
Vol.:(0123456789)1 3

Theoretical Chemistry Accounts (2018) 137:33 
https://doi.org/10.1007/s00214-018-2221-4

REGULAR ARTICLE

The isotope effect on charge transport for bithiophene 
and di(n‑hexyl)‑bithiophene: impacts of deuteration position, 
deuteration number and side chain substitution position

Yuqian Jiang1,2  · Zhigang Shuai2 · Minghua Liu1

Received: 25 August 2017 / Accepted: 12 February 2018 / Published online: 21 February 2018 
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
The isotope effect on charge transport had been proposed to judge the transport mechanism in organic semiconductors. By 
using quantum nuclear tunneling model, we found that isotopic substitution could reduce mobility. For deeply understand-
ing the impacts of the isotopic substitution position, substitution number and even molecular structure on the isotope effect, 
we take 2,2′-bithiophene and its dihexyl substitutions as examples to study the deuteration effect on hole transport. For 
deuterated–bithiophene, the isotope effect is linearly increasing with deuteration number. However, when the number is 
identical, deuteration on 5(5′)-position of thiophene will lead to stronger isotope effect than 3(3′)- or 4(4′)-position, since the 
reorganization energy contributed by 5-position hydrogen atoms is larger. For di(n-hexyl)-bithiophene isomers, 5,5′-dihexyl 
substitution also exhibits the strongest isotope effect after hexyl-deuteration or all-deuteration, due to the larger reorganiza-
tion energy contributed by hexyl group in 5(5′)-position rather than 3(3′)- and 4(4′)-positions. Our calculation indicates that 
for identical system, the isotope effect is closely related to the number and position of isotopic atoms, while for isomers, the 
isotope effect is also related to the molecular configuration, such as the position of side chain substitution.

Keywords Charge transport · Nuclear tunneling · Isotope effect · Deuteration · Bithiophene

1 Introduction

Organic semiconductors have long been used to fabri-
cate molecular electronics and photonics, such as organic 
field-effect transistors (OFET), organic light-emitting 
diodes (OLED) and organic solar cells (OSC) [1–4], due 
to their unique optoelectronic properties [5–7]. Charge 
carrier mobility, as such a crucial factor on the perfor-
mance of electronic devices, has attracted great attention to 

experimentalists and theorists. Tremendous progresses on 
materials design and device fabrication have been achieved 
for improving carrier mobility. Even so, the charge transport 
mechanism in organic semiconductors is still in controversy 
up to now.

To describe the transport mechanism, numerous theories 
have been proposed such as semiclassical Marcus theory 
[8–11], Boltzmann band-like transport theory [10, 12, 13] 
and polaron models [14–19]. However, some exotic experi-
mental phenomena still could not be understood. For exam-
ple, one recent experiment indicates that the transport in 
tetracene is governed by the hopping mechanism rather 
than band model which people normally considered [20]. 
Moreover, in situ charge modulation spectroscopy on OFET 
with TIPS-pentacene as the active layer also indicates that 
the transporting carriers come from localized charges, even 
at very low temperature, while the mobility decreases with 
temperature [21]. For understanding such exotic transport 
behavior, quantum nuclear tunneling of localized charge 
hopping [22, 23] was proposed to account for such para-
doxical phenomena for TIPS-pentacene [24]. Such nuclear 
tunneling effect has been adopted in several charge transport 
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models [25–30] to well elucidate the transport mechanism 
in organic semiconductors and polymers.

To illustrate the role of nuclear tunneling on charge 
transport, we suggested using isotope effect (IE) on charge 
mobility [31, 32]. Our previous calculation results indicate 
that negative IE will exist if nuclear-tunneling-assisted hop-
ping is the mechanism, since heavier atoms can weaken the 
quantum nuclear tunneling effect, approaching the semiclas-
sical end where there is no IE. Conversely, it is absent in 
semiclassical Marcus hopping process or in band-like trans-
port process when acoustic phonon scattering dominates. 
Our theoretical results also show coincidence with earlier 
experimental observations [33], where Morel and Hermann 
observed 10% negative IE in the c′ direction and zero effect 
in a and b directions for electron mobility in all-deuterated 
anthracene in 1973. There were also some other theories and 
experiments proposed for IE on charge transport [34–37], 
and even positive IE on mobility was found experimentally 
and theoretically [34, 35]. However, the quantum nuclear 
tunneling model with considering all normal modes bath 
that we used can fully describe optical phonon scattering and 
result in exact IE on charge transport. Therefore, we believe 
that isotopic substitution will decrease carrier mobility when 
optical phonon scattering is not ignorable.

