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Abstract. The effects of molecular blending on the charge transport properties of organic
semiconductors are studied based on ab initio DFT calculation and quantum nuclear tunneling
model coupled with kinetic Monte-Carlo simulation. Two model compounds, [(2,3,9,10-
tetrachloropentacene-6,13-diyl)bis(ethyne-2,1-diyl)]bis(triisopropylsilane) (4Cl-TIPS-P) and
[(1,2,3,4,8,9,10,11-octafluoropentacene-6,13-diyl)bis(ethyne-2,1-diyl)]bis(triisopropylsilane)
(8F-TIPS-P), are blended homogeneously with different ratios, and the system is studied at
a temperature ranging from 50 to 300 K. Our result shows that, at high temperature, blending
leads to a smooth shift in mobility, whereas at a low temperature, one of the components tends to
become traps, thus hamper the charge transport at low concentration. It is found that at 50 K,
blending 0.995 mol. % of 4Cl-TIPS-P with 0.005 mol. % of 8F-TIPS-P, whose site energy is
48.1 meV lower than that of 4Cl-TIPS-P, would reduce the electron mobility by three orders of
magnitude from that of pristine 4Cl-TIPS-P due to the trapping effect. The results are in agree-
ment with the experimental observations. © 2018 Society of Photo-Optical Instrumentation Engineers
(SPIE) [DOI: 10.1117/1.JPE.8.032204]
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1 Introduction

Over the past few decades, organic semiconductors have been widely studied, due to their poten-
tial application in the next generation of electronic devices. To optimize the performance of the
devices and modulate the charge transport properties in organic semiconductors, scientists have
developed various approaches, including introducing substitution groups,1–3 doping,4–6 adjusting
symmetry,7 improving manufacture techniques,8,9 and so on. In 2016, inspired by inorganic
semiconductors, Schwarze et al. first reported that band structure engineering could be achieved
in organic semiconductors by blending organic small molecules, opening a new gate for design
of organic semiconductors.10 Theoretical description of the charge transport in blended organic
semiconductors is a challenging issue. Understanding of the relationship between blend ratio and
charge transport of devices is urgent for further development of organic semiconductors.

Blending effects on the charge transport properties of organic semiconductors can be quite
complicated. Schwarze et al. ascribed the tuning effect to long-range Coulomb interactions.10

Fong et al.,11,12 Li et al.,13 and Li et al.14,15 studied the trapping and scattering effects for doped
disordered organic semiconductors. Their simulation studies rely on either Gaussian disorder
model (GDM)16 or space-charge-limited current model with exponentially distributed traps,
thus limited by parameter fitting and phenomenological explanation of the experimental mea-
surements. The more ordered crystalline structure of the blending system also rules out a GDM
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description, which assumes that the energy levels of all sites in the system follow Gaussian
distribution. Therefore, the effects of blending on charge transport are still open questions.

TIPS (triisopropylsilane) substituted pentacene (TIPS-P) derivatives have attracted great
research interest due to their tunable structure, good solubility, and resistant to oxidative
decomposition.17–19 Because of the strong π − π stacking enhanced by the steric hindrance of
the large TIPS group, TIPS-P derivatives exhibit excellent crystallinity and a large class of
TIPS-P derivatives adopt similar crystal structure pattern, making them appropriate for construct-
ing a homogeneous blending model. In 2010, Sakanoue and Sirringhaus reported that field effect
transistor based on TIPS-P exhibits “band-like” charge transport behavior.20 However, further
study shows that charges in TIPS-P are localized.21 In addition, theoretical computation
demonstrates that the reorganization energy of TIPS-P (197 meV)22,23 is significantly greater
than that of pentacene (92 meV).24 These results indicate that TIPS-P system should be studied
with hopping model and tunneling enabled charge transfer theory.25

