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Chemical substitutions are powerful molecular design tools to enhance the performance of organic
semiconductors, for instance, to improve solubility, intermolecular stacking, or film quality. However, at the microscopic level, substitutions in general tend to increase the molecular reorganization
energy and thus decrease the intrinsic charge-carrier mobility. Through density functional theory
calculations, we elucidate strategies that could be followed to reduce the reorganization energy upon
chemical substitution. Specific examples are given here for hole-transport materials including indolocarbazoles and several triarylamine derivatives. Through decomposition of the total reorganization
energy into the internal coordinate space, we are able to identify the molecular segment that provides
the most important contributions to the reorganization energy. It is found that when substitution reduces (enhances) the amplitude of the relevant frontier molecular orbital in that segment, the total
reorganization energy decreases (increases). In particular, chlorination at appropriate positions can
significantly reduce the reorganization energy. Several other substituents are shown to play a similar
role, to a greater or lesser extent. © 2011 American Institute of Physics. [doi:10.1063/1.3632105]
I. INTRODUCTION

Organic semiconductors have attracted considerable
attention in recent years because of the growing interest in
low-cost, light-weight, and flexible opto-electronic device
applications.1, 2 In these applications, the efficiency of charge
transport within the organic layers plays a key role. Therefore,
the mechanism of charge transport, especially its evolution
as a function of temperature, has attracted much attention
recently.3–6 Transport models have been proposed in two extreme regimes: the band regime for delocalized electrons and
the hopping regime for localized charges. Depending on the
relative magnitude of the parameters in the Hamiltonian, the
regime of charge transport can be predicted.4 There has been
experimental evidence for band-like transport in organic single crystals, where the mobility decreases with temperature.
Interestingly, however, Nan et al. have presented a study5 indicating that, even within a localized charge picture, when the
molecule is coupled to high-frequency intramolecular vibration modes and the quantum nature of such vibrations is taken
into account, a “band-like” charge diffusion behavior can
result; in this instance, the charge mobility is calculated to decrease with temperature, in contrast to the thermal activation
behavior obtained in the context of the semi-classical Marcus
theory where phonons are assumed to be classical. Thus, this
model provides a bridge between the two limiting behaviors.
a) Authors to whom correspondence should be addressed. Electronic ad-
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Regardless of the exact nature of the transport mechanism, the carrier mobility increases with the intermolecular
electronic coupling (V) and decreases with the local electronphonon coupling (λ, reorganization energy). Therefore, these
two parameters have been evaluated for many systems.7, 8
Designing functional organic materials with large mobility
has been a central challenge in the field of organic electronics. Many attempts have been made to improve the
charge-transport properties of well-known organic semiconductors via substitution or functionalization.9, 10 For example,
halogen substitutions have been used to promote molecular
stacking,11, 12 or to alter the carrier type.13, 14 However, the
reorganization energies, and consequently the activation barriers for electron transfer, have been found to increase significantly in the case of many substitutions.15, 16 In particular, perfluorination was found to more than double the reorganization
energy of tetracene and pentacene;17, 18 partial fluorination
and alkoxy substitution of tetracene have also led to larger reorganization energies, while alkyl substitution has been found
to produce a lesser impact.19 Heterocyclic oligomers including thiophenes, furans, and pyrroles have also been subjected
to various substitutions with, for instance, fluoro, isobenzo,
ethylenedioxy, cyano, trifluoromethyl, or amino groups; here
as well, the substitutions were found to increase the reorganization energies significantly.20 To the best of our knowledge,
the only exceptions correspond to cyano and isobenzo groups
that have been shown to reduce the internal reorganization energy for pentacene, tetracene, and heterocyclic oligomers.20, 21
It would thus be useful to gain a better understanding of the
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FIG. 1. Molecular structures of 1, 1a, 1b, c, d, and e.

