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Abstract Fused thiophenes have been an important class

of materials due to their intriguing organic optoelectronic

application. Here, comparative theoretical investigation on

the fluorescence and charge transport properties of dithie-

nothiophene compounds (1 and 2) and their dioxide deri-

vatives (3 and 4) was carried out to shed light on the role of

the thienyl-S,S-dioxide unit. The lower HOMO, LUMO

energy levels, and red-shift spectra (absorption and emis-

sion) of 3 and 4 compared with 1 and 2 were attributed to

the electron-withdrawing nature of the thienyl-S,S-dioxide

unit. The phenomenon that fluorescence quantum yield of 4

was significantly increased through thienyl-S,S-dioxidation,

compared with those of 1 and 2, was analyzed by the

evaluations of the radiative decay rates and the radiationless

decay rates in theory at the single molecule level and the

simulation of absorption spectrum of dimer of 1. For 1, a

much higher hole mobility (0.12 cm2/V.s) calculated by

carrier hopping model than the experimental value

*10-4 cm2/V.s was also further elucidated by molecular

dynamics simulation. Furthermore, a preliminary investi-

gation of the transport property of 3 was performed by

combining the molecular dynamics simulation with

dispersion-corrected B3LYP functional to provide insight

into the effect of thienyl-S,S-dioxidation on the charge

transport.

Keywords Dithienothiophene � Thienyl-S,S-dioxide �
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1 Introduction

Thiophene-based oligomers hold considerable potential in

applications as diverse as organic light-emitting diodes

(OLED) [1, 2], organic field effect transistors (OFET) [3–5],

and organic photovoltaic cells (OPV) [6]. Large p-conju-

gation and outstanding chemical and physical properties of

oligothiophenes make them attract much more interest of

research from both experimentalists and theoreticians [7, 8].

In general, unsubstituted oligothiophenes display very low

photoluminescence quantum yield in the solid state [9, 10],

and they only exhibit p-type hole transport properties,

restricting their multifunctional application. To this end,

Barbarella et al. [1, 11–15] have devoted much effort to the

chemical modification of thienyl sulfur into the thienyl-S,S-

dioxidation for the purpose of improving the solid-state

photoluminescence efficiencies and increasing electron

affinities and thus their air stability. Thereby, they synthe-

sized many dioxidations of oligothiophenes, including

a,x-bissilylated oligothiophenes S,S-dioxides, 3,5-di-

methyldithieno[3,2-b;20,30-d]-thiophene-4,4-dioxides, and so

on. Recently, many new thiophene S,S-dioxides have been

reported with excellent optoelectronic properties [15–18]. In

addition, Tanaka et al. [19] reported early in 1989 the first

theoretical investigation on the band gap and stability of

S,S-dioxide derivatives compared to oligothiophenes using

the semi-empirical tight-binding SCF-CO (self-consistent
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field-crystal orbital) method, which has been used to calcu-

late the band structures and electronic properties of one-

dimensional polymers. Subsequently, some discussions on

the photoluminescence properties were presented [15].

However, the comprehensive insight into the influence of

thienyl-S,S-dioxidation on the photoluminescence and

transport properties of oligothiophenes in theory is sparse.

Recently, Afonina et al. [20] have synthesized three new

diindenodithienothiophene-based materials 1, 2, and 4 (see

Fig. 1). Compound 4, a S,S-dioxide of fused thiophene 2,

exhibits some interesting phenomena, such as the lower

energy gap between HOMO and LUMO and the higher

photoluminescence quantum yield when compared to the

parent-fused thiophene 2 (or 1). To our surprise, compound

1, which has the much ordered p–p stacking, exhibits an

abnormally low hole mobility (only 10-4 cm2/V�s). This

low mobility is in marked contradiction with our conven-

tional wisdoms, namely the organic materials with ordered

p–p stackings should have high mobilities, and OFETs

prepared with fused thiophenes present high hole mobilities

generally [21–25]. As a result, it is of extreme importance to

understand and rationalize the intrinsic mechanism behind

these abnormities, paving the way to design and develop

high-efficient and multifunctional materials.