In this work, we intend to further study the relationship 
between IE on charge transport and molecular structures 
fundamentally. Oligothiophenes as typical p type organic 
materials have been widely applied in fabricating OFET 
[38–42]. Though the hole mobility of oligothiophenes is 
no larger than 1 cm2 V−1 s−1, the specific characteristics 
of weak hydrogen bondings, π–π stacking and sulfur–sul-
fur interactions originating from the high polarizability of 
sulfur electrons in the thiophene rings still attract numer-
ous investigations for oligothiophenes and their derivatives. 
The rotation of carbon–carbon single bond connecting two 
neighboring thiophene rings makes oligothiophenes pos-
sess relatively large charge reorganization energy, which are 
much larger than intermolecular transfer integrals, so that the 
charge transport in oligothiophene was generally dealt with 
hopping model [43–45]. Here, we employ the quantum hop-
ping model with nuclear tunneling effect and take 2,2′-bith-
iophene (2T) and di(n-hexyl)-bithiophene (2HT) isomers 
(Scheme 1) as example, to thoroughly study the internal 
relation between deuterium effect and molecular structures. 
We calculate IE on hole transport for all kinds of deuterated-
2Ts and find that IE is linearly increasing with deuteration 
number. All-deuteration can reduce charge transfer (CT) rate 
by 7%. However, when deuteration numbers are identical, 
2T with 5-position or/and 5′-position deuterated possesses 
the strongest IE. We then compute hexyl-deuteration and all-
deuteration effects for four different 2HT isomers, most of 
which are stronger than 10%. Wherein it is hexyl substitution 
on 5,5′-positions of which deuteration can cause the most 

decrease on the CT rate, which are 23 and 25%, respectively, 
for hexyl-deuteration and all-deuteration. With decompos-
ing reorganization energy into normal modes and internal 
coordinates, it is found that the larger reorganization energy 
contributed by isotopic atoms leads to the stronger IE, which 
agrees well with our previous study [31]. Our calculations 
further indicate that for identical system IE is closely related 
to the number and position of isotopic atoms, while for dif-
ferent isomers it is also related to molecular structures.

2  Theoretical methodology

The quantum CT rate from one molecule to another can be 
derived from Fermi’s golden rule which can be expressed as

where �i(f ) and �i(f ) represent the electronic and vibrational 
wave functions separately, and Pi� donates the Boltzmann 
distribution function

Under the displaced harmonic oscillator approximation 
[22, 46], Eq. (1) can be translated into
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|||
⟨
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integral, n̄j = 1∕[exp(�𝜔j∕kBT) − 1] is the occupation num-
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Scheme  1  Molecular structures of 2,2′-bithiophene (2T) and four 
di(n-hexyl)-bithiophenes (2HTs)
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where ΔQi represents the displacement along the ith nor-
mal mode coordinate between the equilibrium positions of 
charged state and neutral state (Fig. 1). The reorganization 
energy in geometry between the neutral and charged states 
through the kth intramolecular vibrational mode is deter-
mined by

and the total reorganization energy for neutral (λ1) or charged 
molecule (λ2) is the sum over all modes at each state as

In general, the potential energy surface can be expanded 
with internal coordinates around the equilibrium geometry as

(4)Si =
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Here, V0 is the potential energy at the equilibrium geom-
etry and normally set as V0 = 0. S represents the molecular 
vibrations via rectilinear internal coordinates R

where B is nr × 3Nnuc Wilson B matrix, nr and Nnuc are the 
number of curvilinear internal coordinates and nuclei sepa-
rately. S is approximately equal to the change of curvilinear 
internal coordinates z:

Since the reorganization energy is actually the potential 
energy difference, the reorganization energy can finally be 
projected onto curvilinear internal coordinates as

λi can be regarded as the reorganization energy contributed 
by the ith internal coordinate.

