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ABSTRACT: Despite great attention to the charge transport in organic semiconductors (OSC) over the last decades, the
underlying mechanism is still controversial. After our theoretical position in 2009, the quantum nuclear tunneling eﬀect has
been proven by more and more experiments to play an essential role for charge transport in organic and polymeric materials. On
the other hand, back in the 1970s, it was proposed that the nature of charge transport could be analyzed by the isotope eﬀect,
which, however, has not been conﬁrmed either experimentally or theoretically. In this Perspective, we review the understanding
of microscopic mechanisms on charge transport by using diﬀerent transport mechanisms from hopping to band transport.
Particularly, we point out that the isotope eﬀect, which is absent in the semiclassical Marcus theory, should be negative for the
localized charge transport with quantum nuclear tunneling. We conclude that the quantum nuclear tunneling eﬀect dominates
the charge transport in OSCs.

1. INTRODUCTION
Along with the improvement of fabrication methods and
development of charge transport mechanisms for organic
semiconductors in the last decades, numerous systems have
been found to possess the room-temperature hole mobility as
high as several tens of cm2 V−1 s−1. Such high mobility existing
in OSCs calls for a thorough understanding of charge transport
mechanisms, for better designing molecules theoretically.
However, the mechanism being hopping or bandlike transport
is still controversial. The bandlike model with a fully
delocalized picture has been used to describe the high mobility
in OSCs, such as thienacene derivatives,1−5 pentacene,6
rubrene, 7−9 6,13-bis(triisopropylsilylethynyl)pentacene
(TIPS-P),10 etc. However, compared with the experimentally
measured carrier mobility, the bandlike model greatly overestimates the values of most systems,11,12 and the typical
temperature dependence does not always exist in high mobility
systems, such as dinaphtho-thieno-thiophene (DNTT) single
crystal transistor.5 As a result, the reliability of the bandlike
model applied in OSCs is questioned. For the materials with
positively temperature-dependent mobility, the dominant
© 2019 American Chemical Society

transport mechanism was deemed to be thermally activated
hopping. A fully localized hopping model dependent on the
Marcus theory was proposed and achieved a great deal of
success in designing materials.13−17 The semiclassical Marcus
theory18 was originally developed to study the electron
exchange reaction in solution by assuming that the electron
was transferred after solvent reorganization, which was mainly
associated with low-frequency polarization motion (ω ≪ kBT).
Thus, the environmental ﬂuctuations were treated classically
according to the high-temperature approximation, and the
thermal activation vanishes at zero temperature. Nevertheless,
in OSCs, both the intramolecular and intermolecular vibrations
are coupled with the electronic degrees of freedom. Moreover,
the typical vibration consists of conjugated C−C stretching,
satisfying ω ≫ kBT. Therefore, the classical treatment on
environments in the Marcus theory should not be appropriate
for OSC systems. In fact, a number of experiments observed
ﬁnite conductivity in organic materials at very low temperReceived: July 27, 2018
Published: January 8, 2019
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ature,19−21 indicating that the quantum nuclear tunneling
eﬀect should be considered. In addition, the Marcus theory
often underestimates the carrier mobility. For example, it
predicted the hole mobility for pentacene as ca. 6−15 cm2 V−1
s−1,22 while the recent experimental single crystal ﬁeld-eﬀect
transistor (FET) mobility reached 15−40 cm2 V−1 s−1.23 All
the cases mentioned above pointed out the inadequacy of the
Marcus theory in describing the charge transport mechanism
and predicting mobility. To bridge the fully delocalized
bandlike model and the fully localized Marcus theory, the
quantum nuclear eﬀect on charge transport was proposed.
Conducting polymers had been awarded the Nobel Prize in
Chemistry in 2000, but the conducting mechanisms have been
long elusive. Even the most recent theories are mutually
exclusive, such as the 1D Luttinger liquid model,19 the 3D
environment Coulomb blockade model,24 and the modiﬁed
variable range hopping methods.25 A recent proposed formula
was based on the framework of quantum nuclear tunneling
mechanism which could successfully ﬁt the J(V, T) curves for
ﬁve diﬀerent polymers,21 helping to clarify the disputed
transport mechanisms and revealing the universality of nuclear
tunneling enabled polaron transport mechanism for conducting polymers. In fact, the quantum nuclear eﬀect on charge
transfer was earlier investigated by Ulstrup and Jortner,26 and
Emin had also looked at the polaron hopping eﬀect long ago;27
but for organic semiconductors, it was Nan et al., who ﬁrst
proposed an elaborated hopping model derived from Fermi’s
Golden rule which included a full quantum nuclear eﬀect.28
Quantum nuclear tunneling can eﬀectively lower the barrier
height, thereby enhancing the mobility. Such a quantum
nuclear tunneling enabled hopping model naturally interpreted
the paradoxical phenomenon observed in TIPS-P that the
optical measurement indicated localized charge carriers, but
the electrical measurement showed the bandlike temperaturedependent mobility.29 More importantly, the quantum nuclear
tunneling enabled localized charge transport has been proven
by combined experimental and computational evidence by
Taherinia et al.30 and by van der Kaap et al.31
For the purpose of investigating the microscopic mechanism
of charge transport, Munn et al. have put forward the proposal
of studying the isotope eﬀect on charge mobility as early as
1970 by using the Holstein model.32 By assuming the quasilocalized electron and considering one or two oscillators, it was
predicted that isotopic substitution could promote mobility in
the “slow-electron” end and slower mobility in the “slowphonon” end. Subsequently, the measurement of c′ directional
electron mobility in anthracene crystal exhibited an 11%
increase upon all-deuteration, which seemingly matched the
“slow-electron” mechanism.33 In 1971, Morel and Hermann
even observed a 3-fold increase in electron mobility in the c′direction upon all-deuteration for anthracene.34 Nevertheless,
this result was soon overturned by them, and a 10% decrease in
the c′ directional mobility was published.35 Later, an
unnoticeable isotope eﬀect on the electron mobility in the c′
direction was measured in naphthalene by Schein and
McGhie.36 Similarly, Xie et al. recently observed an
inappreciable isotope eﬀect on hole mobility for all-deuterated
rubrene.9 Due to those mutually exclusive experiments and
uncertain theoretical studies, there is still no deﬁnite answer as
to whether or not the isotope eﬀect exists.
On the other hand, extensive eﬀorts on isotope eﬀect have
been carried out for understanding the nonradiative decay
processes of molecular excited state37−39 and the mechanisms

