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Abstract

Studying the building blocks for organic electronics—molecules—is important

for achieving a great performance for organic electronic devices.

Poly(3-hexylthiophene) (P3HT) and povidone (PVP) are common molecules

chosen for the semiconducting and dielectric layers of organic electronic

devices, respectively. Here, we have applied the hybrid-exchange density-

functional theory, taking into account empirical dispersion forces and basis set

superposition errors, to study the adhesive energies and optimal geometries

when integrating the two types of molecules. To ease the analysis of the molec-

ular structures, we have simplified the polymer chain structure to the mono-

mer, dimer and trimer for the P3HT and PVP. By using B3LYP and BLYP

functionals in combination with dispersion forces, we have found that the opti-

mal inter-molecular vertical distances between P3HT and PVP are approxi-

mately 3.6, 6 and 5 Å for monomer, dimer and trimer, respectively, with the

lowest adsorption energy of ��0.35, �0.15 and �0.45 eV. However, the sliding

effect for the molecular combination is relatively small. These computational

results can be potentially compared with the relevant experiments on the

molecular crystal structure. The molecular orbitals of the P3HT and PVP mole-

cules show that the charge density is mainly on the five-member rings rather

than the polymer chains, which further supports our finite-chain approxima-

tion. Our calculations, especially the potential curves, could be useful for the

optimal design of molecular structures for organic electronic devices.
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1 | INTRODUCTION

As a typical component for organic electronics, organic
thin film transistors (OTFTs) are important for many
emerging organic electronic devices. The high-end

applications include light-emitting diodes,[1] radio fre-
quency identification tags,[2] static random-access
memory,[3] and e-paper.[4] The main elements in the
OTFT include a source, a drain, an organic (active) layer
(the main semiconductor part), a dielectric layer (also
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called insulator), a gate and a substrate. Recently, wear-
able technologies, mostly taking advantage from organic
electronics, have developed in an unprecedentedly rapid
pace.[5] For most types of wearable devices, the electronic
sensing components play an important role.[6] Sensing
components can collect and transfer the environmental
data such as temperature, pressure, smell and vibrations
as electrical signals, which can then be received and pro-
cessed by the other parts of the device.[7] Such typical
organic sensor is normally composed of OTFT.[8,9] In the
last few decades, carbon-based materials have been widely
explored for semiconducting devices.[10] Comparing
with the traditional silicon-based materials, they can be
mechanically more flexible and stretchable, which can
provide more functionalities in the real-world application
of wearable devices.[11] For instance, nowadays, people are
not satisfied with wearables in a rigid shape, which instead
could be replaced by the smart clothes that can monitor
the body temperature and movement. However, to fabri-
cate such type of devices, we need to first identify the good
candidate for the basic component, ideally mechanically
flexible sensors, for which organic materials have great
advantages owing to the material texture.[12]

Owing to the layered structure, the OTFT in the wear-
ables can easily encounter problems at the interface, such
as the scattering of the charge carriers.[13] One of the
most common failures in such organic devices is the
adhesive wear, which is defined as the material transfer
between two layers locally at the interface.[14] Therefore,
the distance between layers is a vital factor for the
performance of OTFT. Poly(3-hexylthiophene) (P3HT,
Figure 1A) and povidone (PVP, Figure 1B)[17] are the
typical molecules currently used for the semiconductor
and dielectric layers, respectively, in OTFT. Moreover, in
addition to wearable technologies and sensors, OTFTs
have a wide range of applications that need large area,
flexible structures and low cost, such as active-matrix
flat-panel displays, although they are not suitable for
applications with fast switching speed.[18]