We assume the same crystal structures for different iso-
tope substitutions since they have the same equilibrium 
geometries, and isotope substitution does not modify the 
intermolecular integral V. Here, the IE on CT rate is studied 
instead of the IE on mobility, and the IE between two mol-
ecules can be expressed as

where kL and kH are the CT rates for the light and heavy 
isotopically substituted systems separately. According to 
Eq. (11), all CT rates between dimers in crystal have the 
same IE value, so that the IE on mobility is proportional to 
the IE on CT rate due to the Einstein formula μ = eD/kBT. 
Moreover, referring to our previous work [31], the IE on 
mobility is nearly equal to the IE on CT rate. Thus, the study 
of IE on CT rate can interpret the isotope effect on charge 
transport in organic semiconductors.

Density functional theory (DFT) is applied to calculate 
molecular parameters appeared in Eq. (3) with Gaussian 09 
package [47]. The neutral and cation geometries of 2T and 
2HTs are optimized with B3LYP functional [48, 49] and 
6-31G(d) basis set in Cs symmetry to keep planar as the 
same in crystal [50, 51], for studying their intrinsic charge 
transport properties. With the help of DUSHIN program 
[52], the corresponding Huang–Rhys factors and the reor-
ganization energies are obtained for every normal modes 
under the displaced harmonic oscillator approximation, and 
the reorganization energies of all internal coordinates are 
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Fig. 1  Schematic representation of the potential energy surface of the 
neutral and charged molecules. ΔQ is the normal mode displacement. 
λ1 and λ2 are reorganization energies for neutral and charged mole-
cules, respectively

Fig. 2  Molecule structure of 2T
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also achieved. Our calculations show that the total reorgani-
zation energies are invariable after isotope substituting for 
the case of identical electronic structures of isotopic sub-
stitutions. For the rigid systems, the integral part in Eq. (3) 
or (11) is hard to converge without a decay factor. Thus, we 
add a Lorentzian e−� |t| factor with a very small broadening 
Γ = 2 cm−1 for all systems to guarantee the convergence, 
which can be regarded as dissipation broadening from the 
environments.

3  Results and discussion

3.1  Deuteration effect on 2T

We first investigate how the number and position of deu-
teration influence hole transport for 2T. Considering the 
Cs symmetry of 2T molecule, there are totally 35 different 
deuterated-2Ts (2T-dn), from one-deuterated to completely 
deuterated, as listed in Table 1.

By employing Eq. (11) with considering all intramo-
lecular electron–phonon coupling, the isotope effects on 
hole transport for all 2T-dn are calculated and presented in 
Fig. 3. It is easy to find that all kinds of deuterations make 
CT rate and mobility decrease, and all-deuterated 2T (2T-
d6) (1) exhibits the strongest IE which reduces the CT rate 
by 7%. Besides, the IE is overall linearly strengthened with 
the increasing number of hydrogen deuterated, of which the 
similar effect has been found in the triplet-state decay pro-
cess of naphthalene by Lin et al. [53]. This phenomenon 
can be easily understood by normal mode analysis. By pro-
jecting reorganization energy onto normal modes, we find 
that hydrogen atoms mainly participate in carbon–hydrogen 

(C–H) bending vibrations (Table 2). The vibrational modes 
with the most significant contribution to the reorganization 
energy as shown in Fig. 4 also indicate that all six H atoms 
take part in the vibrations. Therefore, with deuterium atoms 
number increasing, heavier nuclei lead to lower frequencies 
of normal modes. Since the reorganization energy is inde-
pendent on isotopic substitution, lower frequencies make 
electron–phonon coupling stronger, but nuclear tunneling 
effect weaker, then resulting to decreased CT rate.  

However, when the numbers of deuterated atoms are 
identical, IEs of different deuterated-2T are somehow dif-
ferent from each other. For three one-deuterated 2T (2T-d1) 
(33, 34 and 35), the order of IE is: 2T-d1(5) (35) > 2T-d1(3) 
(33) > 2T-d1(4) (34), meaning that deuteration on 5-posi-
tion leads to the largest CT rate decrease, while deuteration 
on 4-position leads to the smallest. For other 2T-dn systems 
with the same deuteration number, their IEs also rely on such 
position effect. For example, deuteration on 5 and 5′ posi-
tions, namely 2T-d2(5,5′) (32) results to the largest reduction 
on CT rate among all 2T-d2 systems, while 2T-d2(4,4′) (30) 
possesses the weakest IE. For three hydrogens deuterated 
substitutions, 2T-d3(3,5,5′) (20) exhibits the strongest IE, 
while 2T-d3(3,4,4′) (16) shows the weakest effect. For under-
standing such position effect, we decompose the reorgani-
zation energy into internal coordinates for 2T according to 
Eq. (10), as listed in Table 3.