of chemical reactions.40−42 For instance, deuteration could
greatly inﬂuence the nonradiative decay rate from the excited
state (T1 or S1) to the ground state (S0), and isotopic
substitution occurring in the broken or formed bond could
change the chemical reaction rate dramatically. These have
been rationalized by the changes in frequency of phonon
modes or chemical bonds after nuclear mass increasing. Thus,
the isotope eﬀect on charge transport should also be found in
process where exists the optical phonon scattering from
intramolecular vibrations, due to the lower nuclear vibrational
frequency and weaker quantum nuclear eﬀect upon heavier
nuclei. Therefore, it is of great signiﬁcance to give a systemic
theoretical prediction on OSCs, especially by the quantum
nuclear tunneling model.
It is noticed that either quantum nuclear tunneling or the
Marcus theory describes a well localized charge transport
picture, in which the intermolecular electronic transfer integral
(V) is far less than the intramolecular reorganization energy
(λ). As for the high mobility materials with comparable V and
λ, it raises the question that whether the charge carrier is still
localized in one molecule or delocalized in several neighbors.
As a result, the intermediate regime situated between the
localized and fully delocalized ends needs to be put forward.
Electron quantum dynamics is such a good method which can
study the degree to which the carrier wave function is extended
over neighboring molecules and meanwhile be able to describe
the coherent motion of the charge carrier. To include the
inﬂuence of molecular vibrations on electrons, mixed
quantum/classical dynamics (MQCD) approaches, such as
surface hopping or Ehrenfest dynamics43 and ﬁrst-principles
calculation based on the Su-Schrieﬀer-Heeger (SSH) type
model,44 have been widely proposed to study the charge
transport property, especially for the real organic systems,45,46
by treating nuclear motions classically. Full quantum dynamics
(FQD) methods, like the nonperturbative hierarchically
coupled equations of motion47 and the non-Markovian
stochastic Schrodinger equation,48 have also been proposed
for parametrized models rather than real organic materials,
since the system sizes are limited to dozens of sites in the
limitations of memory and numerical convergence. In order to
overcome the computing restriction, Zhong et al. developed a
more eﬃcient FQD approach, namely time-dependent wavepacket diﬀusion (TDWPD), which includes the quantum
nuclear eﬀect by the harmonic oscillator model and is able to
deal with even thousands of sites eﬃciently. Its benchmark
work on charge transport49 showed good consistency with the
nonperturbative hierarchically coupled equations of motion as
well as the path integral method, by which only small-sized
symmetric systems could be studied. Moreover, it is proven
that the TDWPD method is fairly eﬀective on symmetric
systems, although it is diﬃcult to reproduce Boltzmann
distribution in asymmetric systems.50 Thus, for real homogeneous OSC systems, TDWPD is useful to discuss the electron
delocalization and coherence as well as the quantum nuclear
eﬀects.
Our previous reviews summarized the progress in developing
computational tools for mobility prediction starting from the
Marcus theory,17 and the evaluation of the quantum nuclear
tunneling enabled the hopping model with several applications.51 In this Perspective, we will focus on the recent progress
in investigating the microscopic mechanisms of charge
transport for OSCs by using the quantum nuclear tunneling
model compared with the Marcus theory, the wavepacket
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electrical conductivity through the Boltzmann transport theory,
mobility can be ﬁnally achieved by σ = Neμ.
It is most interesting to note that our theoretical hole
mobility for C8-BTBT published in 2014 (165−180 cm2/(V
s))54 was conﬁrmed two years later by the ﬁeld-induced timeresolved microwave conductivity measurement by Tsutsui et
al., who found a strikingly high room temperature average
mobility of 170 cm2 V−1 s−1 for 2,7-C8-BTBT, strongly
suggesting a bandlike behavior for BTBT due to the close
molecular packing.59 Second, it is noted that isotopic
substitution leads to a slightly positive eﬀect from Table 1.

diﬀusion approach, and the bandlike transport model. Namely,
we are going to highlight the respective roles of quantum
nuclear tunneling and charge delocalization played in charge
transport.

2. ISOTOPE EFFECT ON CHARGE TRANSPORT
2.1. Isotope Eﬀect in the Bandlike Limit with Acoustic
Phonon Scatterings. As to which bandlike model is
concerned, the electron coherent length is assumed to be far
longer than the lattice spacing distance, and the electron de
Broglie wavelength is about 7 nm at 300 K which matches the
acoustic phonons. Thus, the electron−phonon coupling has
been often evaluated by deformation potential through a lattice
dilation/contraction scheme. Recently, Xi et al.52 have applied
a Wannier-interpolation technique including both acoustic and
optical phonons scattering for computing the bandlike mobility
of two-dimensional (2D) carbon materials. The acoustic
phonons have been found to be dominant, while the optical
phonons have little impact on scattering unless the temperature is high enough. Thus, the combination of the acoustic
phonon based deformation potential (DP) theory and the
Boltzmann transport equation53 has been widely applied to
study the bandlike transport behavior in OSCs.11,54,55
In order to investigate the isotope eﬀect in bandlike
transport, we take C8-BTBT which is widely recognized as
the band transport1 to study the all-deuteration eﬀect by the
DP theory, the methodology of which is described in detail in
ref 54. A reﬁned introduction of the calculation method is
presented here for better understanding of the calculation
results. The Vienna ab initio simulation package (VASP
5.3.2)56 is applied to optimize the geometries and calculate the
band structures for pristine and all-deuterated C8-BTBT. The
cutoﬀ energy for the plane-wave basis is set as 600 eV, and the
cutoﬀ radius for pair interactions is 50 Å. The spin−orbit
coupling is not taken into account here. The Monkhorst−Pack
k-mesh for calculating the ionic and lattice constant relaxations
is 4 × 4 × 1 and for obtaining the single-point energy and
charge density calculations is 8 × 8 × 2. The tetrahedron
method with Blöch corrections is applied for smearing. The
electrical conductivity σ in the Boltzmann transport theory57,58
is determined by the transport distribution function ∑k vkvkτk ,
where τk is the relaxation time that measures how quickly the
electrons restore the equilibrium distribution within phonon
scattering. vk = ∇k εk /ℏ is the group velocity obtained by the
band structure calculations, and εk is the band energy at kpoint. Here, a ﬁne k-mesh of 41 × 41 × 9 is used for
calculating the band energies for C8-BTBTs. In the long
wavelength limit, the scattering matrix element is assumed to
be independent of the lattice wave propagation direction.
Thus, the relaxation time can be expressed as
1
2π
= ℏ |M(k, k′)|2 ∑k′ δ(εk − εk )[1 − cos θ ], where θ is the
τk
′
angle between k and k′, and δ(εk − εk′) is Dirac delta
function. The matrix elements for electrons scattered from
Blöch state k to k′ is expressed as |M(k, k′)|2 = kBTE21/Cii,
where El and Cii are the DP constant and the elastic constant,
respectively, in the lattice wave propagation direction. For
simplicity, we stretch the unit cell along a and b directions.
With respect to the lattice dilation, El is calculated from a linear
ﬁtting of band edge energy shift values, while Cii is obtained by
parabolic ﬁtting of the total energy values. After calculating the

Table 1. Deformation Potential Constants (El), Elastic
Constants (Cii), Relaxation Times (τ), and Mobility (μ) for
Holes (h) and Electrons (e) in Pristine and All-Deuterated
C8-BTBTs along a and b Directions at Room Temperaturea
El ah (eV)
El ae (eV)
El bh (eV)
El be (eV)
Caa (109 J/m3)
Cbb (109 J/m3)
τh (fs)
τe (fs)
μah (cm2/(V s))
μbh (cm2/(V s))
μae (cm2/(V s))
μbe (cm2/(V s))

pristine

all-deuterated

1.39
2.29
2.73
0.74
18.3
9.91
117
50.3
180
165
13.4
28.1

1.39
2.29
2.73
0.74
18.3
9.76
120
51.3
184
171
13.6
28.8

a

Table adapted with permission from Royal Society of Chemistry (ref
73).