The research for the P3HT molecule has been very
actively recently. Kuo et al.[19] have combined inorganic
material zinc oxide with organic P3HT, which provided
the boost of the mobility in the semiconductor (to as high
as 24.7 cm2/V�s) and offered high sensitivity to gas, sug-
gesting the potential of P3HT for sensors. It was then

demonstrated that P3HT can be easily blended with
another organic material, poly methyl methacrylate
(PMMA), which was used as the dielectric layer.[20] In
this research, the sensitivity of the OTFT to the nitrogen
dioxide was much better than other traditional sensors,
pointing to another branch of the OTFT applications. The
team led by Aïssa[21] tested the performance of P3HT com-
bined with single-walled carbon nanotubes (SWCNTs).
Their experiments showed that the merits of these two
materials can prompt with each other. Zhang et al.[22] used
P3HT in the semiconductor layer of the OTFTs for the gas
absorption. Apart from the mobility, P3HT was also proved
to have good threshold voltage, which is another vital fea-
ture for the OTFT. In addition, in combination with
metal�organic framework (MOF) materials, P3HT was
also explored for absorbing air pollutants,[23] which is great
for environment sustainability. P3HT was used for the
active layer because its mobility is relatively high among
the popular polymer semiconductor materials. It can vary
from 0.0022 to 1.1 cm2/V�s under different conditions.[24–29]
Besides, P3HT also possesses good solubility[30] for the
manufacture. As shown in Figure 1A, the backbone of
P3HT will extend alongside the ring structure, with the
extended alkane chain structure, which will help the poly-
mer to form the lamellar structure. With this feature, when
combined with another substrate, the orientation of P3HT
will affect the performance of the active layer. However,
with either the face-on or the edge-on orientation between
the active layer and the substrate layer, the mobility can
reach high values for P3HT, so this structure is favoured
for the fabrication of semiconducting material.

For the PVPs, most of the recent studies have used
them in a single layer, without combining with the other
materials. Boukhili et al.[31] made a comparison among
different dielectric materials, including PVP, divinyl tet-
ramethyl disiloxane-bis (benzocyclobutene) (BCB) and
poly (vinyl alcohol) (PVA), to evaluate different OTFT
electrical properties. Koutsiaki et al.[32] studied the elec-
trical performance on OTFTs with different thickness of
dielectric layers, which showed that the mobility of the
transistor would decrease when the dielectric layer
became thicker; at the same time, the current leakage
could be reduced to a small value. The stability of a sen-
sor is essential because it may have an influence on the
device lifespan. Hence, to study the variation of the

FIGURE 1 The molecule structures for

P3HT[15] (A) and PVP[16] (B). (C) is an example

of the combined molecular structure; the upper

one is PVP monomer and the lower one is P3HT

monomer.
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performance under the exposure of air, Xie et al.[33] have
performed the experimental work to compare dielectric
layers with different thickness. The semiconductor layer
was 2,7-dioctyl[1] benzothieno [3,2-b][1]benzothiophene
(C8-BTBT), whereas the dielectric layer was PVP-hexa-
fluoroisopropylidene diphthalic anhydride(HDA). The
experimental results showed that with the moderate
thickness (275 nm), the mobility and the threshold volt-
age can increase, whereas the on/off ratio can remain
constant. This is a valuable study because it provided the
reference thickness for future similar research, which can
also be suitable for the flexible OTFT, with the normal
condition that can be easily encountered in real life.

However, the research on the OTFT with P3HT as the
semiconductor layer and PVP as the dielectric layer at the
same time was rare. Hence, the study of this combination
might be valuable for the future research and device
design. Although there are not many organic materials
that can be used as substrate layer, PVP stood out for its
suitable characteristics as dielectric layers.[34] The most
important feature is high dielectric constant as mentioned
above, which can reach �4.[32] PVP can also be fabricated
along with a wide range of substrates and semiconducting
materials, including glass, polymer and inorganic compo-
nents.[35] Similar to P3HT, PVP has a good solubility,[36]

which implies that it is chemically friendly to the organic
solution procedures. Our research will therefore focus on
the interaction between the P3HT in the semiconducting
and the PVP molecules in the dielectric layers. The objec-
tive is to study the influence of inter-molecular distance
on the interactions at the interface and try to find out the
optimistic inter-molecular distance. Such calculations and
the related analysis can be useful for the design of the
OTFT based on the P3HT and PVP molecules. To study
the effect of the polymer chains, we have performed cal-
culations by combining the P3HT and PVP monomers,
dimers and trimers. The following discussion falls into
three sections. In Section 2, we introduce the computa-
tional methods. In Section 3, we present our calculation
results. In Section 4, we draw some general conclusions.