In this work, we investigate the blending effect in two model TIPS-P derivatives,
[(1,2,3,4,8,9,10,11-octafluoropentacene-6,13-diyl)bis(ethyne-2,1-diyl)]bis(triisopropylsilane)
(8F-TIPS-P) and [(2,3,9,10-tetrachloropentacene-6,13-diyl)bis(ethyne-2,1-diyl)]bis(triisopro-
pylsilane) (4Cl-TIPS-P), based on ab initio DFT calculation and tunneling enabled hopping
theory coupled with kinetic Monte-Carlo simulation. The chemical structure of the two mole-
cules is shown in Fig. 1. To model blending systems, the two molecules are mixed homo-
geneously with continuous ratio, and kinetic Monte-Carlo simulations are performed for each
ratio to gain full insight of the relationship between blending ratio and mobility. The system is
also evaluated at different temperatures, which is demonstrated to be of great significance to
the mobility–blend ratio dependency.

2 Methodology

2.1 Model Setup

Among moderately substituted TIPS-P derivatives, which are assumed to have a similar crystal
structure pattern, 8F-TIPS-P and 4Cl-TIPS-P are chosen as two model compounds, because the
two molecules have relatively compatible energy levels. Their high symmetry also simplifies our
calculation without any compromises in accuracy. In the blending model, the two molecules are
blended homogeneously based on the reported crystal structure of 8F-TIPS-P determined by
XRD.26 As the ratio of 4Cl-TIPS-P increases from 0 to 1, 4Cl-TIPS-P would randomly replace
8F-TIPS-P, until all 8F-TIPS-P molecules become 4Cl-TIPS-P molecules, as shown in Fig. 2.
Previous theoretical work has shown that 8F-TIPS-P is n-type semiconductor and an isomer of
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Fig. 1 Molecule structure of substituted TIPS-P used in paper: (a) 8F-TIPS-P and (b) 4Cl-TIPS-P.

Fig. 2 Schematic representation 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.
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the 4Cl-TIPS-P is ambipolar semiconductor.23 Thus, our calculation will only focus on electron
transport in the organic semiconductors.

2.2 Transfer Integral, Reorganization Energy, and Site Energy Difference

Many methods have been proposed on the calculation of transfer integral, such as energy split-
ting method,27–29 the site energy correction method,30–32 the direct coupling method,24,33,34 con-
strained DFT,35,36 super-exchange coupling,37 and so on. Theoretical studies have shown that
the frontier energy levels of functionalized TIPS-Ps usually distribute within a range of 0.6 eV,
which rules out a donor-acceptor description for the mixed system. In this paper, we adopt
the site energy correction method. The method takes the site energy differences into account
and has been proven to be reliable and easy to be adopted.38–41 According to the method, transfer
integral between molecule A and B VAB reads

EQ-TARGET;temp:intralink-;e001;116;362VAB ¼ VAB0 − 1
2
ðεA þ εBÞSAB

1 − S2AB
; (1)

where V0
AB ¼ hψAjHjψBi, εA ¼ hψAjHjψAi, and SAB ¼ hψAjψBi, ψAðBÞ is the frontier molecu-

lar orbital of the isolated molecule A(B) in the dimer structure, H is the dimer Hamiltonian. The
molecular orbital calculation is performed with the Guassian09 Program42 using PW91PW91/6-
31G* level of theory, then transfer integral V is obtained with MOMAP program package
developed by our group.

The charge reorganization energy λ consists of two terms. The first term is the energy differ-
ence of the neutral molecule in the optimal charged geometry and in the equilibrium neutral
geometry, λ1. The second term is the energy difference of the charged molecule in these
two geometries, λ2, as sketched in Fig. 3. The charge reorganization energy λ can be decomposed
into normal mode relaxation energy.43 The vibration frequencies and the normal coordinates
of the neutral and anion single molecules are calculated from optimized geometries using
the Gaussian09 program with the B3LYP functional and the 6-31G(d) basis set, then the
DUSHIN program is used to calculate the Huang–Rhys factor and reorganization energy for
every vibration mode.44 The total reorganization energy λ is the sum of the relaxation energy
of all normal modes. The site energy difference between the two molecules is obtained from
the orbital energies of the optimized molecules based on Koopmans’ theorem.