This should be mainly ascribed to the tiny decrease on Cbb
caused by a numerical error in the ﬁtting process. Since both
pristine and all-deuterated C8-BTBTs share the same crystal
structure, their electronic structures are identical to each other,
and the group velocity will be unchanged. Accordingly, the
band edge energy and the total energy with the same lattice
dilation should also remain the same. Therefore, alldeuteration should have no eﬀect on El and Cii, and the
relaxation times τk determined by vk, El, and Cii are supposed
to be identical upon isotopic substitution. As a result, the
electrical conductivities and the bandlike mobility should be
independent of isotopic substitution, for both hole and
electron transport.
2.2. Isotope Eﬀect for Manifesting the Quantum
Nuclear Tunneling in Hopping Transport. Based on the
hopping mechanism, the charge transfer (CT) rate incorporating the quantum nuclear tunneling eﬀect can be expressed as
QM

k

l
o
o
dt expo
itωfi −
m
o
o
−∞
o
n
|
o
o
− (nj̅ + 1)eiωjt ]o
}
o
o
o
~

|V |2
= 2
ℏ

∫

∞

∑ Sj[(2nj̅ + 1) − nj̅ e−iω t
j

j

(1)

Here, ωj and n̅j = 1/[exp(ℏωj/kBT) − 1] are the frequency and
the occupation number for the j-th vibrational mode,
respectively, and Sj is the corresponding Huang−Rhys factor
representing the local electron−phonon coupling. ωf i is the site
energy diﬀerence, which equals zero for monomolecular
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Figure 1. Schematic presentations of isotopically substituted (a) NDI-C6 and (b) PDI-C8. (c) The distribution of reorganization energies (λ) of all
normal modes for pristine neutral NDI-C6 and the ﬁve modes with the largest reorganization energies are presented as well. Figure adapted with
permission from American Chemical Society (ref 73).

crystals. In the limit of strong coupling where ∑jSj ≫ 1, the
short time approximation exp(iωt) = 1 + iωt + (iωt)2/2 can be
applied. Meanwhile, in the case of high temperature
approximation (ℏωj/kBT ≪ 1), the occupation number of
phonons turns to n̅j ≈ kBT/ℏωj, thus eq 1 goes back to the
Marcus formula
ÄÅ
É
1/2
ÅÅ (ΔG + λ)2 ÑÑÑ
|V |2 ijj π yzz
SC
Å
ÑÑ
k =
j
z expÅÅÅ−
Ñ
ÅÅÇ
4λkBT ÑÑÑÖ
ℏ jjk λkBT zz{
(2)

substitution. Thus, there should be no isotope eﬀect found by
using the Marcus theory. Comparatively, when the nuclear
quantum eﬀect is included as shown in eq 1, the CT rate will
be sensitive to the isotope substitution by lowering the
vibrational frequency and thus weakening the quantum eﬀect.
As a result, the charge transport will get close to the
semiclassical end, and the CT rate as well as mobility are
supposed to be lowered. Since there is almost no isotope eﬀect
in the bandlike mechanism, the observation of the negative
isotope eﬀect can directly manifest the quantum nuclear
tunneling assisted hopping mechanism. In this section, we
introduce our systematic theoretical predictions of the isotope
eﬀect on charge transport by the quantum nuclear tunneling
model.
Among all isotopic substitutions, deuteration leads to the
greatest increase in mass as 100%, while changing 12C to 13C
only increases the mass by 8%. In OSCs, however, the
conjugated C−C bond stretching vibrations play a signiﬁcant
role in phonon scattering. So both deuteration and 13C
substitution eﬀects on charge transport have been investigated.
As the typical n-type materials, we ﬁrst take N,N′-bis(nhexyl)naphthalene diimide (NDI-C6) and N,N′-bis(n-octyl)perylene diimide (PDI-C8) as examples61−64 to study their
isotope eﬀects by diﬀerent isotopic substitutions, as shown in

where the total charge reorganization energy is λ = ∑jλj =
∑jSjℏωj, and ΔG is the site energy diﬀerence. The carrier
mobility is calculated via the Einstein formula μ = eD/kBT,
where the diﬀusion coeﬃcient D can be achieved by kinetic
Monte Carlo simulation based on the CT rates. For the α-th
pathway, the charge hops from molecule m to molecule n with
the probability pα = kαmn/∑αkαmn, and the simulation time is
deﬁned as 1/∑αkαmn.17,60 By averaging over thousands of
⟨R2(t )⟩
.
t →∞ 2dt

trajectories, D can be ﬁnally calculated via D = lim

According to the Born−Oppenheimer approximation, the
electronic structure determined properties, V and λ, are
independent of isotope. Therefore, it is easy to ﬁnd from eq
2 that the Marcus CT rate will not change after isotopic
1480
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system, all-deuteration (N1, P1) and alkyl chain deuteration
(N2, P2) lead to the strongest isotope eﬀects, all of which
reduce mobility more than 10%. All 13C-substitutions on
backbone also show obvious isotope eﬀects such as −7% and
−10% for N4 and P4, respectively. To the contrary, no
noticeable isotope eﬀect has been found in other systems (N3,
P3, and N5). The isotope eﬀect derived from the quantum
nuclear tunneling model has been rationalized by analyzing the
electron−phonon couplings of normal modes. Modes with a
large Huang−Rhys factor possess strong scattering ability.
When the isotopic substitution happens on the atoms with
major contribution to the vibrations of such modes, the
corresponding frequencies would decrease remarkably. Then,
the phonon scattering will be obviously enhanced and the
nuclear tunneling will be greatly weakened in the case of
keeping the total reorganization energy unchanged, thus
resulting in a strong negative isotope eﬀect on the CT rate
or mobility. To explain this, the ﬁve dominated normal modes
with the largest reorganization energies and corresponding
frequencies for all NDI-C6 systems have been presented in
Figure 1c and Table 3, where Mode 1 primarily consists of the