2 | COMPUTATIONAL METHODS

In Figure 2, we show our modelling procedure, which
includes the calculations for individual P3HT and PVP

molecules, and the combination of their monomers,
dimers and trimers. Gaussian 09[37] has been used with dif-
ferent functionals to compute the electronic structures of
the molecules aforementioned. We have chosen the
functionals at difference theoretical levels, including
Hartree-Fock (HF), PBE,[38] BLYP,[39,40] B3LYP-ED2,[41]

B3LYP-ED2 and B3LYP-ED3 for a comparison.[42] HF only
takes into account the Coulomb and exchange interac-
tions, PBE is the generalised gradient approximation
(GGA) to the exchange-correlation functional and B3LYP
combines the GGA functional BLYP[39,43] with the exact
exchange using three empirical fitting parameters to bal-
ance the charge delocalization and localization. On top of
B3LYP and BLYP, we can include the empirical dispersion
(ED) forces at different levels through B3LYP-ED2
(and BLYP-ED2) and ED3. The basis set used was
6-31G—mostly commonly applied one in other simula-
tions. In addition to the ground-state single-point calcula-
tions, the optimised molecular structure and the related
orbitals are also of great interests because these are
strongly related to the electron transport and optical prop-
erties. We have taken into account the basis set superposi-
tion error (BSSE) by using the counterpoise method
implemented in Gaussian 09.[44] In the counterpoise
method, the BSSE is computed as the difference between
the total energies with mixed basis set and monomers.
Another method is the chemical Hamiltonian approach,
in which the basis set mixing is prevented through projec-
tors.[45] The two approaches for BSSE would give similar
results.[46] CrystalMaker and Avogadro[47,48] were used
complimentarily to manipulate and visualise molecular
structures. The atomic unit (a.u.) was used throughout all
the calculations. The P3HT and PVP monomer, dimer and
trimer were computed as an approximation to the poly-
mers. In Figure 1C, we illustrate the integrated molecular
structure of P3HT and PVP monomers. Here, we also
define that the z-direction is perpendicular to the molecu-
lar plane, whereas x- and y-directions are in the molecular
plane, as shown in Figure 1C. Regarding the colour coding
for the atoms, hydrogen is in white, carbon is in grey,
oxygen is in red and sulphur is in yellow. For molecular
wave functions, such as the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), the positive sign is depicted as red and negative
as blue. We have computed the inter-molecular interaction
energy in terms of adsorption energies, defined as the

FIGURE 2 A flowchart for our molecular simulation process. PVP, povidone; P3HT, poly(3-hexylthiophene).
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difference between the total energies of the combined mol-
ecule (ECombined) and those for the individual molecules
(EP3HTþEPVP).

Einteraction ¼ECombined� EP3HTþEPVPð Þ ð1Þ

Then we varied the distance between P3HT and PVP
along the z- (vertical distance) and x-directions (the slid-
ing effect) and performed geometry optimization to work
out the adsorption energies and optimal distances. In
addition, we have compared BSSE with the adsorption
energy computed. The optimal distances have been deter-
mined by using BLYP + ED2 and B3LYP + ED2, which
have been compared to assess the performance of the
functionals.