impact of chemical substitution on the molecular reorganization energy through quantum-mechanics calculations.
Indolo[3,2-b]carbazole derivatives, see Fig. 1, represent
a class of hole-transport materials for which the effect of various substitution groups on the transport properties has been
experimentally investigated.22 Ong et al. have found that the
parent indolocarbazole compound exhibits a low mobility, on
the order of 5∼6 × 10−3 cm2 V−1 s−1 at low temperature
(25 K). The 3,9-dichloro derivative (1b) also gives a low mobility of 1.2 × 10−4 at 25 K and 2∼3.5 × 10−3 cm2 V−1 s−1
at 70 K. However, the 2,8-dichloro derivative (1a) exhibits
higher mobility of 2∼3 × 10−2 cm2 V−1 s−1 at 25 K and
0.85–1.4 × 10−1 cm2 V−1 s−1 at 70 K. It was assumed that
the higher mobility of (1a) is due to differences in molecular
packing with respect to (1) or (1b).22(d)
Here, we use density functional theory (DFT) to investigate the effects of substitution on the reorganization energy
in 1. Our results show that the reorganization energy in indolo [3,2-b]carbazole derivatives can be substantially reduced
by substitution at appropriate positions. Our analysis is based
on an internal-coordinate decomposition, which highlights the
chemical nature of the charge-relaxation process. This analysis can improve molecular design by describing which functional groups should be added in which positions in order to
reduce the molecular reorganization energy.

FIG. 2. Sketch of the potential energy surfaces for neutral and cationic
molecules, illustrating the normal-mode displacement (Q) and the relaxation energies (λ(1) and λ(2) ).

(λ(1) and λ(2) ) when going from the neutral-state geometry to
the charged-state geometry and vice versa.23, 24
An alternative way to evaluate the reorganization energy
is to rely on a normal-mode (NM) analysis. The total reorganization energy (λ) obtained from both AP and NM approaches
are in excellent agreement.27, 29 The NM analysis has been
exploited to simulate the shape of the first ionization peak in
gas-phase UPS spectra; the agreement between simulated and
experimental spectra validates the use of DFT to estimate the
reorganization energy;28, 29 therefore, the normal-mode analysis based on DFT calculations has been adopted to evaluate
the total reorganization energy throughout this work. Within
the harmonic approximation, the total reorganization energy
reads25
λ=


i

II. THEORETICAL METHODOLOGY

The total reorganization energy is usually evaluated
based on adiabatic potential energy surfaces (AP), see Fig. 2:
λ(1) = E (1) (M) − E (0) (M),

λ(2) = E (1) (M •+ ) − E (0) (M •+ ).
(1)

Here, E (0) (M) and E (0) (M •+ ) denote the ground-state energies of the neutral state and of the charged state, respectively;
E (1) (M) is the energy of the neutral molecule in the optimized geometry of the ion state, and E (1) (M •+ ) is the energy of the charged state at the optimized geometry of the
neutral molecule. The total reorganization energy consists of
two terms corresponding to the geometry relaxation energies

λi =

1
i

2

ωi2 Q2i .

(2)

Here, λi is the reorganization energy due to mode i with
frequencyωi . Qi represents the displacement along the
ith normal mode coordinate between the equilibrium positions of charge state and neutral state, see Fig. 2. The total reorganization energy is obtained by summation over
all vibrational modes. The normal displacements Qi between the neutral state and the charged state are evaluated with the DUSHIN program.25 The molecular geometries
and normal modes for the ground and charged states were
calculated using the B3LYP hybrid density functional in conjunction with the 6–31g(d) basis set as implemented in the
GAUSSIAN 09 package.26 In order to better understand the
contribution of the local structure to the total reorganization
energy, the displacements along normal modes can be represented via rectilinear displacements in Cartesian coordinates
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(R) as
Q = CT m1/2 (R − R0 ).