In the present work, our initial interest was sparked by

the significant increase in the photoluminescence quantum

yield for 4 upon dioxdation and the anomalously low

mobility of 1. Thus, comprehensive quantum chemistry

calculations were carried out in an attempt to demonstrate

the influence of thienyl-S,S-dioxide on the photolumines-

cence and charge transport properties. The frontier

molecular orbitals, electronic spectra, the radiative decay

rates, the nonadiabatic radiationless decay rates, and sim-

ulated absorption spectrum of a dimer of 1 were probed in

detail to provide insight into the much lower fluorescence

quantum yield of 1 compared with 4. Then, for the hole

transport properties, we also analyzed the reorganization

energies and transfer integrals. In particular, the thermal

fluctuation of the transfer integrals along major carrier

hopping direction was also investigated to give a further

understanding of the discrepancy between the calculated

hole mobility and experimental datum of 1. Moreover, the

packing of some dimers of the theoretical simplified model

3 obtained from molecular dynamics (MD) simulation was

determined and re-optimized by employing dispersion-

corrected B3LYP functional to give a preliminary

description of transport property of the S,S-dioxidation of

fused thiophene, which has not been discussed in theory so

far. We hope that our investigation on the dioxidation of

dithienothiophenes can provide guideline for the design of

new materials.

2 Computational and theoretical methodology

Density functional theory (DFT) calculations have been

proved to give a good description of geometries and

molecular orbital distributions for thiophene compounds

[26]. Here, three functionals, B3LYP, B3PW91, and PBE0,

were employed to optimize the geometry of 1 with the

same basis set 6-31G(d,p) to determine the optimal func-

tional. The optimized geometries of 1 obtained from the

three functionals were compared with experimental values,

which are depicted in Fig. S1 in the supplementary mate-

rial. The results indicate that the B3PW91 functional gives

the smallest deviations of the bond lengths among these

functionals. In other words, B3PW91 functional was the

most appropriate functional among them to describe the

geometries of the compounds investigated here. Thereby,

the ground-state geometries of all compounds were
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optimized at B3PW91/6-31G(d,p) level, and the time-

dependent density functional theory (TDDFT/B3PW91)

was employed to optimize the lowest singlet excited-state

geometries and to investigate their absorption and emission

spectra. The effect of the solvent (chloroform) within

polarizable continuum model (PCM) [27] was taken into

account during the calculation of excitation energies. All

the calculations were performed with the Gaussian 09

program package [28].

The hole transport properties of 1 and theoretical sim-

plified model 3 were estimated in terms of the carrier

hopping model, which has been generally considered to be

appropriate to describe the carrier transport of organic

semiconductors at room temperature [29]. In hopping

regime, the hopping rate can be described by Marcus the-

ory [30, 31]:

k ¼ V2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p

�h2kBTk

r

exp � k
4kBT

� �

ð1Þ

where V and k represent the transfer integral (also referred

to the electronic coupling) and the reorganization energy,

respectively. �h is the reduced Planck constant, kB is the

Boltzmann constant, and T is the temperature. Therefore,

the transfer integral and reorganization energy are two key

parameters determining carrier hopping rate. And, we

employed the site-energy corrected method [32] to evaluate

the transfer integral values for all hopping pathways

selected from crystal structure of 1 and optimized dimer

of 3. This method is selected to calculate the effective

transfer integral and effective site energies from the spatial

overlap integral S12, transfer integral V12, and site energies

e1(2),

Veff
12 ¼

V12 � 1
2
ðe1 þ e2ÞS12

1� S2
12

ð2Þ

eeff
1ð2Þ ¼

1

2

ðe1 þ e2Þ � 2V12S12 � ðe1 þ e2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� S2
12

p

1� S2
12

: ð3Þ

Assuming that H is the Hamiltonian of the dimer

system, and w1 and w2 are the highest occupied molecular

orbitals (HOMOs) or the lowest unoccupied molecular

orbitals (LUMOs) of two monomers. S12, V12, and e1(2)

needed for the calculation of transfer integral can be

obtained from S12 = h w1|w2 i, e1(2) = h w1(2)|H|

w1(2) i and V12 = h w1|H|w2 i . All calculations were

performed at PW91PW91/6-31G(d,p) level, which has

been demonstrated to give better results [33, 34]. In

general, the reorganization energy is cast into contributions

from intramolecular vibrations and surrounding medium,

namely internal reorganization energy and the external

reorganization energy, respectively. Here, the

intramolecular reorganization energies of all compounds

were evaluated from adiabatic potential-energy surfaces

(provided in supplementary material) at B3PW91/6-

31G(d,p) level, while the external reorganization energies

were ignored due to its extremely small contributions to

total reorganization energies of the planar conjugation

molecules [35, 36].