3 | RESULTS AND DISCUSSIONS

We compared the calculation results for the monomer
calculations based on different functionals, including HF,
PBE, B3LYP, B3LYP-ED2 and B3LYP-ED3 (not shown).
Our calculations suggested that HF has a poor estimation,
PBE was a better choice but may not be suitable for the
polymers and B3LYP is the most appropriate one among
all three, in the sense of the ground-state total energies. In
addition, we can see the structural optimization either par-
tially or for all the atoms will also lower the total energies.
Notice that we did not perform the calculations for
B3LYP-ED2 and B3LYP-ED3 without optimization or with
partial optimization as these calculations are only for
comparison to choose the appropriate methods.

The differences between with and without the
Grimme's corrections for dispersion forces are calculated
for the combined monomer when changing the distance

on different directions. Figure 3 shows for the combined
monomers, without optimization and with partially opti-
mization, how the convergence energy changed with
intermolecular distance, with pure B3LYP functionals,
as well as ED2 and ED3 corrections. When the
inter-molecule distance is small, especially at around the
optimum distance, the convergence energy calculated
with the ‘fr’ method (the coordinates of a part of
molecule are frozen to ease the optimization) gave lower
values, which implied more stable structures, as
expected. As a result, only the partial optimization would
be applied for further discussion.

From Figure 3, the trends for the calculations with
the Grimme's correction for the total energies were simi-
lar to those without the correction, and the overall con-
vergence energy tended to be lower, notwithstanding the
distance. Interestingly, Figure 3 showed that the ED2
approximation can result in a lower energy than ED3,
which could be due to the overall repulsion energies orig-
inating from the three-body interaction terms (ED3).
Here, we neglected the three-body interaction and per-
formed all the remaining calculations by using B3LYP/
BLYP + ED2.

The adsorption energies for different conditions were
calculated using the Equation (1) in Section 2. They all
followed the trend of a dramatic decrease in adsorption
energy first at small intermolecular distance, then a
steady increase with larger distance. The results from this
research were collected in Figures 4, 5 and 6, which are
corresponding to the combined monomer, dimer and tri-
mer, respectively. Besides, the optimization distances on
the vertical direction and their optimization energies are
listed in Table 1. As discussed in the previous subsection,
all the results were generated using B3LYP/BLYP-ED2.

The initial distance of 2.8 Å was a good choice for the
combined monomer (similar to the inter-plane distance

FIGURE 3 Convergence energy of the

combined poly(3-hexylthiophene) (P3HT) and

povidone (PVP) monomers, changing with

distance using different Grimme's corrections

without optimization (NonOpt) and when

freezing a part of the molecule (Fr).
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in graphite). As shown in Figure 4, with the increments
of 0.2 and 0.4 Å, the lowest adsorption energy �0.35
(�0.33) eV occurred at �3.6 Å for monomer by B3LYP
+ ED2 (BLYP + ED2). Here, we can see that the value
computed using B3LYP is lower by 0.02 eV. However,
unlike the combined monomer, it turned out that the
optimal inter-molecular distance for dimer was approxi-
mately 6.0 Å computed by both B3LYP + ED2 and
BLYP + ED2. The adsorption energies are similar
(�0.15 eV for B3LYP and �0.16 for BLYP). As we can see
from Figure 5, the potential well around the optimal
inter-molecular distance in the dimer calculations is
much shallower than that for monomer. However, one
cannot imply that with longer chains, the optimization
dislocation can happen at further distance with more sta-
ble structure, which will be studied in the future work.

Taking the experience from the combined dimer, the
distance domain was expanded to 3 to 10 Å for the trimer
calculations (Figure 6). The optimal inter-molecular dis-
tance was then discovered at 5 Å, which is more accept-
able than that of dimer, with the lower energy as
�0.45 eV and the potential well is quite shallow as well.
The higher optimum energy comparing with the mono-
mer may be because of the curved backbone of the tri-
mer. One extra difference from the combined monomer
was the slope of energy declining before the optimization
distance, which may be due to the hydrogen bonds
between the hydrogen atoms of the P3HT and PVP mole-
cules. With longer chains, the number of hydrogens is
raising, which may lead to more hydrogen bonds built in
this combined structure. As a result, the stabilisation
speed became faster. However, with more carbon pre-
senting, stronger repulsing force may occur in this struc-
ture. With the combination of both forces, the lowest
energy would be increased, thus resulting in the less sta-
ble structure. The shallow potential well around the opti-
mal inter-molecular distance for dimer and trimer
implies that the interface is subject sensitively to all kinds
of excitations such as vibrations. This will make the
material interface unstable against the external stimulus.
We can also see that the potential curve of this type
would be useful for the analysis of material interface sta-
bility for OTFT.