(3)

Here, the columns of C represent the nv eigenvectors of the
normal modes; m is a (3n × 3n) diagonal matrix whose
nonzero elements correspond to the masses associated with
the Cartesian coordinates.
Equations (2) and (3) have been widely employed in the
literature.27 However, since normal modes represent a linear
combination of all atomic molecular coordinates, it is difficult to visualize the variations in reorganization energy due to
local structural modifications. We show here that the use of
internal coordinates, that provide a direct link to the chemical structure, can be very useful in such instances. Following
Reimers,25 we express the normal-mode coordinates as linear
combinations of internal coordinates:

αij Sj ,
(4)
Qi =

terms of internal coordinates and express the reorganization
energy as a function of these constants


∂H (r, R)
 + (r, R0 )
αij  + (r, R0 )
Vi =
∂S
j
R
0
j


=

(9)

αij Ṽj ,

j


Ṽj =  + (r, R0 )

λ=


j

∂H (r, R)
∂Sj

 + (r, R0 ) ,

(10)

R0

⎛
⎞
 1

⎝αij2 Ṽj2 +
λ(Ṽj ) =
αij αim Ṽj Ṽm ⎠.
2ω
i
j
i
m(=j )
(11)

j

S  = B (R − R0 ),

Si = Tij Sj ,

B = TB.

(5)

Here, B is the Wilson matrix. The non-orthogonal and orthogonal non-redundant rectilinear internal displacements
S  (B  ) and S  (B ) can be obtained through linear transformation T.25
By substituting Eq. (4) into Eq. (2), we obtain the reorganization energy in terms of internal coordinates,

λ=
λ(Sj )
j

⎛
⎞
 1

⎝αij2 Sj2 +
=
αij αim Sj Sm ⎠. (6)
2ω
i
j
i
m(=j )

2
2
Here, λj = i (1/2ωi )α
ij Sj represent the diagonal terms
and λj m = i (1/2ωi ) m(=j ) αij αim Sj Sm , the nondiagonal terms. The reorganization energy can be alternatively expressed via the vibronic coupling constants.28 Assuming that there is no Duschinsky mixing and thus that the
molecular charged state involved in electron transfer is characterized by the same force constants as the neutral state, the
two terms (λ1 and λ2 ) contributing to the total reorganization
energy will be nearly identical; this is the case indeed for
many rigid molecules28, 29 and the minor differences seen in
the derivatives shown in Table S5 suggest that the assumption
is appropriate for our investigated systems.
The reorganization energy can now be written as a sum
of normal-mode contributions,
λ=


i

λi =

 V2
i
,
2
2ω
i
i

where Vi is the vibronic coupling constant for mode i:

∂H (r, R)
 + (r, R0 ) .
Vi =  + (r, R0 )
∂Qi
R0

(7)

(8)

Here,  + (r, R0 ) is the wavefunction of the charged molecular state at the optimal geometry (R0 ) of the neutral state. By
means of Eq (4), we can also define the coupling constants in

It is important to note that, while providing a more direct
link to the local molecular properties, expressions (6) and (11)
for the reorganization energies, in contrast to expressions
based on normal coordinates and related couplings, also contain non-diagonal contributions from the internal coordinates
(and the related coupling constants).
The application of the approaches based on direct calculations of the linear coupling constants can be simplified by
making use of Koopmans’ theorem approximation, i.e., by replacing in Eqs. (9) and (10) the total energy of the charged
molecule with the energy of the relevant frontier molecular
orbital. For instance, the hole vibronic coupling constant can
be expressed as
Vi =

∂EHOMO
.
∂Qi

(12)

In addition, by expressing the molecular orbital energy in
the tight-binding model, the change in the vibronic coupling
constants upon substitution can be related to the change in
atomic densities:
EHOMO = C12 β1,1 + C12 β2,2 + 2C1 C2 β12 + 2C1 C3 β13 + ...,
(13)
Ṽi =


∂βj,k
∂EHOMO
=
Cj Ck
,
∂Si
∂Si
j,k
βij = φi |F| φj .