Figures 1a and 1b. All the optimizations and frequency
analyses are calculated by the B3LYP functional combined with
the 6-31G(d) basis set65,66 by the Gaussian 09 package.67 The
calculation results show that the equilibrium geometry of each
isotopic system is totally the same, while the frequencies
decrease upon isotopic substitutions. Under the displaced
harmonic oscillator approximation, the Huang−Rhys factor
and reorganization energy of each mode are calculated through
the normal-mode analysis method by the DUSHIN program.68
The sum of all the normal mode reorganization energies is
found to be almost identical to the total reorganization energy
resulting from the adiabatic potential method, the values of
which are 351 (350) meV for NDI-C6 and 272 (271) meV for
PDI-C8, respectively. Moreover, the total reorganization
energies obtained from the two methods are found to be
independent of isotopic substitutions. By assuming the same
crystal structures62,63,69 for diﬀerent isotopes, the transfer
integrals obtained at the PW91PW91/6-31G(d)70 level with
the site-energy corrected coupling method71 are indeed
independent of isotope. The largest V in NDI-C6 and PDIC8 is 74 and 44 meV, respectively, making both systems satisfy
the condition of the hopping mechanism as V ≪ λ. All CT
rates and mobility calculations are performed by the homemade MOMAP program package.72
It should be noticed that, as for the quantum CT rate in eq
1, the time integration part being of oscillation behavior can
reach the convergence only when the Huang−Rhys factor is
large enough. For example, for rubrene, the numerical
integration is convergent due to the large Huang−Rhys factor
contributed by phenyl twisting motions,28 while for NDI-C6 or
PDI-C8, no mode can provide the convergence condition.
Thus, the Lorentzian factor e−Γ|t| has been added for both NDIC6 and PDI-C8, and the broadening Γ is set as small as 10
cm−1, being treated as the environmental dissipation.
The electron mobility resulting from the Marcus theory is
0.24 cm2 V−1 s−1 for all six isotopically substituted NDI-C6 and
0.50 cm2 V−1 s−1 for the ﬁve isotopically substituted PDI-C8,
indicating no isotope eﬀect existed in the semiclassical limit. In
addition, the Marcus theory underestimates the mobility values
for both NCI-C6 and PDI-C8. The quantum nuclear tunneling
model makes more reasonable prediction on mobility values
compared to experiments74,75 (Table 2) and indicates negative
isotope eﬀects for all the substitutions. For example, for either

Table 3. Frequencies (cm−1) of the Five Normal Modes for
All Isotopic NDI-C6 Systems As Shown in Figure 1ca
mode frequencies
N0
N1
N2
N3
N4
N5

μe

IE

N0
N1
N2
N3
N4
N5
Marcus
exp.

4.31
3.44
3.55
4.27
4.02
4.28
0.24
0.7a

0.00
−20.18
−17.63
−0.93
−6.73
−0.70

μe

IE

P0
P1
P2
P3
P4

13.19
11.11
11.53
12.89
11.87

0.00
−15.77
−12.58
−2.27
−10.01

Marcus
exp.

0.50
1.7b

PDI-C8

2

3

4

5

557.00
551.47
(0.99%)
556.55
(0.08%)
552.99
(0.72%)
546.09
(1.96%)
554.78
(0.40%)

1450.90
1446.22
(0.32%)
1450.37
(0.04%)
1446.24
(0.32%)
1394.99
(3.85%)
1424.78
(1.80%)

1646.63
1632.79
(0.84%)
1646.62
(0.00%)
1632.82
(0.83%)
1585.83
(3.69%)
1632.27
(0.87%)

1781.34
1779.00
(0.13%)
1779.16
(0.12%)
1781.18
(0.01%)
1735.63
(2.57%)
1780.51
(0.05%)

a

The relative frequency reductions of N1−N5 compared to N0 are
provided in parentheses. Table adapted with permission from
American Chemical Society (ref 73).

rocking vibration of alkyl chains and Modes 2−5 involve inplane bending of aromatic rings, conjugated C−C stretching,
and CO stretching vibrations, respectively. Among the
systems with a strong isotope eﬀect, all-deuteration on alkyl
chains (N1, N2) leads to a remarkable frequency decrease on
Mode 1, while all 13C-substitution on backbone (N4) causes
signiﬁcant reductions in the frequencies of Modes 2−5. To the
contrary, little frequency change of the ﬁve modes has been
found in N3 and N5, both of which exhibit weak isotope
eﬀects.
We then extend our study on the p-type material rubrene to
compare with the recent experiment that all-deuterated
rubrene shows no appreciable isotope eﬀect.9 It is noted that
rubrene has been proposed to be best described by the
bandlike model,7 and comparable values between V and λ are
actually found in both pristine and all-deuterated rubrenes,
where λ is calculated as 150 meV, and the largest V is 83 meV.
However, experimental research on tetracene, the parent of
rubrene, revealed that it was the hopping mechanism
dominating the transport process,76 indicating the applicability
of the quantum nuclear tunneling model on tetracene and

Table 2. Theoretical Electron Mobilities (μe, cm2 V−1 s−1)
and Corresponding Isotope Eﬀects (IE, %) Deﬁned as
(μNi−μN0)/μN0 in the Quantum Nuclear Tunneling Model
for All NDI-C6 and PDI-C8 Systems at Room Temperaturec
NDI-C6

1
405.41
391.65
(3.39%)
392.17
(3.26%)
404.39
(0.25%)
404.77
(0.16%)
405.14
(0.07%)

a

Reference 63. bReference 65. cThe isotope-independent Marcus
electron mobilities and nonisotopically substituted experimental data
are comparably given. Table adapted with permission from American
Chemical Society (ref 73).
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Table 4. Isotope Eﬀects (IE, %) on the CT Rate Deﬁned as (kiso−k0)/k0 after All 13C-Substitution (12C →
Deuteration (H → D) for Four Acenes and Five Acene Derivativesa
hole
12

C→13C IE

acenes

derivatives

2A
3A
4A
5A
1
2
3
4
5

−4.55
−3.12
−2.80
−2.66
−9.75
−7.84
−3.09
−8.61
−7.03

13

C) and All-

electron

H→D IE

λNM

λAP

−0.86
−0.33
−0.47
−1.05
−6.46
−4.35
−0.28
−5.19
−14.76

189
141
120
94
160
141
139
159
137

187
139
116
94
158
140
138
167
134

12

C→13C IE
−8.81
−8.22
−7.76
−7.42
−10.56
−8.05
−7.63
−9.59
−9.59

H→D IE

λNM

λAP

−6.41
−5.33
−4.88
−4.37
−10.60
−4.45
−4.90
−5.96
−16.11

262
198
164
132
199
184
174
176
199

261
198
162
132
197
183
174
174
197

a

The corresponding total reorganization energies (λ, meV) calculated by normal mode analysis (NM) and the adiabatic potential method (AP) are
also given. Table adapted with permission from Royal Society of Chemistry (ref 77).