2.3 Charge Transfer Rate and Mobility

The charge transfer rates between molecule dimers are calculated based on multimode quantum
charge transfer rate using MOMAP

Fig. 3 Schematic representation of the potential energy surfaces of the neutral and charged states
with respect to the reaction coordinate.
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EQ-TARGET;temp:intralink-;e002;116;514kfi ¼
jVfij2
ℏ2

Z
∞

−∞
dt exp

�
itωfi −

X
j

Sj½ð2nj þ 1Þ − nje−itωjðnj þ 1Þeitωj �
�
; (2)

where kfi is the charge transfer rate between two sites, Vfi is the transfer integral, ωfi is the site
energy difference, and Sj, ωj, and nj are the Huang–Rhys factor, vibration frequency, and pho-

non occupation number of the j’th vibration mode, respectively. Here, nj ¼ 1∕½expðℏωj

kBT
Þ − 1�.

In the high temperature and short time limits, Eq. (2) yields Marcus rate equation

EQ-TARGET;temp:intralink-;e003;116;419kfi ¼
jVfij2
ℏ

ffiffiffiffiffiffiffiffiffiffiffi
π

λkBT

r
exp

�
−
ðΔGþ λÞ2
4λkBT

�
: (3)

The mobility of the blending system is obtained based on multimode quantum charge transfer
rate through a kinetic Monte-Carlo random walking approach45

EQ-TARGET;temp:intralink-;e004;116;347μ ¼ eD
kBT

; (4)

where D is the diffusion coefficient and for an n-dimensional system D ¼ 1
2n limt→∞

hr2i
t . Here r

is the displacement of charge carrier obtained by random walk through the molecular crystal
structure (See Fig. 4). In our simulations, no external electric field is applied. The charge
hops between nearest neighbor molecules with a probability pi ¼ ki

Σjkj
. At each step, a random

number rnd uniformly distributed between 0 and 1 is generated. If Σk−1
i pi < rnd ≤ Σk

i pi,
then the charge is assumed to move to the k’th neighbor. 8F-TIPS-P and 4Cl-TIPS-P form
a two-dimensional (2-D) transport network and the average mobility on all directions are
used to measure the charge transport property of the material.

3 Results and Discussion

3.1 Basic Parameters for the Blending System

The blending system is studied based on the crystal structure of 8F-TIPS-P. In the crystal, mol-
ecules are packed layer-by-layer and chemical environments for all molecules are the same,
providing us with convenience for modeling as well as for calculation. As shown in Fig. 5,
six charge hopping pathways are available for an arbitrary site in the crystal. In view of trans-
lation symmetry, sites A and F are equivalent, and sites B, C, D, and E are equivalent. Because of
the symmetry, the charge transfer rates of the two pathways between A and F are equal.

Fig. 4 Squared displacement versus simulation time in a random walk simulation. Each thin solid
line represents an individual simulation. The thick solid line means the average over 2000
simulations.
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As it is possible for 4Cl-TIPS-P to substitute any sites in the crystal structure, the terminal
residue molecules of the five kinds of charge hopping pathways could either be 8F-TIPS-P or
4Cl-TIPS-P, i.e., charge may hop from 8F-TIPS-P to 8F-TIPS-P, 8F-TIPS-P to 4Cl-TIPS-P,
4Cl-TIPS-P to 8F-TIPS-P, or 4Cl-TIPS-P to 4Cl-TIPS-P, producing 20 different pairs of charge
hopping pathways. The transfer integrals of the 20 pathways are listed in Table 1, which shows
some trends worth noticing: (a) no matter what kinds of molecules are in the start and end of
the hopping pathway, V between A and E (noted as VAE, the same hereinafter) is the greatest.
From chemical instinct, VAE and VAC should be approximately the same; however, molecule A is
not symmetric of the plane, leading to a great difference between VAE and VAC. Fan et al.
demonstrated the trend as well.23 (b) Because of the high symmetry and similarity of
8F-TIPS-P and 4Cl-TIPS-P, for a certain pathway, switching the two residue molecules have
a negligible effect to transfer integrals. If a much different or nonsymmetric molecule is
introduced to the crystal and the central symmetry of the molecular pair is broken, a significant
difference upon switching the molecules is expected. (c) Transfer integral tends to increase as
the chlorine substitution increases, which could be attribute to the more expanded chlorine
orbitals; however, it should be noted that the unoptimized crystal structure may lead to an over-
estimation of V involving 4Cl-TIPS-P.