The reorganization energy of each internal coordinate 
listed in Table 3 illustrates that C and S nuclei contrib-
ute appreciably to the reorganization energy, while no H 
nuclei shows important contribution to charge reorganiza-
tion except H5 and H5′ which contribute to a certain degree 
by participating in the C–C–H bending vibration. Thus, 
deuteration on H5 or H5′ can cause the largest increase on 
Huang–Rhys factor and lead to the strongest IE. This phe-
nomenon agrees with our previous study [31] that the notice-
able IE on charge transport only happens when the isotopic 

Table 1  Index and deuteration position for all deuterated-2Ts. The 
labels are shown in Fig. 2

Index Deuteration positions Index Deutera-
tion posi-
tions

Index Deutera-
tion posi-
tions

1 3–5, 3′–5′ 14 3–5 24 3, 4
2 3–5, 3′, 4′ 15 3, 4, 3′ 25 3, 5
3 3–5, 3′, 5′ 16 3, 4, 4′ 26 4, 5
4 3–5, 4′, 5′ 17 3, 4, 5′ 27 3, 3′
5 3–5, 3′ 18 3, 5, 3′ 28 3, 4′
6 3–5, 4′ 19 3, 5, 4′ 29 3, 5′
7 3–5, 5′ 20 3, 5, 5′ 30 4, 4′
8 3, 4, 3′, 4′ 21 4, 5, 3′ 31 4, 5′
9 3, 4, 3′, 5′ 22 4, 5, 4′ 32 5, 5′
10 3, 4, 4′, 5′ 23 4, 5, 5′ 33 3
11 3, 5, 3′, 5′ 34 4
12 3, 5, 4′, 5′ 35 5
13 4, 5, 4′, 5′

Fig. 3  Isotopic effect (IE) for all 2T-dn with different number of H 
atoms deuterated  (ND). The index of each deuterated-2T is labeled
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substitution positions are involved actively in the vibration 
with appreciable contribution to the charge reorganization 
energy. Therefore, the theoretical calculations on the series 
of deuterated-2Ts demonstrate that IE on charge transport 
is closely related to the number as well as the position of 
deuteration.

3.2  Deuteration effect on 2HT

We then extend our calculation on 2HT isomer systems. 
Four kinds of 2HTs have been considered here as presented 
in Scheme 1. The deuteration effects for hexyl-deuteration 
and all-deuteration of each 2HT have been calculated. The 

theoretical results shown in Fig. 5 illustrate that all the 2HTs 
exhibit considerable negative IEs after hexyl-deuteration or 
all-deuteration, most of which are larger than 10%. Wherein 
the IEs of 5,5′-2HT are strongest, where hexyl-deuteration 
and all-deuteration reduce CT rate by 23 and 25% separately. 
This phenomenon shows coincidence with 2T-d2 systems 

Table 2  Frequencies (ω), 
Huang–Rhys factors (S), 
reorganization energies (λ) and 
vibration types of all vibrational 
modes with λ > 1 meV for 
neutral and cation 2T

a Vibration types: (i) C–C stretching vibration; (ii) C–H in-plane bending vibration; (iii) thiophene ring in-
plane bending vibration; (iv) C–S stretching vibration. The major contributed vibration types of each mode 
are underlined

Neutral Cation

ω  (cm−1) S λ (meV) Vib.  typesa ω  (cm−1) S λ (meV) Vib.  typesa

291.68 0.1831 6.62 iii 294.14 0.1743 6.36 iii
381.36 0.3535 16.72 iii 382.97 0.3567 16.94 iii
681.36 0.1470 12.42 iii 681.66 0.2339 19.76 iii
741.93 0.0823 7.57 iii, iv 710.64 0.0367 3.23 iii, iv
862.88 0.1255 13.43 iii, iv 875.97 0.1034 11.23 iii, iv
1079.99 0.071 9.50 i, ii 1107.68 0.0077 1.05 i, ii
1114.61 0.0251 3.47 i, ii 1117.55 0.0545 7.55 i, ii
1243.60 0.0642 9.90 i, ii, iv 1233.06 0.1156 17.68 i, ii, iv
1414.90 0.0078 1.36 i, ii 1317.88 0.0664 10.85 i, ii
1503.90 0.4548 84.79 i, ii 1439.99 0.1126 20.11 i, ii
1609.94 0.0848 16.92 i, ii 1484.82 0.0543 10.00 i, ii

