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Molecular doping in few-molecule
polymer-dopant complexes shows
reduced Coulomb binding

Chuan-ding Dong *a and Stefan Schumacherab

The mechanistic study of molecular doping of organic semiconductors (OSC) requires an improved

understanding of the role and formation of integer charge transfer complexes (ICTC) on a microscopic level.

In the present work we go one crucial step beyond the simplest scenario of an isolated bi-molecular

ICTC and study ICTCs formed of up to two poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b,3,4-

b00]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDT-BT) oligomers and up to two CN6-CP molecules.

We find that depending on geometric arrangement, complexes containing two conjugated oligomers and

two dopant molecules can show p-type doping with double integer charge transfer, resulting in either two

singly doped oligomers or one doubly doped oligomer. Interestingly, compared to an individual oligomer-

dopant complex, the resulting in-gap states on the doped oligomers are significantly lowered in energy.

Indicating that, already in the relatively small systems studied here, Coulomb binding of the doping-induced

positive charge to the counter-ion is reduced which is an elemental step towards generating mobile charge

carriers through molecular doping.

1 Introduction

Molecular doping plays a crucial role in the functionalization of
organic semiconductors (OSC).1–4 However, the underlying
microscopic mechanisms are not yet fully understood in spite
of increasing research efforts into charge transfer (CT) pro-
cesses in doped molecular films.5–9 The primary CT in p-type
doping is achieved when one electron migrates from a semi-
conducting polymer chain onto a dopant molecule, resulting in
the formation of an ion pair, a so-called integer charge transfer
complex (ICTC). While the electronic hybridization between
OSC chains and dopant molecules is also an important process
for many systems,10–12 formation of ICTCs is considered crucial
for efficient charge carrier generation13 and is evidenced in
doped conjugated molecular films using UV-Vis optical7,11–19 or
vibrational spectroscopy.20,21 However, the charge generation
process involving ICTCs, where the hole is released to form a
mobile charge carrier in the OSC matrix, from a microscopic
perspective of individual ICTCs remains elusive. This is mainly
because of the expected strong Coulomb attraction of the hole
to the corresponding negatively charged counter ion in the OSC

environment of low electrical permittivity, which contradicts
the rather high doping efficiency and resulting electric con-
ductivity typically observed in doped molecular films. For the
latter, the energetic disorder in the doped OSC matrix and the
change of energetic landscape caused by the formation of
ICTCs are thought to play an important role,22,23 and the
associated factors such as Fermi level shifting with doping
concentration were also discussed.12 In particular, the mecha-
nism that the overlapping Coulomb potentials from the neigh-
bouring dopant molecules in the matrix smear each other out
and lead to enhanced charge transportation was proposed.22,24

Recent reports also demonstrate the possibility to minimize the
Coulomb binding energy by modifying the chemical structure
of the dopant, resulting in enhanced thermal activation of the
charge carries already at low doping concentration.23

In many aspects, the detailed theoretical understanding of
the underlying molecular doping mechanisms in macroscopic
OSC films is still lagging behind the experimental progress in
this area.6 In order to reduce this gap and to obtain additional
valuable insights on a microscopic level that is typically experi-
mentally not directly accessible, density functional theory (DFT)
approaches are often applied as the method of choice to study
the molecular building blocks of doped OSC films. This has
been done for a large number of different materials to address
conformational and electronic properties, including the fron-
tier electronic energy levels, density of states (DOS), and their
variation with size and conjugation length. Also bi-molecular
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OSC:dopant complexes were studied,25–27 including studies on
their vibrational properties and optical excitations in direct
comparison with experiments.20,28–31 However, studies using
quantum-chemical methods explicitly reporting on ICTC for-
mation are only scarce. This is mainly because an ab initio
theoretical description of integer charge transfer in the sys-
tem’s electronic ground state in principle calls for a multi-
determinant treatment, which is computationally extremely
challenging even for systems of small sizes. As a remedy, in
our recent work on the PCPDT-BT co-polymer combined with
a series of commonly used molecular dopants we have reported
that physically meaningful results can be obtained using
broken-symmetry (BS) DFT calculations. These represent an
approximate treatment but are able to explicitly capture both
partial charge transfer through orbital hybridization and integer
charge transfer within the same unified theoretical approach at
moderate computational cost.20,25