At a fixed temperature (T), the carrier mobility is cal-

culated with the Einstein relation:

l ¼ e

kBT
D ð4Þ

where e is the electronic charge, D is the diffusion coef-

ficient, which is related to the charge-transfer rate k, and it

can be approximately evaluated as D = (1/2d) � Rri
2kiPi.

i represents a specific hopping pathway with ri being the

electron hopping distance; d is spatial dimension while

Pi = ki/Rki is the relative probability for electron hopping

to the ith neighbor. The calculations of all parameters

aforementioned were performed on the basis of the three-

dimensional crystal structure of 1 and optimized dimer of 3

selected from MD simulation results (vide infra).

To give a preliminary estimate of carrier transport

property of 3 with thienyl-S,S-dioxide unit, an amorphous

film of 3 including 30 molecules was constructed and

optimized in Materials Studio package with COMPASS

force field [37], which has been demonstrated to reproduce

the experimental crystal structures of oligoacenes extre-

mely well [38, 39]. Then, this film was further optimized

using MD simulation to obtain molecular packing for some

dimers. Among them, the stablest dimer was singled out

and optimized by means of dispersion-corrected method

(B3LYP-D) with the default parameters found in the

ORCA package [40]. The basis set is cc-pVDZ, as refer-

ence [41] proposed. On the basis of the optimized dimer,

the transfer integral and carrier hopping rate were also

evaluated. Furthermore, to give a further study on the

discrepancy between the calculated hole mobility and

experimental value of 1, the modulation of the transfer

integral by thermal motions along the major hopping

direction was investigated through MD simulation. The

procedure was descried in detail in reference [42].

3 Results and discussions

3.1 Geometric and electronic structures

All the molecular structures were fully optimized without

symmetry constraints at the B3PW91/6-31G(d,p) level, as

mentioned above. The nature of the stationary points was

confirmed by means of vibrational frequency analysis at

the same level.

The geometry of 1 obtained from calculation is in good

agreement with the experimental structures, as shown in
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the Fig. S1. The structural deviations fall well within

0.01 Å, giving the confidence in the accuracy of the cal-

culated geometries. The influences of the alkylation and

thienyl-S,S-dioxide unit on the geometry structure of 1

were investigated, and the bond lengths of the four com-

pounds are collected in Table S1. The results indicate that

the alkylation has a negligible effect on the structures, and

the thienyl-S,S-dioxide units bring into large changes of

bond lengths of central thiophenes, especially for much

increase in bond length of S1-C2.

The HOMOs and LUMOs of all compounds are depicted

in Fig. 2. It is found that there is no significant difference in

the energy level and orbital distribution of the simplified

model 3 in comparison with its hexyl side-chain substituent

4. The simplification is justified because alkyl substituents

are not conjugated with the aromatic rings, and thus, they are

not supposed to exert any remarkable influence on the

electronic structure of the aromatic system. Compared with 1

and 2, the thienyl-S,S-dioxide unit in 3 and 4 lowers obvi-

ously the frontier molecular orbital energies, especially for

the LUMOs; the dioxide unit also has an influence on the

localization of the LUMOs within the central three thio-

phenes. To understand the role of thienyl-S,S-dioxide unit,

molecular orbital correlation diagrams obtained from charge

decomposition analysis [43] were depicted in Fig. S2. It

shows that the LUMO of 1 is mainly contributed from the a-

LUMO (91.0%) and b-LUMO ? 2 (95.1%) of fragment 10

(the whole molecule except for sulfur) and the a-LUMO

(4.2%) of fragment sulfur with antibonding character of

carbon–sulfur bonds. Thus, the energy level of LUMO of 1

should be higher than that of 10 in terms of orbital interaction

theory. While for 3, the LUMO mainly comes from the

contributions of the a-LUMO (77.7%) and b-LUMO ? 2

(58.7%) of fragment 10 and the a-LUMO ? 1 (9.1%) and b-

LUMO ? 3 (8.5%) of fragment SO2, having bonding orbital

character of carbon–sulfur bonds, the LUMO energy levels

of 3 and 4 are lowered. These characters are in good agree-

ment with the electron density distribution of LUMOs shown

in Fig. 2. Simultaneously, the lower LUMO levels of 3 and 4

imply that their electron affinities should be in favor of their

ambipolar charge transport characters.

