According to the semiclassical electron-

transfer theory [10], the charge-transfer rate, kET, can be

described as:

kET ¼
4p2

h

1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4pkkBT
p V2 exp � k

4kBT

� �

ð1Þ

where k is the reorganization energy, V is the transfer

integral, T is the temperature, and h and kB are the Planck

and Boltzmann constants, respectively. The intermolecular

transfer integral V characterizes the strength of electronic

coupling between the two oligomers. The charge-transfer

integrals for charge transport are obtained from the direct

method [12–15] and can be written as:

V ¼ /0;site1
MO Fj j/0;site2

MO

D E

ð2Þ

where /0;site1
MO and /0;site2

MO represent the LUMOs for electron

transport (HOMOs for hole transport) of isolated molecules

1 and 2, respectively, and F is the Fock operator for the

dimer with a density matrix from noninteracting dimer of

F = SCeC-1, where S is the intermolecular overlap

matrix, and C and e are the molecular orbital coefficients

and energies from one-step diagonalization without itera-

tion. The charge-transfer integral calculations were per-

formed using the PW91PW91/6-31G* method. It has been

proven that this choice of functional gives the best results

at the DFT level [15, 16].

The reorganization energy is the sum of two energetic

terms: the inner reorganization energy of the molecule and

the reorganization energy of surrounding medium. In this

case, the latter contribution can be neglected, so that the

structural differences between the equilibrium configura-

tions of p-conjugated units in neutral and ionic states

become the dominant ones [17]. The internal reorganiza-

tion energies for electrons and holes transport calculated by

the DFT B3LYP/6-31G* method. The reorganization

energy (k) corresponds to the sum of geometry relaxation

energies upon going from the neutral-state geometry to the

charged-state geometry and vice versa. Hence, k for charge

transfer is given by

k ¼ ½Eion g0
� �

� Eion gion
� �

� þ ½E0 gion
� �

� E0 g0
� �

� ð3Þ

Here, Eion(g0) and E0(g0) are the energy of the ionic and

neutral state with the optimized geometry of the neutral

molecule, respectively; Eion(gion) and E0(gion) are the

energy of the ionic and neutral states with the optimized

ionic geometry, respectively.

Given the hopping rate between two neighbors, for a

spatially isotropic system, the homogeneous diffusion

constant D can be approximately evaluated by [18]:

D ¼ 1

2n

X

i

r2
i kiPi ð4Þ

where n = 3 is the dimensionality, ki is the hopping rate

due to charge carrier to the ith neighbor, ri is the distance to

neighbor i, Pi is the relative probability for charge carrier to

a particular ith neighbor:

Pi ¼ ki

.

X

i

ki ð5Þ

Summing over all possible hops leads to the diffusion

coefficient in Eq. 4. The drift mobility of hopping, l, is

then evaluated from the Einstein relation,

l ¼ e

kBT
D ð6Þ

Here, e is the electron charge.

The geometry (Fig. 1) optimizations were performed at

the density functional theory level with the B3LYP func-

tional using the Gaussian 03 program suite [19], involving

the gradient correction of the exchange functional by

Becke [20, 21] and the correction functional by Lee et al.

[22], employing a 6-31G* split-valence basis set which has

been proven reasonable for the system [1, 8, 23]. Subse-

quently, vibrational frequencies were performed at the

same theoretical level to confirm that the ground-state

conformation was a minimum on the potential energy

surface. The cationic and anionic states were also opti-

mized with an unrestricted B3LYP functional, and spin

contamination in the radical species was found to be very

small (hS2i B 0.75). C2 symmetry was adopted during

optimization.
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Fig. 1 Chemical structure of NPB and series number
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3 Results and discussion

3.1 Geometry and reorganization energy

The initial ground-state geometry of NPB was obtained

from the experimental results determined by the single-

crystal X-ray diffraction [24] and fully optimized. Table 1

summarizes some key geometry parameters [25] optimized

for the ground, cationic, and anionic states of the NPB.

Note that 4(C-G) represents the geometry difference

between optimized cationic geometry and optimized neu-

tral geometry, and 4(A-G) denotes the geometry modifi-

cations between optimized anionic geometry and optimized

neutral one. The optimized geometries agree well with

other density functional calculations [1, 8, 23].

The reorganization energy in NPB for electron (ke) and

hole (kh) computed are 0.158 and 0.295 eV, respectively.

And the calculated charge carrier organization energies are

in agreement with other DFT calculation [1, 23]. The larger

reorganization energy of the hole is rationalized by the fact

that the key geometry modifications except dihedral angle

D14-13-N-4 upon oxidation are bigger than upon reduction (see

Table 1). According to Eq. 1, though NPB is a well-known

hole-transport material, it may be a better electron trans-

porter from the point of view of reorganization energy. So,

the answer may be obtained from charge-transfer integrals.