(14)
(15)

Here, the φi terms represent the atomic orbital basis set in the
tight-binding model; βii , the site energies, and βij , the transfer integrals (resonance integrals) between atoms i and j. In
practice, the variations of the resonance integral βij between
atoms i and j were obtained from the dependence of the DFT
Fock matrix components on the inter-atomic bond lengths.
III. RESULTS AND DISCUSSION

The computed reorganization energies of the parent
indolo[3,2-b]carbazole molecule and its derivatives obtained
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FIG. 5. Contributions to reorganization energy from structural parameters:
bond lengths (L), bond angles (A), and dihedral angles, as a percentage of
the total reorganization energy for 1.

FIG. 3. Dependence of the calculated reorganization energy on substitution. The red line corresponds to the reorganization energy of unsubstituted
indolo[3,2-b] carbazole.

by substitution of two chlorine atoms at two symmetry equivalent positions are depicted in Figure 3. As can be seen, the
substituent position has a prominent effect on the reorganization energy. The reorganization energy of the parent molecule
1 is about 1480 cm−1 . The largest changes are observed in
1a and 1b; in 1a, the reorganization energy decreases to
1120 cm−1 while it increases in 1b to 2100 cm−1 . These
results underline that the exact positions of the substituents
significantly influence the magnitude of the reorganization
energy.
Figure 4 illustrates decomposition of the reorganization
energies (λ(1) ) into the contributions from the normal modes
for the two chlorination patterns of the parent molecule that
lead to the largest and smallest reorganization energies. A

simple change in substitution position not only leads to a significant change in reorganization energy, but also to significant redistributions of the total reorganization energy among
the normal modes. We find that the normal modes that most
contribute to the reorganization energy involve several bond
stretching vibrations, related in particular to bond lengths N–
C1, C1 –C2 and C2 –C3 (see bond labels in Fig. 5).
In order to gain a better understanding, the reorganization energies were further projected into internal coordinates.
The results derived for 1 are shown in Fig. 5. It is found that
the largest contribution (about 30%) to the reorganization energy comes from the relaxation along the N–C1 bonds. An
additional 30% contribution is due to the combined relaxations along the C1 –C2 (∼17%) and C2 –C3 bonds (∼14%).
It should be borne in mind that the internal coordinate projection scheme we use, works well only when the non-diagonal
terms in Eq. (6) are small. We collect in Table I the diagonal
and non-diagonal contributions for a number of bond-length
relaxations. The overall non-diagonal contributions are found
to be lower than 20% for all important bond lengths, which
confirms the validity of the present approach.
The effect of chlorination is illustrated for 1a and 1b in
Fig. 6. Upon chlorination, there occurs a significant contribution to the reorganization energy from the relaxation processes along the C–Cl bonds in both molecules. However, in
1a, the contributions from other bond are lessened (especially
for N–C1 ) and, as a result, the overall reorganization energy
is even smaller than in the parent molecule 1. In contrast, all
these contributions increase for 1b, resulting in a much larger
reorganization energy for 1b than both 1 and 1a. In particular,
we notice a very significant role of the contribution from the
relaxation along N–C1 and the dependence of this contribution on the chlorination pattern.
From our qualitative analysis, we observe that most of
the reorganization energy originates in the present case from
the polarization due to the nitrogen atoms, as seen from the
TABLE I. Diagonal and non-diagonal contributions to the reorganization
energies for parent molecule 1.

Bond length

FIG. 4. The relaxation energies (λ(1) ) projected into the normal modes for
1a, 1b, and 1.

L(N–C1 )
L(C1 –C2 )
L(C2 –C3 )
L(N–C4 )

Diagonal
λj /cm−1

Non-diagonal
λj m /cm−1

Diagonal/total
λj /λj + λj m

425.8
214.7
171.7
70.8

18.8
40.1
31.3
13.2

95.8%
84.3%
84.6%
84.3%

104703-5

Substitution effects on reorganization energy

J. Chem. Phys. 135, 104703 (2011)

FIG. 6. Reorganization energy projected into internal bond-length coordinates for 1a, 1b, and 1.