in the c direction, neither in the a nor in the b direction had the
isotope eﬀect been observed.35 This might be ascribed to the
bandlike mechanism dominated by acoustic phonon scattering
as introduced in section 2.1.
In Table 4, all-deuteration leads to slight isotope eﬀects on
hole transport for four acenes but more noticeable (ca. 5%) for
electron transport. All 13C-substitution leads to stronger
isotope eﬀects on both hole and electron transports, and the
isotope eﬀects on electron transport (ca. 7−9%) are about
double the eﬀects on hole transport (ca. 3−5%). Moreover,
except for the negligible deuteration eﬀect on hole transport,
other isotope eﬀects show decreasing trends with longer
conjugation length and smaller total reorganization energy
(Table 4). According to the previous study, the necessity for
obtaining strong isotope eﬀects is substituting the atoms with
active participation in the vibrational modes which make
signiﬁcant contribution to charge reorganization. For acenes,
the vibrational modes which contribute most to the
reorganization energy are aromatic C−C stretching vibrations.
Therefore, we can deﬁne an eﬀective mode expressed as78

possibly its derivatives as well. The hole mobilities of pristine
and all-deuterated rubrene calculated by the quantum nuclear
tunneling model are 17.12 cm2 V−1 s−1 and 16.68 cm2 V−1 s−1,
which agree well with their experimental mobilities that both
values are ca. 15 cm2 V−1 s−1. The slight isotope eﬀect of alldeuterated rubrene is ascribed to the fact that aromatic
hydrogen atoms make little contribution to the vibrations with
major charge reorganization, which is similar to the situation in
backbone deuterated NDI-C6 and PDI-C8 (N3, P3). Thus,
the measurement of the deuteration eﬀect could not help to
distinguish the transport mechanism for rubrene. To ﬁgure out
the signiﬁcance of the nuclear tunneling eﬀect and the
dominance of hopping or bandlike transport, it is necessary
to study the isotopic systems that substituted atoms involve
actively in the vibrations with major contribution to charge
reorganization. If the noticeable isotope eﬀect can be observed
in such isotopic substitutions, the quantum nuclear tunneling
eﬀect within a hopping model will be manifested.
2.3. Negative Isotope Eﬀect for Charge Transport in
Acenes and Derivatives. As introduced above, even though
the isotope eﬀect was earlier proposed to determine the charge
transport mechanism in acenes, there still has been no
deﬁnitive answer as to whether such an isotope eﬀect is
positive or negative for nearly half a century, since either the
experimental measurement or theory was too rough to make a
judgment. Therefore, in order to give a certain conclusion, we
have systematically studied the isotope eﬀect on both electron
and hole transport for acenes and their derivatives by the
quantum nuclear tunneling model. Since isotopic substitution
is assumed to have no inﬂuence on the crystal structure and
the intermolecular transfer integral, for simplicity, we here
calculate the isotope eﬀect on the CT rate instead of mobility.
We ﬁrst study the inﬂuence of all-deuteration and all 13Csubstitution on naphthalene (2A), anthracene (3A), tetracene
(4A), and pentacene (5A) for both hole and electron
transport, and our calculations show that all-deuteration or
all 13C-substitution could reduce both hole and electron
transfer rates, as shown in Table 4. The results are consistent
with our previous theoretical study, further validating the
negative isotope eﬀect on charge transport accompanying the
quantum nuclear tunneling eﬀect. The theoretical deuteration
eﬀect on anthracene mismatches with the experimental result
in ref 32 but shows good consistency with Morel’s measurement on the c direction’s electron mobility for all-deuterated
anthracene,35 implying the existence of the quantum nuclear
tunneling eﬀect in anthracene. It needs to mention that, except

ωeff =

∑ ωi2λi /∑ λi
i

i

(3)

For hole transport in acenes, all the eﬀective frequencies fall in
the range of 1400−1500 cm−1 (Table 5). All-deuteration on
four acenes leads to slight reduction on the eﬀective frequency,
so that the corresponding isotope eﬀects are negligible. To the
contrary, 13C-substitution causes ca. 3.6% reduction on the
eﬀective frequency for all acenes, so that the 13C-subsituted
eﬀect is remarkably increased. For electron transport in acenes,
the eﬀective frequencies are in the range of 1100−1300 cm−1.
For either hole or electron transport, 13C-substitution leads to
a larger frequency reduction than all-deuteration, leading to a
stronger isotope eﬀect than deuteration. Moreover, with the
similar eﬀective frequency decreases upon 13C-substitution for
all acenes, the larger electron reorganization energy will cause
more increase in the Huang−Rhys factor compared to the hole
transport process, leading to a stronger 13C-substitution eﬀect
on electron transport than hole transport. In addition, much
more frequency reduction upon all-deuteration during the
electron transport process can lead to a much stronger isotope
eﬀect than the hole transport process.
We then extended our investigations to acene derivatives,
bis(phenylvinyl)anthracene (1), bis(phenylethynyl)anthracene
(2), dichlorotetracene (3), tetrachlorotetracene (4), and TIPS1482
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1182.47
1218.58
1263.93
1336.05
electron

The relative frequency changes upon all 13C-substitution and all-deuteration are presented in parentheses. Table adapted with permission from Royal Society of Chemistry (ref 77).

1446.55
(−0.40%)
1158.246
(−2.05%)

P (5), as shown in Figure 2. The all 13C-substitution and alldeuteration eﬀects on hole and electron transport have also
been calculated (Table 4). By introducing the side chains with
dramatic inﬂuence on the reorganization energy distribution of
acenes, such as phenyl (1, 2), chlorine (4), and alkyl (5),
stronger isotope eﬀects on both electron and hole transport
can be achieved, since the contribution to electron−phonon
coupling made by side chains gets increased. Thus, isotopic
substitutions on side chains can lead to remarkable enhancements of the Huang−Rhys factor compared to acenes, then
resulting in great increases on the isotope eﬀect. For instance,
all 13C-substitution eﬀects on hole transport get increased 2−3
times after introducing the side chains into acenes as
derivatives 1, 2, 4, and 5, and all-deuteration eﬀects on hole
transport are even 1 order of magnitude increased after sidechain substituting acenes. Especially for TIPS-P, all-deuteration
leads to ca. 15% reductions in both hole and electron transport.

3. NUCLEAR TUNNELING AND CARRIER
DELOCALIZATION: BRIDGE THE GAP BETWEEN
HOPPING AND BANDLIKE TRANSPORT
To further reveal the signiﬁcance of the quantum nuclear eﬀect
and evaluating carrier mobility, especially in high mobility
OSC systems, we provided a comprehensive computational
tool to study the charge transport property by employing four
diﬀerent methods covered from the semiclassical Marcus
theory, to the quantum nuclear tunneling model, to quantum
wavepacket diﬀusion, and eventually to the bandlike
description under the DP approximation. The transport
mechanism in real systems should always belong to one of
them.
We will ﬁrst give a brief introduction of the TDWPD
method. The Hamiltonian for a carrier motion process can be
expressed as
N

H (t ) =

N

∑ (εii + Fi(t ))|i⟩⟨i| + ∑ (εij + Vij(t ))|i⟩⟨j|
i=1

(4)

i≠j

where |i⟩ represents the electronic state of the i-th site, and
Fi(t) and Vij(t) are the ﬂuctuations of site energy εii and
transfer integral εij separately. The spectral density function of
electron−phonon interaction J(ω) =