3.2 Charge-transfer integrals and charge mobility

The relative positions of the two molecules in the hopping

complexes are necessary for calculating transfer integral in

an amorphous film. An amorphous material can be

considered as a collection of molecules with relative

positions similar to that in crystalline state without long-

range order. Here, we use the single-crystal structure of

NPB [24] to generate all the possible nearest-neighbor

intermolecular hopping pathways (dimers). All the hopping

pathways are shown in Fig. 2. Once a transport pathway is

defined, the charge-transfer integral can be obtained by

direct dimer Hamiltonian evaluation method [12–15].

Diffusion coefficient (D) and drift mobility (l) for electron

and hole in the NPB were estimated from Eqs. 4, 5, and 6

computed at 300K. The dimer center mass (CM) distance,

transfer integral (V) are presented in Table 2.

Table 1 Selected calculated ground, cationic, and anionic bond lengths (Å), bond angle (�), and dihedral angle (�) for the NPB

R1-10 R4-N R7-N R13-N A4-N-7 A4-N-13 A7-N-13 D6-1-10-60 D7-N-13-4 D8-7-N-4 D14-13-N-4

Ground 1.482 1.421 1.431 1.419 118.2 121.2 119.5 35.3 167.9 54.9 -140.9

Cation 1.457 1.388 1.438 1.430 119.4 121.9 118.3 19.8 173.5 59.9 -136.1

4(C-G) -0.025 -0.033 0.007 0.011 1.2 0.7 -1.2 -15.5 5.6 5.0 4.8

Anion 1.473 1.423 1.434 1.407 117.3 121.6 120.6 27.8 171.6 60.7 -153.3

4(A-G) -0.009 0.002 0.003 -0.012 -0.9 0.4 1.1 -7.5 3.7 5.8 -12.4

Fig. 2 Charge hopping

pathways for NPB

Table 2 The dimer center mass (CM) distance and transfer integrals

calculated of NPB

Path way Dimer CM

distance (Å)

Transfer integral/10-6 eV

Hole Electron

1 10.090 165.02 2.43

2 11.338 1,504.20 619.47

3 9.575 3,320.21 5,217.35

4 9.950 4,228.61 1,520.86

5 11.338 1,504.20 619.47

6 12.359 428.37 8,67.07

7 10.309 121.47 91.56

8 10.252 3,319.16 5,263.15

9 12.359 428.37 867.07

10 10.309 121.47 91.56

11 9.950 4,228.61 1,520.86

12 10.144 165.39 2.80
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Considering all the pathways, the largest transfer inte-

grals are about 0.004 eV in the pathways 4, 11 for hole and

0.005 eV in the pathway 8 for electron, respectively. Dif-

ferent pathways have different contribution to the charge

mobility. These indicate that the charge mobility is quite

anisotropic. To understand the magnitude of the transfer

integral values, we need to examine the packing of mole-

cules in crystal structure. The magnitudes of V depend on

the overlap degree between the HOMOs of the hopping

complex for hole (LUMOs for electron). For example,

when there is obvious HOMO orbitals overlap between two

molecules in a dimer, the V values for hole will be large,

which could be demonstrated in the case of the pathway 4

(see Fig. 2).

The electron drift mobility (l, 1.43 9 10-2 cm2/(V�s))

is more than 1 orders of magnitude larger than the hole drift

mobility (1.62 9 10-3 cm2/(V�s)). Both electron drift

mobility and hole drift mobility are higher than the

experimental results [9, 26], and this indicates that its

charge mobilities could be improved through controlling

the operation process in the OLED technology. Since

electrons are sequentially transferred through the lowest

unoccupied molecular orbital (LUMO) for electron trans-

port and through the highest occupied molecular orbital

(HOMO) for hole transport in organic disordered systems

[27], the result can be rationalized from frontier orbitals of

NPB (Fig. 3). The HOMO in NPB is mainly from the

biphenyl and benzene rings connected with N atom, while

its LUMO localizes at the naphthyl groups. And naphthyl

group bulge on the outside of the molecule, so the LUMO

component characteristic is conducive to orbital overlap

among molecules and improve the electron transport

efficiency.

4 Conclusion

On the bases of optimized equilibrium geometries of neu-

tral, cationic, and anionic states of NPB by means of the

B3LYP, the inner reorganization energies (k) for hole and

electron were obtained. The transfer integrals were calcu-

lated using direct dimer Hamiltonian evaluation method.

The electron drift mobility (l, 1.43 9 10-2 cm2/(V�s)) is

more than 1 orders of magnitude larger than the hole drift

mobility (1.62 9 10-3 cm2/(V�s)). So, NPB is not only a

hole-transporting material but also a better electron-trans-

porting material. The result is in agreement with the

experimental reports.
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