From the standpoint of carrier transport, the more

delocalization of the frontier molecular orbital is, the more

favorable carrier transport is [44]. The similar delocaliza-

tion degrees of the HOMOs for 1 and 3 suggests that these

two compounds may possess similar hole transport

performances.

3.2 Electronic spectra

Currently, TDDFT approach has been considered as a cost-

effective method to provide the satisfactory estimate of

electronic transition energies of p-conjugated molecules

[45]. Our group has developed the machine learning

methods to further reduce the errors of the TDDFT method

[46, 47]. Herein, the electronic transition properties of all

compounds evaluated at TD-PCM-B3PW91/6-31G(d,p)

level are summarized in Table 1. Figure 3 compares the

experimental and theoretical absorption spectra of com-

pound 1 and 4. The agreement between the measured and

simulated spectra is fair well, in both band positions and

overall spectral shape.

According to Table 1, the vertical excitations of the

simplified model 3 are similar to those of 4, suggesting that

the introduction of alkyl chains has little influence on the

absorption properties of p-conjugated systems and further

confirming that the model simplification for 3 is reason-

able. In addition, the essentially same absorptions for 1 and

2 indicate that our strategy, replacing the long alkyl chains

with hydrogen atoms, is viable, while more complicated

transitions in 1 and 2 relative to their S,S-dioxide substi-

tuents 3 and 4 would be a manifestation of a more localized

excited state in the latter, resulting from their compara-

tively localized LUMOs upon the introduction of electron-

withdrawing substituents. As seen from Fig. 3, there are

two absorption peaks of 1, of which the higher-energy

absorption peak recorded at 284 nm is considered as the

maximum absorption in experiment. To visualize the

electron transition process, the corresponding changes of

electron density distribution of major absorption peaks

were calculated and are displayed in Fig. 4. Combining

Table 1 and Fig. 4, we can find that the low-energy

absorption peak of 1 comes from HOMO to LUMO mainly

assigned to p–p* transition, while the high-energy

absorption peak of 1 assigned to S0 ? S8 is mainly

ascribed to electron transfer from central thiophenes to

cyclopentadienes and benzene rings. While for 4, only one

absorption peak is predicted around 421 nm, being in good

agreement with the experimental value (419 nm). We

associate the absorption peak with the transition from

HOMO to LUMO, which are delocalized p- and somewhat

localized p*-orbitals, respectively, showing a obvious
Fig. 2 Illustration of the frontier molecular orbitals for all com-

pounds at B3PW91/6-31G(d,p) level
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electron transfer from two ends to central thiophenes and

thienyl-S,S-dioxide unit. Therefore, a red-shift of about

135 nm in the maximum absorption is evaluated from 1 to

4 due to the incorporation of electron-withdrawing thienyl-

S,S-dioxide moiety, which induces large decrease in the

LUMO energy level as mentioned above.

3.3 Fluorescence quantum yield

The geometry optimization of the first singlet excited-state

geometries of all compounds and the emissions were per-

formed at TD-B3PW91/6-31G(d,p) level to set the stage

for the discussion on the difference in fluorescent quantum

yields due to dioxidation. The emission energies, oscillator

strengths, main configurations together with the available

experimental emission maxima are collected in Table 2. It

shows that the calculated values are in very good agree-

ment with experimental ones and that the major contribu-

tion of S1 ? S0 for each compound arises from the

electronic transition from LUMO to HOMO. Moreover, the

emission energy of 4 is much less than those of 1 and 2,

which is consistent with the decrease of LUMO in 4. Thus,

we can reasonably infer that the fluorescent quantum yield

of 4 should be lower based on energy-gap law. However, it

was reported that the photoluminescence quantum yield of

4 is much larger than that of 1 upon dioxidation.

Here, we tried to find the structural and electronic factor,

which has an important relationship with photolumines-

cence quantum yield, by means of detailed theoretical

calculations and analysis. As we know, the fluorescence

quantum yield can be expressed as g = kr/(kr ? knr), where

kr is the radiative decay rate, knr consists of the nonradia-

tive decay to ground state, including the internal conver-

sion and the intersystem crossing process. So it can follow

from this expression that large kr and small knr would lead

to large fluorescence quantum yield. In what follows, we

first calculated the kr through the Einstein spontaneous

emission relationship, kr = f � Eif
2/1.499, wherein f is the

oscillator strength and Eif is the excitation energy in cm-1.