1558.61 0.2846 55.00 i, ii

Fig. 4  Five vibrational modes of neutral 2T with the most significant 
contribution to the reorganization energy

Table 3  Decomposed reorganization energy (λ) of all internal coordi-
nates with λ > 1 meV for neutral 2T

The internal coordinates with H participating are in bold

Internal coordinates λ (meV)

Neutral Cation Total

B (C2–C2′) 30.09 36.26 66.35
B (C2–C3) 25.60 21.22 46.82
B (C2′–C3′) 25.32 21.04 46.36
B (C3–C4) 17.57 19.69 37.26
B (C3′–C4′) 17.44 19.56 37.01
B (C4–C5) 18.86 16.53 35.38
B (C4′–C5′) 18.63 16.35 34.97
A (S1–C5–C4) 4.90 4.44 9.34
A (S1′–C5′–C4′) 4.67 4.23 8.90
B (S1–C5) 2.16 2.92 5.09
B (S1′–C5′) 1.95 2.64 4.96
A (C2–S1–C5) 2.21 2.75 4.93
A (C2′–S1′–C5′) 2.20 2.73 4.58
A (C4–C5–H5′) 2.16 1.98 4.13
A (C4′–C5′–H5′) 1.99 1.82 3.82
B (S1′–C2′) 1.75 1.13 2.88
B( S1–C2) 1.72 1.09 2.80
A (C3–C2–C2′) 1.02 1.12 2.14
A (C2–C2′–C3′) 1.00 1.10 2.10



 Theoretical Chemistry Accounts (2018) 137:33

1 3

33 Page 6 of 8

that deuteration on H5 and H5′ results to the strongest IE. 
Considering the close relation between IE and reorganization 
energy contributed by isotopically substituted nuclei, the 
reorganization energy of each 2HT has also been projected 
onto internal coordinates and the total contribution made by 
hexyl side chains has been presented in Fig. 5. It shows that 
the reorganization energy contributed by hexyl side chains 
(λhexyl) is distinctly different in four 2HTs and the IE is posi-
tively correlated with λhexyl for different systems. The cause 
that 5,5′-2HT possesses biggest λhexyl should be attributed to 
the largest contribution of H5(H5′) to charge reorganization 
in 2T system. Considering that the nuclei mass increases 
are the same after hexyl-deuteration or all-deuteration for 
different 2HTs, the vibrational frequency reductions should 
be similar. Thus, larger λhexyl can lead to more Huang–Rhys 
factor increase, then resulting to stronger IE. Therefore, for 
different 2HTs, hexyl-deuteration or all-deuteration effect is 
related to the hexyl-substituted positions.

4  Conclusion

We investigate the intrinsic deuterium effect on hole trans-
port for 2T and 2HTs by quantum nuclear tunneling quantum 
model. For 2T, with deuteration number increasing, the IE 
will increase linearly, since all H atoms belong to aromatic 
H and participate in C–H bending vibrations. All-deuteration 
on 2T can reduce CT rate by 7%. According to normal mode 
analysis, C–H in-plane bending vibrations make significant 
contribution to charge reorganization. Therefore, larger num-
ber of deuteration on 2T can cause greater impact on C–H 

bending vibrations and lead to stronger IE. When the number 
of deuterated atoms is the same, 2T with 5- or/and 5′-posi-
tion deuterated presents the strongest IE, because the reor-
ganization energy contributed from 5(5′)-position H is larger 
than that from any other H atoms. For four different 2HT 
systems, deuteration on either hexyl groups or whole mol-
ecules can lead to appreciable negative IEs, most of which 
are stronger than 10%. Wherein deuteration on 5,5′-2HT can 
cause the most decrease on the CT rate and mobility, which 
are 23 and 25%, respectively, for hexyl-deuterated and all-
deuterated systems. The reorganization energy contributed 
from hexyl groups for four 2HTs points out that only vibra-
tions involved by isotopic atoms with larger reorganization 
energy can lead to larger IE. Moreover, our calculations indi-
cate that for one system IE is closely related to the number 
and position of isotopic atoms, while for isomers IE is also 
related to the molecular structure, such as side chain substi-
tuted position. Furthermore, by studying the IE on mobil-
ity for 2T and 2HT, the nuclear tunneling effect in charge 
transport may be deeply understood.
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