major contribution from bond length N–C1 . The substituents
can lead to charge redistribution within the molecule; once the
charge redistribution cancels the polarization effect related to
the nitrogen atoms, the reorganization energy can be reduced.
As mentioned in Sec. II, the reorganization energy of a
particular internal coordinate can be expressed in terms of the
normal-mode vibronic coupling constants. At the Koopmans’
theorem level, Eq. (14), the hole vibronic coupling along a
specific bond can be related to the product of the HOMO
coefficients on the two atoms forming the bond (which is
approximately equal to the bond order in the HOMO orbital
if one neglects atomic orbital overlap) and the first-order
derivative of the resonance integrals with respect to the
internal coordinate (bond length). The corresponding results
for the N–C1 bonds in 1, 1a, and 1b are displayed in Table II.
Only minor changes in transfer integral derivatives are found
upon chlorination. Therefore, the change in relaxation energy
along the N–C1 bond can be essentially attributed to the
modifications in the wavefunction amplitudes on the N and
C1 atoms induced by the chlorine substitution. Indeed, as
shown in Table II, the charge density on the C1 atoms in 1a
is significantly smaller than in 1. An opposite trend (but to
a lesser extent) is observed for 1b. Similar analyses can be
applied to other internal coordinates.
In addition to chlorination, we also investigated the effect
of several other substituents such as phenyl or alkoxy at para
positions with respect to the nitrogen sites. The numerical results are displayed in Fig. 7. It is seen that all the substituents

FIG. 7. Reorganization energies of the derivatives of 1 as a function of substituents in para positions with respect to the nitrogen sites: 1a (R = Cl), 1c
(R = phenyl), 1d (R = Br), 1e (R = CH3 ), 1f (R = NH2 ), 1g (R = F), 1h (R
= OH), 1m (R = OCH3 ).

we chose can reduce the reorganization energy to some extent; among all these substituents, the phenyl groups lead to
the smallest reorganization energy and the methoxy groups, to
the largest. This finding is intriguing, since, as pointed out earlier, with the exception of the cyano and isobenzo groups,15–20
most substituents usually increase the reorganization energy
of the parent molecules.
The relaxation energy related to the N–C1 bonds, see
Fig. 8, is found to be reduced significantly for the various substituents, by about half in the case of the F, Cl, Br, and alkyl
substituents. The N–C1 relaxation energy is reduced even further for phenyl substitution and becomes negligible in the case
of alkoxy, hydroxyl, and amino substitutions. As discussed
above, the first-order derivatives of the transfer integrals with
respect to the N–C1 bond hardly depend on the substitution;
thus, the change in relaxation energy can be attributed to the
modification of the wavefunction coefficients on the N and
C1 atoms upon substitution. As can be seen from Table S1
in supporting information,32 F, Cl, Br, and CH3 present similar charge densities on the C1 atoms, while the phenyl, alkoxy,
hydroxyl, and amino substitutions lead to smaller atomic densities on the C1 atoms.
Chemical substitution by an X group usually introduces
an additional component to the reorganization energy, for instance due to the C–X bond itself that needs to be taken into
account. Considering the magnitude of the additional C–X
bond contributions, we can classify the substituents into three

TABLE II. Top: HOMO coefficient on various atoms for compounds 1, 1a, and 1b. Bottom: Derivatives of the transfer integrals with respect to the N-C1 bond
lengths.
Basis
Compounds
1
1a
1b

N

C2

C3

2PZ

3PZ

2PZ

3PZ

2PZ

3PZ

2PZ

3PZ

0.2759
0.2700
0.2758

0.2506
0.2452
0.2493

−0.1546
−0.1350
−0.1619

−0.1206
−0.1062
−0.1255

−0.2028
−0.2040
−0.2060

−0.1607
−0.1616
−0.1618

0.0846
0.0670
0.0861

0.0609
0.0483
0.0613

2P ,2PZ
1

Compounds
1
1a
1b

C1

2P ,3PZ
1

3P ,2PZ
1

3P ,3PZ
1

∂βN,CZ

∂βN,CZ

∂βN,CZ

∂βN,CZ

∂SL(N−C1 )