Referring to Table 2, the radiative decay rates of 1 and 4

were calculated to be 2.41 9 108 s-1 and 1.20 9 108 s-1,

respectively. As for 4, a natural radiative lifetime of

9.8*12 ns has been reported in chloroform solution, that

is, the radiative decay rate of 4 is 0.8*1.02 9 108 s-1.

Thus, the theoretical evaluations of radiative decay rates

using Einstein spontaneous emission relationship are

accurate and reliable for our systems. Apparently, kr is not

the crucial factor affecting quantum yield. Next, we thus

turn our attention to the radiationless decay rate.

As far as knr was concerned, we first qualitatively dis-

cussed geometrical relaxations from the first singlet excited

state to ground state, i.e., the internal conversion process. It

is established that Huang–Rhys factor characterizing elec-

tron-vibration coupling strength is an important physical

quantity identifying radiationless decay process [23, 48,

49]. Its formula is Sj = (xjDQj
2)/2�h, where xj represents

vibration frequency for the jth mode and DQj is the normal-

mode displacement. The geometrical relaxation energy

from excited state to ground state is defined as

krel = R�hxiSi, which can be partitioned into the

Table 1 The calculated absorption energies (nm), oscillator strengths

(f), major contributions, together with the experimental values of all

compounds

Compounds State kcal: f Major contribution kexp:
a

1 S1 330 0.42 HOMO ? LUMO (97%) 352

S3 292 0.19 HOMO-1 ? LUMO (23%)

HOMO ? LUMO ? 1 (69%)

S4 285 0.21 HOMO ? LUMO ? 2 (91%)

S7 269 0.2 HOMO-1 ? LUMO ? 1

(35%)

284

HOMO ? LUMO ? 4 (55%)

S8 267 0.4 HOMO-2 ? LUMO (23%) 284

HOMO-1 ? LUMO ? 1

(45%)

HOMO ? LUMO ? 4 (22%)

2 S1 333 0.55 HOMO ? LUMO (97%) 340

S3 295 0.18 HOMO-1 ? LUMO (50%)

HOMO ? LUMO ? 1 (42%)

S4 291 0.27 HOMO ? LUMO ? 2 (94%)

S8 268 0.44 HOMO-2 ? LUMO (12%) 273

HOMO-1 ? LUMO ? 1

(78%)

3 S1 414 0.47 HOMO ? LUMO (98%)

4 S1 421 0.58 HOMO ? LUMO (98%) 419

a Data from reference [20]
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Fig. 3 Normalized spectra of 1 and 4 calculated (solid line) at their

optimized ground-state geometries by TDDFT in chloroform solvent

with their experimental absorption spectra (dash line)
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contribution from each normal mode. Figure 5 shows the

Huang–Rhys factors versus the normal-mode wave num-

bers for 1 and 3 along with the vibration modes of their

respective maxima. It is found that the larger Huang–Rhys

factors mainly appear in low-frequency area (\500 cm-1)

for both 1 and 3, which indicates that the low-frequency

vibration modes may have stronger electron–phonon cou-

pling strength during the process of electron transition.

Specifically, the Huang–Rhys factors of 3 in low-frequency

region are also larger than 1, and the largest one is 1.12,

which is double that of 1. Analysis of vibration modes

shows that the vibrations in low-frequency area with larger

Huang–Rhys factors for 1 are the extensional vibrations of

benzene rings along the long axis of molecule relative to

center and the stretching vibrations of three sulfur atoms in

central fused thiophenes described in Fig. 5, while for 3,

the vibrations in low-frequency region mainly originate

from the vibrations of the two oxygen atoms except for the

vibrations of 1 mentioned above. The geometrical relaxa-

tion energies of 1 and 3 are 1,616 and 2,310 cm-1,

respectively. It suggests that 1 may have stronger rigidity

than 3, and thus, the radiationless decay rate of 1 may be

smaller than that of 3. Second, the intersystem crossing to

the triplet excited states as a single molecule non-radiative

path was also considered by qualitatively describing the

intersystem crossing rate as function of S1-Tn energy gap

[50]. The calculated excitation energy levels of 1 and 3 at

their respective S0 optimized geometries are drawn in Fig.