In Figure 7, we show the ratio between the BSSE and
the absolute value of adsorption energies as a function of
inter-molecular distance. As expected, this ratio will take
large value when the adsorption energies go through
zero. At the optimal distances, BSSE contributed to
�20%–30% error. The ratios for monomer, dimer and tri-
mer are �30%, �20% and �25%, respectively, where
B3LYP + ED2 and BLYP + ED2 provide very similar
results with the results based on BLYP + ED2 slightly
higher. These ratios suggest that the BSSE should be

FIGURE 5 Adsorption energies as a function of the

intermolecular distance in a combined poly(3-hexylthiophene)

(P3HT) and povidone (PVP) dimers.

FIGURE 6 Adsorption energies as a function of the

intermolecular distance in a combined poly(3-hexylthiophene)

(P3HT) and povidone (PVP) trimers.

FIGURE 4 Adsorption energies vary with the intermolecular

distance in a combined poly(3-hexylthiophene) (P3HT) and

povidone (PVP) monomers, computed by using B3LYP + ED2

(blue circles) and BLYP + ED2 (red squares).
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TABLE 1 The optimal

intermolecular distance as a function of

the polymer chain lengths.Molecule chain length Distance (Å)

Optimal adsorption energy (eV)

B3LYP BLYP

Monomer 3.6 �0.35 �0.33

Dimer 6.0 �0.15 �0.16

Trimer 5.0 �0.45 �0.45

FIGURE 7 The ratios of basis set

superposition error (BSSE) to the absolute

values of adsorption energies as a function of

inter-molecular distances for monomer (A),

dimer (B) and trimer (C). For trimer, we only

plotted up to the ratio of 1 to clearly illustrate

the other ratios.
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always taken into account when computing the adsorp-
tion energies for the combination of molecular fragments.
As expected, the BSSE contribution will become smaller
when the inter-molecular distance is large.

So far, all the distances have been defined along the
vertical (z) axis. To be more rigorous, similar calculations
were performed on the x- and y-directions. The adsorp-
tion energy is plotted in Figure 8, in which the adsorption

FIGURE 8 Adsorption energies varying as a

function of the intermolecular distance along

the X and Y directions in a combined

poly(3-hexylthiophene) (P3HT) and povidone

(PVP) monomers.

TABLE 2 Molecular orbitals for P3HT and PVP individual molecules.

Orbitals P3HT PVP

LUMO + 1

LUMO

HOMO

HOMO � 1

Abbreviations: HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital; P3HT, poly(3-hexylthiophene); PVP, povidone.
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energies for the P3HT and PVP monomers vary as a func-
tion of the intermolecular distance in the x- and y-direc-
tions. When one molecule is sliding on the x-y plane, the
energy will have a fixed trend, either keep increasing
(decreasing) with a very small energy (one order lower
than the adsorption energy computed for the monomers)
along x (y) direction. The adsorption energy was not same
at opposite dislocations because of the asymmetry config-
uration of the two molecules along either x- or y-direc-
tion. Besides, in the practical application, the layers will
extend along the plane, so the sliding effect is not as vital
as the vertical distance. Therefore, no further simulation
was made to the combined dimer and trimer.