π
2

∑j

χj2
ωj

δ(ω − ωj) is

employed for obtaining the memory eﬀect of site energy
ﬂuctuation. Here, the electron−phonon interaction strength of
the j-th normal mode is deﬁned as χj = ΔQjω2j , where ΔQj and
ωj are the displacement and frequency of the j-th mode. The δfunction in spectra density is evaluated with Lorentz
1
a
distribution δ(ω − ωj) = π a2 + (ω − ω )2 . Based on J(ω), a
j

modiﬁed spectral density function at a certain temperature T
which satisﬁes the detailed balance condition can be obtained
as G(ω) = J(ω) coth (βTω/2)/π, where β = 1/kBT.
Subsequently, the site energy ﬂuctuation will be calculated
N
through Fi(t ) = ∑n = 1 [2G(ωn)Δω]1/2 cos(ωnt + ϕn). By setting the upper cutoﬀ frequency as ωmax, Δω = ωmax/N, and ωn
= nΔω. ϕn is the independent random phase which is
uniformly distributed in the range of [0, 2π].
For describing electronic dynamics, the Chebyshev polynomial expansion method is used to solve the time-dependent
Schrö d inger equation. 7 9 Once the wave function
N
ψ (t ) = ∑i ci(t )|i⟩ is obtained, the diﬀusion coeﬃcient D

a

C22H14

1396.16
(−3.87%)
1139.77
(−3.61%)

C22H14

1452.36

C18D12

1483.68
(−0.34%)
1193.56
(−2.05%)
1430.91
(−3.88%)
1174.63
(−3.61%)

C18H12
C18H12

1488.71

C14D10

1515.85
(−0.34%)
1236.47
(−2.17%)

C14H10

1461.98
(−3.88%)
1218.55
(−3.59%)

C14H10

1521.02

C10D8

1509.07
(−0.25%)
1306.54
(−2.21%)

C10H8

2A

1453.99
(−3.89%)
1288.16
(−3.58%)

C10H8

1512.88
hole

4A

13

3A

13
13

Table 5. Eﬀective Frequencies (cm−1) of Pristine, All 13C-Substituted, and All-Deuterated Acenes for Hole and Electron Transporta
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5A
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Figure 2. Molecular structures of the common acene derivatives considered. Figure adapted with permission from Royal Society of Chemistry (ref
77).

Figure 3. (a) The molecular structures of the ﬁve investigated OSCs; (b) the anisotropic mobilities resulting from Marcus, quantum nuclear
tunneling, and TDWPD methods; (c) the distributions of charge population at 1000 au obtained from the TDWPD method, and the
corresponding 2D electronic delocalization lengths (L) are given. Figure adapted with permission from Royal Society of Chemistry (ref 84).
⟨R2(t )⟩
. Here, d
t →∞ 2dt
N
= ∑i ri 2ρii (t ) where

can result from D = lim

vibrations is not included, since several theoretical works
indicated that the lattice dynamic disorder had little inﬂuence
on the 2D transport property for OSCs.50,80,81 As the angulardependent mobilities show in Figure 3b, Marcus, quantum
nuclear tunneling, and TDWPD approaches result in similar
anisotropic behavior, simply because all of the three methods
are random walk based. Among all the systems, rubrene
possesses the strongest anisotropic transport property, while
DNTT has the weakest anisotropy. Both of them show good
agreement with experiments,5,82,83 indicating the reliability of
random walk simulation.
When compared to experiments, the DP theory is found to
remarkably overestimate the mobility for all systems. Especially
for rubrene, DATT, DNTT, and PDIF-CN2, their mobilities
are at least 1 order of magnitude overvalued. Therefore, the
rationality of bandlike transport mechanism in describing the
organic systems should be questioned. As we have explained,29
the so-called bandlike temperature behavior can be interpreted
by a nuclear tunneling enabled localized picture instead.
Besides, the semiclassical Marcus theory excluding the
quantum eﬀect can underestimate all the mobilities. Only the

is the space

dimension, and ⟨R2(t )⟩
ρii(t) = ⟨c*i (t)
ci(t)⟩ is the charge population of site i at time t, and ri is the
distance from site i to site a. When t = 0, one charge is set to be
fully localized on site a, and ⟨R2(0)⟩ = 0. ⟨R2(t)⟩ will become
linearly increased with time after a certain time by averaging
over hundreds of independent trajectories.
We have made a detailed and comprehensive investigation
on several OSCs with high mobility, where pentacene, rubrene,
dinaphtho-thieno-thiophene (DNTT), and dianthra-thienothiophene (DATT) are typical p-type materials, while PDIFCN2 is n-type (Figure 3a). The mobility values obtained from
all the methods are listed in Table 6. We only calculate the
transport in the 2D plane because the interlayer coupling is
extremely weak, and then we make spatial average for threedimension. The optimization of neutral and charge geometries
and corresponding frequency analyses are also performed by
the B3LYP/6-31G(d) method. In TDWPD calculations, the
models used for simulations for all systems are 41 × 41
clusters. The transfer integral ﬂuctuation induced by lattice
1484
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Table 6. Theoretical Mobilities (cm2 V−1 s−1) along a, b, and
c Directions and the 3D-Averaged (AVG) Mobility
Resulting from Marcus, Quantum Nuclear Tunneling, and
TDWPD, as well as DP Methodsh
pentacene

rubrene

DATT

DNTT

PDIF-CN2

Marcus

quantum

TDWPD

DP

exp.

a: 9.4
b: 9.3
AVG: 6.7
b: 13.8
c: 0.8
AVG: 4.9
a: 21.2
b: 11.6
AVG: 10.6
a: 9.5
b: 5.8
AVG: 5.1
a: 2.3
b: 1.5
AVG: 1.4

a: 16.9
b: 16.7
AVG: 11.8
b: 48.9
c: 2.8
AVG: 17.2
a: 41.3
b: 23.0
AVG: 21.1
a: 20.2
b: 12.2
AVG: 10.7
a: 12.1
b: 8.0
AVG: 7.5

a: 21.8
b: 21.1
AVG: 15.1
b: 49.0
c: 3.2
AVG: 17.4
a: 48.3
b: 29.6
AVG: 25.2
a: 30.7
b: 19.0
AVG: 16.3
a: 25.9
b: 17.4
AVG: 16.1

a: 58.0
b: 44.0b

15−40a

b: 242.6
c: 72.7

15−17c

a: 322.6
b: 19.1e

16d

a: 137.7
b: 76.4e

6.8−7.5f

a: 132.8
b: 91.2

1−6g

loss of electronic coherence. The same phenomenon has also
been found in pentacenequinone derivatives which has been
rationalized by the fact that the electronic coherence between
two adjacent sites could be broken down by nuclear tunneling
resulting from high frequency vibrations.50 Thus, we take the
view that it is the electronic delocalization eﬀect resulting in
larger mobility values in the TDWPD mechanism.
The electronic delocalizations at 1000 au obtained by
TDWPD are presented in Figure 3c for all systems, and the
delocalization length is calculated by L = 1/∑i = 1 |ci|4 . It is
observed that the delocalization length of rubrene is shortest,
which is only half of the delocalization length in DNTT or
PDIF-CN2, although the experimental mobility of rubrene is
much larger. This can be attributed to the strong anisotropic
transport property of rubrene crystal that the 1D-like charge
transport can lead to the weaker delocalization eﬀect. Hence,
the TDWPD method results in a similar mobility as the
quantum nuclear tunneling model for rubrene. To the
contrary, the charge delocalization eﬀect seems to be very
important in the other four systems, so that TDWPD results in
a noticeable increase in their mobility compared to the
quantum nuclear tunneling model. Therefore, we demonstrate
that the simple nuclear tunneling enabled hopping model
should be adequate if the charge delocalization eﬀect is weak,
like in rubrene. When the systems possess a relatively strong
delocalization eﬀect, such as pentacene, DATT, DNTT, and
PDIF-CN2, the wavepacket description including a nuclear
tunneling eﬀect should be more preferred.