∂SL(N−C1 )

∂SL(N−C1 )

∂SL(N−C1 )

(eV/Å)
8.003
8.054
8.095

(eV/Å)
6.3049
6.2477
6.3158

(eV/Å)
5.5892
5.7047
5.5947

(eV/Å)
2.7276
2.9878
2.7783
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groups (see Fig. 8): (i) X = alkoxy, hydroxyl, and amino
groups, where the extra reorganization energy is very large
(∼400 cm−1 ); (ii) X = halogen (F, Cl and Br) where it is
moderate (∼200 cm−1 ); and (iii) X = CH3 and phenyl, with a
small additional reorganization energy (less than 100 cm−1 ).
The HOMO coefficients and the derivatives of the
transfer integrals with respect to the internal coordinate for
different substituents are displayed in Table S2 and Table S3
in supporting information,32 respectively. For the first group
(alkoxy, hydroxyl, and amino), the HOMO coefficient on the
X atom is large and, at the same time, the transfer integral
derivatives are the largest among all substitutions. In the case
of the phenyl and CH3 substituents, even though the related
transfer integral derivatives are large, the HOMO coefficients
on the X atoms are very small. As a result, for these groups,
the contribution from C-X to the total relaxation energy is the
smallest.
It is of interest to evaluate whether the trends found
above could be applied to other charge-transport materials as well. We considered several triarylamine-based
molecules (labeled 2, 3, and 4 in Table III) that have been
widely employed as hole-transport materials in optoelectronic
applications.30, 31 The computed reorganization energies of
the parent molecules 2, 3, and 4 and of their derivatives obtained by substitution with two chlorine atoms at symmetrically equivalent positions are collected in Table III. Substitution type (a) can lead to much lower reorganization energy
than substitution type (b). This can be understood from the
modification of the molecular orbital coefficients upon chlorination, as mentioned above. Since the N-C1 bonds have large
contributions to the relaxation energy, we display the variations in the HOMO molecular orbital coefficients on the C1
atom for molecules 2, 3, and 4 in Table S4 in supporting
information.32 Substitution type (a) results in smaller coefficients than those for the parent molecules and substitution
type (b), which confirms the molecular design rule for lowering the reorganization energy by virtue of Eqs. (13)–(15).
IV. CONCLUSION
FIG. 8. Decomposition of the reorganization energy into internal coordinates
for different substituents.

To summarize, we have demonstrated an approach by
which it is possible to decompose the total reorganization

TABLE III. Effect of chlorination on the reorganization energy of triarylamine derivatives, calculated at the B3LYP/6–31G* level.
λ /cm−1

λ /cm−1

λ /cm−1

R2
R2

R2

R1

R1
N C1

N C1

N

R1

N

N C1

R1

R1

N
R1

R2

2
2689
2a
1851
2b
2645
2: R1 = R2 = H
2a: R1 = Cl, R2 = H
2b: R2 = Cl, R1 = H

R2

3
3a
3b
3: R1 = R2 = H
3a R1 = Cl, R2 = H
3b R2 = Cl, R1 = H

1095
650
1062

R2

4
2226
4a
1312
4b
2223
4: R1 = R2 = H
4a: R1 = Cl, R2 = H
4b: R2 = Cl, R1 = H
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energy into internal coordinates. This allows one to rationalize the effects of chemical substitution in terms of the frontier
orbitals and the first-order derivatives of the transfer integrals
with respect to local geometry parameters. We have found that
chlorine substitutions at appropriate positions in the case of
indolo-carbazole can reduce the reorganization energy significantly, in contrast to the increase that is generally observed;
several other substitution groups can also play a similar role,
to a greater or lesser extent. The value of the reorganization
energy also displays a similar dependence on the exact positions of chlorination in the case of triarylamine derivatives.
Thus, the nature of the substituents and their exact positions
are important factors to be considered in order to design organic materials with higher charge mobilities.
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