The reorganization energy of 8F-TIPS-P and 4Cl-TIPS-P calculated by normal mode analysis
method is shown in Table 2. λ1 represents the neutral state and λ2 represents the anion state.
Figure 6 further shows the contribution of each normal mode to the reorganization energy.
We found that although the two molecules are rather similar in molecular weight or number
of electrons, their reorganization energy and normal vibration modes differ considerably.
This is probably because different substitutions affect the LUMO representing electron.46

For λð8F − TIPS − PÞ, especially λ2, vibrational modes with lower frequency contribute
more, whereas for 4Cl-TIPS-P, high frequency modes are of greater significance. Vibration
modes with most contributions to the reorganization energy for the two molecules are both
related to in-plane double bond stretching in the core.

The ΔG of the electron transfer process from 8F-TIPS-P to 4Cl-TIPS-P is determined to be
48.1 meV according to Koopmans’ theorem. Using this value as the site energy difference for

Fig. 5 Six possible charge transfer pathways in 8F-TIPS-P crystal. Red, an arbitrary molecule;
Blue, neighbor molecules. Inset: molecule structure of 8F-TIPS-P.

Table 1 Transfer integral V ðmeVÞ between 8F-TIPS-P (8F) and 4Cl-TIPS-P (4Cl).

Pathway

Type of the start and end molecules

8F → 8F 8F → 4Cl 4Cl → 8F 4Cl → 4Cl

A → B 19.3 30.1 30.2 40.0

A → C 0.7 8.1 8.0 15.6

A → D 0.4 6.8 6.8 10.5

A → E 130.2 150.9 150.9 170.3

A → F 0.4 4.5 4.5 25.3
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the two molecules, 20 pairs of charge transfer rate k were calculated based on tunneling enabled
charge transfer theory. The results are shown in Table 3, which exhibits a similar trend with that
of V. The main difference is that electron transfer from 8F-TIPS-P to 4Cl-TIPS-P is much slower
than the transfer rate on the opposite direction because site energy difference hampers the
process. Although electronic transfer from 4Cl-TIPS-P to 8F-TIPS-P is favored energetically
and thus accelerated, 4Cl-TIPS-P self-exchange process is generally faster owing to larger V.
The charge transfer rates calculated with semiclassical Marcus equation are also listed in the last
row of Table 3. For simplicity only k for A → B pathway is shown; however, their smaller
value compared to quantum transfer rate result is sufficient to demonstrate that quantum
nuclear tunneling effect not negligible at room temperature.

We further set out to explore how k behaves when T changes from 50 to 300 K for all four
pairs of start and end molecules taking kAE as an example. Figure 7(a) shows that k for 8F-TIPS-
P pair increases with T, in accordance with larger λð8F − TIPS − PÞ and lower frequency vibra-
tion modes. Figure 7(b) implies k from 8F-TIPS-P to 4Cl-TIPS-P is also thermal-activated;
however, upon cooling, k is reduced to 0 dramatically, as a result of higher site energy at

Table 2 Reorganization energy λ of 8F-TIPS-P and 4Cl-TIPS-P.

Molecule type

Reorganization energy λ (meV)

λ1 (neutral) λ2 (anion) λ

8F-TIPS-P 121 131 252

Cl-TIPS-P 93 95 188

(a) (b)

(c) (d)

Fig. 6 Reorganization energy of 8F-TIPS-P and 4Cl-TIPS-P from NM analysis:
(a) λ1ð8F − TIPS − PÞ, (b) λ2ð8F − TIPS − PÞ, (c) λ1ð4Cl − TIPS − PÞ, and (d) λ2ð4Cl − TIPS − PÞ.
λ1 represents the neutral state and λ2 represents the anion state.
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4Cl-TIPS-P. k from 4Cl-TIPS-P to 8F-TIPS-P or 4Cl-TIPS-P decreases as T rises, which could
be explained by quantum nuclear tunneling effect.