a

Reference 6. bReference 12. cReference 9. dReference 16. eReference
11. fReference 5. gReference 85. hThe experimental values are also
given for comparison. Table adapted with permission from Royal
Society of Chemistry (ref 84).

quantum nuclear tunneling hopping model and the TDWPD
approach can give reasonable results, again clarifying the
importance of the nuclear tunneling eﬀect on charge transport.
Diﬀerent than the quantum nuclear tunneling model, the
TDWPD approach additionally includes the electronic
delocalization with coherence eﬀect, which can facilitate
charge transport. Therefore, in principle, it can lead to a
larger mobility value than the quantum nuclear tunneling
model, as seen in Table 6. In order to simplify the calculation
of the correlation function, we only take the real part of
ﬂuctuation into account here. Actually, it has been proven that
the particle dynamics induced by ignoring the imaginary
ﬂuctuation is small.49 To qualitatively understand the coherent
motion of charge carrier, the time-dependent charge
populations of the initial site a have been plotted in Figure
4. For all systems, the oscillations of charge population have
been observed during the decay process within 1000 au,
illustrating the coherent carrier motion. Nevertheless, the
oscillating behaviors disappear, and the quasi-thermal equilibriums of diﬀusions are achieved after 1000 au, indicating the

4. APPLICATION OF THE QUANTUM NUCLEAR
TUNNELING MODEL TO A MOLECULAR BLENDING
EFFECT ON CHARGE TRANSPORT
Molecular doping is a popular and eﬃcient tool to improve the
performance of organic electronic devices and control the
carrier mobility in OSCs. Schwarze et al. reported that the
band structures in OSCs could be modulated by blending
organic small molecules,86 providing a new aspect for material
design. Both trapping and scattering eﬀects87−90 for doped
disordered organic semiconductors have been studied based on
the Gaussian disorder model (GDM).91 Such an approach can
indeed ﬁt very well the device performances using a number of
parameters, but it has less to do with molecular design. On the
other hand, ﬁrst-principle based methods starting from an
ordered structure with well-deﬁned molecular parameters are
relevant to understand the structure−property at the molecular
level. So we take crystalline structure as a prototype to
understand the doping eﬀect at the ﬁrst-principle level with the
quantum nuclear tunneling model.
TIPS-P derivatives have attracted great interest because of
the molecular stability for device fabrication. Due to the strong
π−π stacking enhanced by steric hindrances of large TIPS
groups, most of the TIPS-P derivatives exhibit excellent
crystallinity and some possess similar crystal structures, making
them appropriate for constructing a homogeneous blending
model. Considering the “exotic” bandlike transport behavior of
localized charges in TIPS-P has been successfully explained by
the quantum nuclear tunneling model, we take two TIPS-P
derivatives, 8F-TIPS-P and 4Cl-TIPS-P (Figure 5a), to
investigate the blending eﬀect by using the quantum nuclear
tunneling model and give thorough insight into the relationship between blending ratio and mobility.

Figure 4. Time-dependent charge population on initial site a (ρaa(t))
for all systems in TDWPD simulations. Figure adapted with
permission from Royal Society of Chemistry (ref 84).
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Figure 5. (a) Molecular structures of 8F-TIPS-P and 4Cl-TIPS-P. (b) Schematic representations of the random 4Cl-TIPS-P (red) substitution in
8F-TIPS-P (blue) crystal structure. The substitution ratio is 0.2, 0.5, and 0.8, respectively. (c) All possible charge transfer pathways from the red
molecule (8F-TIPS-P or 4Cl-TIPS-P) to six neighbor blue molecules (8F-TIPS-P or 4Cl-TIPS-P). Figure adapted with permission from Society of
Photo-Optical Instrumentation Engineers (ref 92).

systems (Figure 5c). Therefore, by using this site energy
diﬀerence value, 20 CT rates have been calculated by eq 1, and
the temperature dependence of four selected CT rates (kA→E)
from 50 to 300 K have been plotted in Figure 6. From 8FTIPS-P to 8F-TIPS-P or 4Cl-TIPS-P, the CT rate increases
with temperature, indicating a thermal-activated process; but it
is observed that the CT rate to 4Cl-TIPS-P vanishes
dramatically upon cooling, due to the higher site energy at
the acceptor. The CT rate from 4Cl-TIPS-P to 4Cl-TIPS-P or
8F-TIPS-P is decreasing with rising temperature, which should
be attributed to the strong quantum nuclear tunneling eﬀect.
Based on the CT rates, the relations between electron
mobility and blending ratio (r) under diﬀerent temperatures
have been investigated, see Figure 7a. For pure 8F-TIPS-P (r =
1), the mobility is almost independent of temperature, while
for pure 4Cl-TIPS-P (r = 0), the mobility decreases with
temperature. Marcus mobilities for pure 8F-TIPS-P and 4ClTIPS-P at 300 K are 0.32 and 2.7 cm2 V−1 s−1 separately, while
quantum mobilities are 0.40 and 7.6 cm2 V−1 s−1, indicating
4Cl-TIPS-P possesses a much stronger nuclear tunneling eﬀect
than 8F-TIPS-P. Then, in order to further understand the
blending eﬀect on mobility, the relations between blending
ratio and mobility at 50 and 300 K have been presented in
Figure 7b. It shows that when T = 300 K, the mobility
increases smoothly as the ratio of 4Cl-TIPS-P increases.
However, in the case of T = 50 K, the mobility is reduced as
the ratio of 4Cl-TIPS-P until only 5% 8F-TIPS-P is left, see
Figures 7b and 7c. After that point, the mobility is sharply
increased to a global maximum, namely the mobility for pure
4Cl-TIPS-P. A similar trend has been observed experimentally
in the zinc phthalocyanine system,86 demonstrating the
rationalization of our study. Mixing 0.1% of 8F-TIPS-P in
4Cl-TIPS-P would reduce the mobility by 2 orders of
magnitude when T = 50 K. Such a signiﬁcant impact on