S3. According to the energy-gap law, S1 ? Tn intersystem

crossing of the dioxide 3 may be more efficient than that of

1 due to much smaller energy gap of S1 ? T2 (0.02 eV) of

3 than that of S1 ? T4 (0.25 eV) of 1. As a result,

combining with their calculated natural radiative decay

rates, 1 was inferred to have larger fluorescence quantum

yield than 3 in theory. As mentioned above, 3 has been

proved to being a good approximation to 4, so 4 should

have smaller fluorescence quantum yield than 1 in theory,

that is, the larger fluorescence quantum yield of 4 (0.72 for

4 vs. 0.01 for 1) could not be ascribed to the introduction of

thienyl-S,S-dioxide substituent at the single molecule level.

Here, further argument to rationalize this abnormality was

carried out as follows.

First, we excluded the influence of the alkyl chains on

the fluorescence quantum yield. We replaced the hydrogen

atoms in cyclopentadienes of 3 by methyl groups and then

estimated its relaxation property of the excited state at the

same theoretical level. The results shown in Fig. S4 reveal

that the Huang–Rhys factors of the new model molecule

(3a) in low-frequency region are also larger than that of 1

and the vibrations of methyl groups become the main

contributions to the electron–phonon couplings. The geo-

metrical relaxation energy between excited state and

ground state is about 2,340 cm-1, which is slightly larger

than that of 3. Therefore, the alkyl chains are expected to

further deteriorate the fluorescence quantum yield at the

single molecule level.

Fig. 4 Changes of electron density distribution upon the S0 ? S1 and S0 ? S8 electronic transitions of 1 and the S0 ? S1 electronic transition

of 3. Violet and turquoise colors correspond to a decrease and increase in electron density, respectively

Table 2 The calculated emission energies (nm), oscillator strengths

(f), major contributions, and experimental data of all compounds

Compounds kcal: f Major contribution kexp:
a

1 372 0.50 LUMO ? HOMO (98%) 373

2 376 0.66 LUMO ? HOMO (98%) 376

3 522 0.43 LUMO ? HOMO (99%)

4 534 0.51 LUMO ? HOMO (99%) 524

a Data from reference [20]

Fig. 5 Huang–Rhys factors versus the normal-mode wave numbers

for 1 (black frame) and 3 (red frame). The vibration modes of their

respective maximums are inserted
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After the fluorescence quantum yield at the single

molecule level was considered, the aggregate such as

H-aggregation, which may induce fluorescent quenching,

was finally invoked to explain the very small fluorescence

quantum yield of 1. Considering the poor solubility of 1 in

chloroform solvent, which may result in large aggregated

molecules, the absorption property of the dimer of 1 at

optimized geometry by B3LYP-D functional was also

calculated, and the comparisons of absorption spectra of

single molecule, dimer and experimental one are depicted

in Fig. S5. It can be found that the agreement between the

simulated spectrum of dimer and the measured one of 1 is

better. So we infer that there may be a great amount of

absorption transitions of aggregated molecules, which may

induce energy transfer or electron transfer phenomena, and

these behaviors would quench efficiently the fluorescence.

More importantly, the incorporation of thienyl-S,S-dioxide

unit and the long solubilizing alkyl chains may expand

intermolecular distances and prevent effective fluorescent

quenching [15].

3.4 Transport property

In general, materials present high mobility if they have the

ordered packing, especially for fused thiophenes. In contrast,

the mobility of 1 was reported as low as 10-4 cm2/V�s. Thus,

the insight into transport properties of all compounds is

demanded. Consequently, the reorganization energies of all

compounds investigated here were first evaluated from adi-

abatic potential-energy surfaces method [51, 52]. Recently,

Sancho-Garcı́a and Pérez-Jiménez have reported that the

DFT estimate of the reorganization energy strongly depends

on the ratio between the HF-like and density functional

exchange, and BkLYP (%HF = 25.33) functional leads to

better values [53–55]. Here, a GGA functional BPW91 and

three hybrid GGA functionals, namely BPW91, B3LYP,

B3PW91, and BkLYP, were employed to calculate the hole

and electron reorganization energies of 1. The results pre-

sented in Fig. S6 show that these four functionals give

essentially same trend for the reorganization energy, and

three hybrid functionals provide similar values. Given that

not affecting the relative values of the mobilities, we still

employed B3PW91/6-31G(d,p) to evaluate reorganization

energies of all compounds (described in Fig. S7). Figure S7

shows that four hexyl chains have little influence on both

hole and electron internal reorganization energies, while the

electron reorganization energies of 3 and 4 show a large

increase in comparison with 1 and 2, because of the incor-

poration of thienyl-S,S-dioxide unit.