3.2 Impact of Blending Ratio and Temperature on Mobility

The electron mobility of 8F-TIPS-P and 4Cl-TIPS-P blending system can be studied under
a temperature ranging from 50 to 300 K through kinetic Monte-Carlo simulation based on
the charge transfer rates for all the molecular pairs. The result is shown in Fig. 8(a). First, consider
the relationship between μ and T when the ratio of 8F-TIPS-P in the crystal r ¼ 1 (pure 8F-TIPS-P)
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Fig. 7 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.

Table 3 Charge transfer rate (s−1) between 8F-TIPS-P (8F) and 4Cl-TIPS-P (4Cl).

Pathway

Type of the start and end molecules

8F → 8F 8F → 4Cl 4Cl → 8F 4Cl → 4Cl

A → B 2.8 × 1012 2.8 × 1012 2.0 × 1013 2.8 × 1013

A → C 3.6 × 109 2.0 × 1011 1.4 × 1012 4.3 × 1012

A → D 1.4 × 109 1.4 × 1011 1.0 × 1012 1.9 × 1012

A → E 1.3 × 1014 7.1 × 1013 5.1 × 1014 5.1 × 1014

A → F 1.4 × 109 6.0 × 1010 4.5 × 1011 1.1 × 1013

Marcus rate 2.3 × 1012 1.3 × 1012 9.3 × 1012 1.0 × 1013

A → B
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or r ¼ 0 (pure 4Cl-TIPS-P). According to the result of the simulation, μ for 8F-TIPS-P does not
alter much with temperature change, whereas μ for 4Cl-TIPS-P is negatively correlated with T.
The phenomenon could be explained by Fig. 7(a), Fig. 7(d), and Eq. (4), which indicates that the
effect of T cancels out for 8F-TIPS-P and facilitates a high mobility at a low temperature for
4Cl-TIPS-P. The mobility obtained with semiclassical transfer rate for pure 8F-TIPS-P and
4Cl-TIPSP-P at 300 K is 0.32 cm2 and 2.7 cm2 · V−1 · s−1, respectively, in contrast to quantum
charge transfer mobility of 0.40 cm2 and 7.6 cm2 · V−1 · s−1, indicating 4Cl-TIPS-P system
has a stronger nuclear tunneling effect than 8F-TIPSP-P system, in agreement with our analysis
of normal modes and charge transfer rates. Then, consider the impact of blending ratio r on μ
when T ¼ 50 K and T ¼ 300 K, which is further shown in Fig. 8(b) for clarity. In the case of
T ¼ 300 K, as r decreases from 1 to 0 and the crystal transforms from pure 8F-TIPS-P to pure
4Cl-TIPS-P, the mobility shifts smoothly from μ of 8F-TIPS-P to μ of 4Cl-TIPS-P and log μ is
basically linear with r. In sharp contrast, when T ¼ 50 K, as 4Cl-TIPS-P substitutes more sites
in 8F-TIPS-P crystal, μ would first slowly decrease and reach a global minimum when r → 0,
then rise discretely to a global maximum, i.e., the μ for pure 4Cl-TIPS-P. A similar trend has been
observed experimentally in the zinc phthalocyanine system10 and other systems, which were
analyzed with GDM.47

To further investigate the unexpected large ∂μ
∂r, we performed more simulations for μ at lower