Among moderately substituted TIPS-P derivatives, 8F-TIPSP and 4Cl-TIPS-P have relatively compatible energy levels as
well as similar molecular structures. Thus, in the blending
model, the two molecules are blended homogeneously based
on the reported crystal structure of 8F-TIPS-P. The ratio of
4Cl-TIPS-P increases from 0 to 1 by randomly replacing the
8F-TIPS-P molecule with 4Cl-TIPS-P, as shown in Figure 5b.
Since 8F-TIPS-P is n-type material and an isomer of 4Cl-TIPSP is ambipolar material,93 the calculations have been focused
on electron transport in the 2D network.
Huang−Rhys factors and charge reorganization energies for
normal modes have been calculated and along with the
intermolecular transfer integrals are depicted in Figure 5c and
Table 7. The total reorganization energies of 8F-TIPS-P and
4Cl-TIPS-P are equal to 252 and 188 meV, respectively. The
site energy diﬀerence of the electron transfer process from 8FTIPS-P to 4Cl-TIPS-P is 48.1 meV obtained from the orbital
energies of optimized structures based on Koopmans’ theorem.
It should be noted that there are a total of 20 diﬀerent pairs of
charge hopping pathways which may happen in the blending
Table 7. Transfer Integrals (meV) between 8F-TIPS-P (8F)
and 4Cl-TIPS-P (4Cl)a
type of the start and end molecules
pathway

8F → 8F

8F → 4Cl

4Cl → 8F

4Cl → 4Cl

→
→
→
→
→

19.3
0.7
0.4
130.2
0.4

30.1
8.1
6.8
150.9
4.5

30.2
8.0
6.8
150.9
4.5

40.0
15.6
10.5
170.3
25.3

A
A
A
A
A

B
C
D
E
F

a

Table adapted with permission from Society of Photo-Optical
Instrumentation Engineers (ref 92).
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Figure 6. Temperature dependence of the charge transfer rate between 8F-TIPS-P and 4Cl-TIPS-P: (a) from 8F-TIPS-P to 8F-TIPS-P, (b) from
8F-TIPS-P to 4Cl-TIPS-P, (c) from 4Cl-TIPS-P to 8F-TIPS-P, and (d) from 4Cl-TIPS-P to 4Cl-TIPS-P. Figure adapted with permission from
Society of Photo-Optical Instrumentation Engineers (ref 92).

Figure 7. (a) Ratio of 8F-TIPS-P (r) and temperature (T) dependence of the mobility (μ) of 8F-TIPS-P and 4Cl-TIPS-P blending system. (b)
μ(r) when T = 50 and 300 K, respectively. (c) Ratio of 8F-TIPS-P dependence of μ when T = 50 K. (d) Dependence of μ on r when ΔG = 25, 50,
75, 100, 125, and 150 meV, respectively, at T = 300 K. Figure adapted with permission from Society of Photo-Optical Instrumentation Engineers
(ref 92).

TIPS-P at 50 K is only 0.01% of that at 300 K, as shown in
Figure 7b. Hence, such a mechanism provides an explanation
for the experimentally observed nonmonotonic temperature
dependence of mobility, where mobility ﬁrst increases and then
decreases upon rising temperature.10,75,94,95 At relatively low
temperature, transport is limited by traps induced by

mobility by minor 8F-TIPS-P doping can be ascribed to the
fact that the LUMO of 8F-TIPS-P lies between the HOMO
and LUMO of 4Cl-TIPS-P thus becoming the trap for
electrons. Since the electron transfer from 8F-TIPS-P to 4ClTIPS-P is energetically unfavored, it is extremely diﬃcult at
low temperature. In fact, the CT rate from 8F-TIPS-P to 4Cl1487
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Kordt et al.,102 Baumeier et al.,103 Rühle et al.,104 and Massé et
al.105 have developed stochastic models which generalize
Gaussian disorder models to realistic amorphous OSCs by
combining ab initio microscopic simulations of the morphology, charge transfer rate, and site energies. By employing the
stochastic models, the dependences of the material morphology and molecular structure on carrier mobility can be
obtained.105−108 However, the CT rate formula used in them is
the Marcus theory. The absence of the quantum nuclear eﬀect
makes these models lack predictability. Hence, to give a better
prediction on charge transport behavior in OSCs, we can
incorporate the quantum CT rate into the stochastic model in
the future which will retain the inﬂuences of both quantum
nuclear tunneling and site energy disorder.

impurities, and increasing temperature results in higher
mobility; whereas at higher temperature range, the nuclear
tunneling eﬀect becomes dominated in charge transport, so
that increasing temperature would hinder charge mobility.
At last, the eﬀect of site energy diﬀerence (ΔG) on mobility
for blending systems has been tested with T ﬁxed at 300 K.
The result shown in Figure 7d demonstrates that blending
tends to reduce charge mobility with enhanced ΔG. Since the
trap depth is positive related to ΔG, with larger ΔG, the CT
rates between energetically favored and unfavored pathways
vary dramatically, and then charge carriers fall into the deeper
traps to avoid escaping. Nevertheless, when ΔG is small (<50
meV), the trapping eﬀect is negligible, so the charge transport
in a blending system would behave as a simple mixture.

■

5. CONCLUSIONS AND OUTLOOK
In summary, we have presented systematic investigations on
the microscopic mechanisms in charge transport for organic
semiconductors by adopting diﬀerent methods covered from
the semiclassical hopping, to quantum nuclear tunneling
hopping, to quantum wavepacket diﬀusion, and ﬁnally to the
bandlike model. First, we propose a feasible strategy to
determine the transport mechanism on organic semiconductors by predicting the isotope eﬀect in both hopping and
bandlike pictures. No isotope eﬀect could be observed if the
semiclassical hopping model or acoustic phonon dominated
bandlike model is dominated in charge transport. Only if the
quantum nuclear tunneling eﬀect exists can the isotope eﬀect
be found. Thus, in other words, when a noticeable isotope
eﬀect is observed by isotopic substitution on the positions
involved actively in vibrations with large charge reorganization,
the quantum nuclear tunneling should be certiﬁed. Furthermore, we apply four theories from hopping to bandlike on
exploring the intrinsic charge transport property in a series of
high mobility organic semiconductors. With such a comprehensive computational tool, the roles of quantum nuclear
tunneling and charge delocalization eﬀects on charge transport
have been identiﬁed. It is demonstrated that the semiclassical
Marcus theory always underestimates the mobility by ignoring
the quantum nuclear eﬀect, while the bandlike deformation
potential theory overvalues the mobility due to the absence of
the charge localization eﬀect. Only quantum nuclear tunneling
and TDWPD methods can provide reasonable prediction on
high mobility for organics, demonstrating the universality of
the quantum nuclear tunneling assisted polaron transport
model for organic materials including conducting polymers. As
for the systems with relatively strong delocalization eﬀects,
such as pentacene, DNTT, DATT, and PDIF-CN2, a
wavepacket description including the nuclear tunneling eﬀect
should be favored.
As with what has been introduced in section 3, we mainly
focus on studying the intrinsic charge transport property in
perfect crystalline OSCs. Nonetheless, organic materials for
electronic devices generally exist in the form of amorphous
ﬁlms or defective crystals. Thus, besides the inherent
microscopic mechanisms discussed above, some other microscopic factors also play important roles on inﬂuencing the
transport dynamics, such as disorders/defects. In modeling
charge transport, extended and correlated Gaussian disorder
models96−101 have achieved great successes in rationalizing the
eﬀect of ﬁnite carrier concentration, the spatial correlations of
site energy, the shape of density of states, and positional
disorders but not in terms of molecular descriptions. Thus,
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