From crystal structure of 1 represented in Fig. 6a, we

selected main hopping pathways and calculated their cor-

responding transfer integrals based on site-energy corrected

method using PW91PW91 functional. Since molecules

form one-dimensional p–p stack, only two major transport

pathways assigned to a typical dimer were found, illus-

trated as Fig. 6b. The corresponding hole transfer integral

and electron transfer integral are 62.5 and 20.6 meV,

respectively. Inserting the values of k and t into Marcus

formula, the hole and electron hoping rates of 1 are

obtained, which are 1.37 9 1013 s-1 and 1.82 9 1012 s-1,

respectively. For 3, the stablest dimer from the result of

MD simulation has been optimized (depicted in Fig. 6c)

employing B3LYP-D/cc-pVDZ level in ORCA package.

Its hole and electron transfer integrals calculated are 59.0

and 51.9 meV, respectively. Combining with reorganiza-

tion energies, the hole hopping rate of 1.09 9 1013 s-1 and

electron hopping rate of 1.64 9 1012 s-1 were obtained.

Thus, 1 and 3 may have similar charge (both hole and

electron) transport performances, although the electron

reorganization energy of 3 is larger than that of 1, which is

ascribed to the stronger intermolecular orbital coupling of

3. Moreover, in view of the lower LUMO energy level

together with high electron hopping rate, we infer that 3

may be a good ambipolar transport material.

The hole and electron mobilities of 1 were estimated

according to the values of reorganization energies and

transfer integrals in the framework of Marcus theory. The

calculated electron and hole mobilities are 0.02 and

0.12 cm2/V�s, respectively. The latter is sharply different

from the experimental value of hole mobility, about 10-4

cm2/V�s using standard semiconductor model. The differ-

ence between the theoretical and experimental values could

be attributed to two aspects. One is experimental condi-

tions, such as the polycrystalline nature of the evaporated

film as the statement of experimentalists [20], the other is

the large thermal fluctuation along one-dimensional trans-

port, which may be prone to the incorporation of defects

and thus induce lower carrier mobility [56].

Fig. 6 a Crystal of 1; b Major charge hopping pathway of 1;

c Optimized dimer of 3 based on B3LYP-D/cc-pVDZ level in OCAR

2.8.0 package
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To obtain a deeper comprehension of charge transport

along p–p stack, the classical MD simulation with fixed

lattice constants based on supercell (4 9 3 9 3) of the

crystal unit cell of 1 was carried out with COMPASS force

field within the Material Studio package. Dynamic trajec-

tories were extracted every 500 fs with a total 200 snap-

shots, and the transfer integral of the major dimer at each

snapshot was calculated to estimate the strength of the

nonlocal source of electron–phonon interaction. The ther-

mal fluctuation of the transfer integrals, depicted in Fig. 7,

is very large. It indicates that the contribution of the non-

local interactions is so intense as to result in obvious

vibration-modulated contribution to the charge transport.

This significant fluctuation was considered to arise from

the strong p–p intermolecular interaction along the stack

direction with close distance, and there are no strong

interactions in other directions. As Shuai et al. [39] men-

tioned, large fluctuation of the transfer integral may induce

less charge-transfer rates between parts of the molecular

dimers than those at the equilibrium geometry and thus

induce bottleneck effect for charge transport in one-

dimensional stacked chain. Here, it is concluded that the

mobility of 1 would be reduced by the large disorder effect

in the p–p stacked direction.

4 Conclusion

Four diindenodithienothiophene derivative materials were

studied based on quantum chemical calculation in this

work. Their photoluminescence and charge transport

properties were discussed, especially for the influence of

the incorporation of thienyl-S,S-dioxide unit on the opto-

electronic properties of dithienothiophenes. The results

show that thienyl-S,S-dioxide unit lowers the LUMO

energy levels through facilitating the formation of bonding

orbital of carbon–sulfur bond without affecting obviously

HOMO energy levels, which thus makes their spectra (both

absorption and emission) red-shift compared with 1 and 2.

Larger radiative decay rate and smaller radiationless decay

rate of 1 than those of 3 suggest that 1 may have larger

fluorescence quantum yield than 3 at the single molecular

level, and finally, the aggregation performance of 1 was

inferred to induce lower fluorescence quantum yield. The

transport properties discussed in theory indicate that 1 may

present large intrinsic hole mobility and 3 may be a good

ambipolar transport material. The lower experimental

value of 1 was ascribed to experimental conditions and

large thermal fluctuation along one-dimensional transport.
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