We have also shown the molecular orbitals for indi-
vidual P3HT and PVP molecules between HOMO � 1
and LUMO + 1 in Table 2. The electronic charge density
is mainly on the five-member conjugated rings for both
P3HT and PVP. For the combined molecules with large
inter-molecular distance (Table 3), we can see the similar
patterns for the distribution of the charge. From the
optimised molecular structures, we can also see that the
π-conjugated rings have been distorted due to the interac-
tions between P3HT and PVP, which will have an impor-
tant influence on the electrical properties such as the
carrier mobility. The results for the optimal distance
might be compared with the related experiments indi-
rectly or directly through a few routes. One is to observe
directly the crystal structure by using x-ray diffraction or
nuclear magnetic resonance. In addition, scanning tun-
ning microscopy and tunnelling electron microscopy
might also be useful to observe the interface properties
such as the molecular distance. The other route is to
investigate the vibrational mode and the optical proper-
ties of the integrated molecular structures, which can be
performed by using Fourier transformed infrared and
ultraviolet-visible spectroscopies, respectively.

4 | CONCLUSIONS

In summary we have studied the interactions of the mol-
ecules P3HT and PVP, in two main layers—the semicon-
ductor layer and the insulator layer, respectively, in the
OTFT from a microscopic perspective. We have com-
pared different theoretical methods (mainly B3LYP and
BLYP) and found the optimised vertical intermolecular
distance between two materials. We have also taken into
account the BSSE and dispersion forces. Some limitations
do exist during the calculation and analysis, but the over-
all results, especially the potential curve, can be useful
for designing OTFT.

First, this simulation used different approximation
methods, so difference functionals were compared,

including the HF method, the PBE functionals and the
hybrid-exchange B3LYP functionals. To make up the
shortcomings of the B3LYP functionals, EDs, considered
by two versions of Grimme's corrections (ED2 and ED3)
were included. The energies from ED2 were lower than
those from ED3, which could suggest the three-body
repulsion energy. Additionally, the interesting trend of
molecular orbitals was found, which provided the expla-
nation for some strange points appeared in the optimiza-
tion. The optimised intermolecular distances for the
combined monomer, dimer and trimer are 3.6 (3.6), 6.0
(6.0) and 5.0 (5.0) Å, respectively, with the lowest adsorp-
tion energies of �0.35 (�0.33), �0.15 (�0.16) and �0.45
(�0.45) eV for B3LYP (BLYP) + ED2 + BSSE, respec-
tively. The curved PVP long chain found from the opti-
mised molecular structure contributed to the abnormal
values for the combined dimer. Moreover, the last find-
ings on the sliding effect do not seem to be as important
as that on vertical dislocation (along the z direction),
although it does follow certain patterns.

In the future, it is suggested to extend the chain to
polymer to study it from a macro perspective and support
actual applications. Besides, P3HT and PVP were found
not to be the only outstanding organic semiconductor
and insulator material. One can make this study as the
reference for similar research using other materials.
Except for these two layers interested, other layers in the
OTFTs such as source and drains are also vital for the
device performance. Therefore, the interactions among
these and other layers can also be studied. Besides, one
need to keep considering the effect of the electric dipole
in the semiconductor while using the results from this
study, because this is another property strongly depen-
dent on the intermolecular distance.

Further limitations exist from the theories them-
selves. The lowest energy was always taken as the best
approximation. However, there might be a chance of
overestimation. Under that condition, the best estimation
might not be from the lowest energy. This might be the
reason why in this project ED2 correction is always better
than ED3. The conclusion may reverse if the ED2 has
overestimated. Apart from that, the semiconductor mate-
rial can make contact with the insulator material with
not only face-on orientation but also edge-on orientation,
which can be studied in detail in the future. Other addi-
tional simulation can also be made related to this
research. One typical example could be the dynamical
simulation for molecular motions, which is important for
the real-world applications of the wearables. As stated,
all the results from this paper were based on the quan-
tum mechanical theories, which included varieties of
approximations. Hence, it is critical to compare the simu-
lation results with the relevant experimental works.
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