T when r → 0. The results are shown in Fig. 9. When T ¼ 100 K, mixing 3% of 8F-TIPS-P in
4Cl-TIPS-P would reduce μ by one order of magnitude, whereas when T ¼ 50 K, mixing 0.1%
of 8F-TIPS-P in 4Cl-TIPS-P would reduce μ by two orders of magnitude. The reason that minor
8F-TIPS-P doping would significantly alter the μ of 4Cl-TIPS-P is that the LUMO of 8F-TIPS-P
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Fig. 8 (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) μðr Þ when T ¼ 50 and 300 K, respectively. μ axis is logarithmic.
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Fig. 9 Ratio of 8F-TIPS-P r dependence of μ when (a) T ¼ 100 K and (b) T ¼ 50 K.
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lays between the HOMO and LUMO of 4Cl-TIPS-P, thus becomes trap for electrons. Because
the electron transfer from 8F-TIPS-P to 4Cl-TIPS-P is energetically unfavored, it is extremely
difficult at a low temperature. In fact, the k for electron transfer from 8F-TIPS-P to 4Cl-TIPS-P at
50 K is only about one ten-thousandth of that at 300 K, as shown in Fig. 7(b). Thus, 8F-TIPS-P
behaves like electron trap for r → 0. When the portion of 8F-TIPS-P further rises, it is possible
for charge carriers to hop between “trap” sites, so μ reaches a minimum and then levels off and
finally increases to pure 8F-TIPS-P. We note that the mechanism provides an explanation for the
experimentally observed nonmonotonic μ − T relationship, in which upon rising temperature μ
would first increase then decrease:20,48–50 at a low temperature, transport is limited by traps
induced by impurities, and increasing T leads to higher μ, whereas at a high temperature, increas-
ing T would reduce μ because of the nuclear tunneling effect.

One advantage of Monte-Carlo simulation is that it provides clear microscopic image to the

effect of interest. Figure 10 gives the displacement (~a and ~b axis) and time (t axis) relationship in
a single random walk simulation when T ¼ 50 K and r ¼ 0.001. As substituted TIPS-P systems
are 2-D transport materials, we choose a set of orthogonal bases in the charge transport plane,

~a and ~b, to represent the displacement of the charge carrier. We found that there are two types
of displacement–time relationship in such a simulation. The first one is platform-like

(Δk~aþ
~bk

Δt → ∞), which corresponds to the charge transport in vast range of 4Cl-TIPS-P molecules.

The second one is step-like (Δk~aþ
~bk

Δt → 0), which corresponds to the situation where charge
carrier is trapped in 8F-TIPS-P molecule.

Fig. 10 Displacement (~a and ~b axis) and time (t axis) relationship in a single random walk
simulation when T ¼ 50 K and r ¼ 0.001.
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Fig. 11 Dependence of μ on r when ΔG ¼ 25, 50, 75, 100, 125, and 150 meV, respectively.
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It is intriguing how the site energy difference between the two molecules ΔG affects μðrÞ.
We set ΔG to values ranging from 25 to 150 meV with other parameters fixed (specifically,
T ¼ 300 K) and studied μðrÞ in these conditions. The result shown in Fig. 11 indicates that
blending tends to reduce μ with increased ΔG. The origin of this phenomenon is the positive
correlation between trap depth and ΔG. When ΔG is large, the charge transfer rate between
energetically favored and unfavored directions vary dramatically, charge carriers are prone to
stay in traps. Whereas when ΔG is small, trapping effect is unimportant, the blended system
behaves like a simple mixture.

4 Conclusion

To conclude, the blending effect in organic semiconductors is studied utilizing the 8F-TIPS-P
and 4Cl-TIPS-P homogeneous mixing model and the quantum nuclear tunneling theory. It takes
both site energy difference ΔG and disorders in transfer integral into account, to consider μðrÞ as
a function of temperature T and ΔG. With higher T and lower ΔG, the mobility of the blended
system could be regarded as a linear combination of the two individual components. However,
with lower T and higher ΔG, the charge transfer rate from 8F-TIPS-P to 4Cl-TIPS-P becomes
several orders lower than that of the opposite direction, and 8F-TIPS-P molecules practically
act as traps, which seriously hamper the charge transfer process even when the ratio seems
negligible. Our calculations suggest when T ¼ 50 K and ΔG ¼ 48.1 meV, blending 0.005 mol.
% of 8F-TIPS-P into 4Cl-TIPS-P can reduce the mobility by three orders of magnitude.
At room temperature, the trapping effect becomes prominent when ΔG is larger than 100 meV.
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