In order to obtain a more in-depth and microscopic under-
standing of the role ICTCs play in the p-type doping of OSCs, it
is essential to explicitly include part of the electronic environ-
ment provided by the molecules surrounding a given ICTC.32–34

In the present work as a representative example we study
PCPDT-BT:CN6-CP complexes containing up to two PCPDT-BT
oligomers and two CN6-CP dopants arranged in different
geometrical settings. Based on our BS DFT calculations we find
that complexes consisting of two PCPDT-BT oligomers and two
CN6-CP molecules, depending on their geometrical arrange-
ment can show two different types of ICT, either resulting in
one doubly-doped oligomer or two singly doped ones. Our
calculations also demonstrate that compared to individual
ICT complexes, these larger complexes posses a reduced energy
cost for releasing a hole as a free charge carrier.

2 Computational details

Following our previous work,25 in the present work we use
broken-symmetry (BS) density functional theory (DFT) calcula-
tions to study the electronic states of different molecular
complexes. By allowing different spatial orbitals for a and b
electrons this methodology partly takes into account the static
correlation and is able to provide a good approximation of the
charge density, even though it can potentially result in spin
contamination and should not be used for the calculation of
spin-density related properties.35 To also capture long-range
charge transfer contributions we use the cam-B3LYP functional
with the 6-31G** basis set. A dispersion correction (Grimme’s
D3) is included to account for inter-molecular van der Waals
interaction. This results in a meaningful computational
approach to study the system at hand as discussed in more
detail in our previous work, including a comparison of different
computational schemes also with available experimental
data.25 We would like to note that energy differences between
occupied and unoccupied molecular orbitals are known to be
largely overestimated with the use of the cam-B3LYP functional
for the materials studied here. Absolute band gap energies do

not compare well with corresponding experimental values25,29

such that only relative alignment and changes of energy levels
for different systems should be interpreted as being physically
relevant. In a first step the geometry of complex I was optimized
and then used as a starting geometry to build complexes II to V
by adding CN6-CP molecules and/or a conjugated chain. The
geometries of complexes II–V were subsequently also opti-
mized. All DFT calculations were performed with the GAUS-
SIAN09 package.36 Hirshfeld charge partitioning was used to
analyse the charge transfer between molecules, which for the
systems studied leads to similar results as other charge parti-
tioning scheme as detailed in our previous work.25 The Hirsh-
feld charge partitioning and projected density of states were
calculated using Multiwfn.37

The heptamer:CN6-CP complexes studied are shown in
Fig. 1, along with schematic illustrations of the ICTC formed
in the electronic ground state of each complex. (for A-4)The
dopant CN6-CP is considered a strong p-type dopant, for
example studied in the doping of a diketopyrrolopyrrole
(DPP)-based polymer for which efficient ICT formation was
observed leading to greatly enhanced conductivity.39 Our pre-
vious work also shows that the occurrence of ICT between
PCPDT-BT and CN6-CP is quite robust and not sensitive to

Fig. 1 Chemical structures of dopant molecule CN6-CP and PCPDT-BT
heptamer. Integer charge transfer in the electronic ground state is found in
complexes I–V, leading to different types of ICTC formation as schema-
tically illustrated on the right. Dopant (heptamer) molecules in the com-
plexes are labelled as C-1 and C-2 (h-1 and h-2). Short (long) bars
represent the dopant molecule (PCPDT-BT heptamer) and filled (open)
circles denote an excess electron (hole).
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the geometric details of the molecular complex.25 In the present
work we go beyond the bi-molecular PCPDT-BT:CN6-CP
complex and report on ICT formation in complexes containing
up to 2 polymer chains and 2 dopant molecules. The PCPDT-BT
conjugated chains in the present study are represented by
heptamers containing 3 PCPDT units and 4 BT units, which
is significantly longer than the typical polaron expansion (less
than 2 PCPDT units and 2 BT units) we find in this material,25

such that the results are not much influenced by the quantum
confinement in the finite-length conjugated chains.

With just one conjugated chain and one dopant molecule,
complex I hosts a typical ICT scenario with charge transfer
between the CN6-CP and the heptamer chain larger than 0.8 e
(Table 1). A net charge transfer this large is already strongly
indicative of the formation of an ICTC.25 Besides a significant
transfer of net charge, the occurrence of ICT in contrast to mere
orbital hybridization is unambiguously evidenced in the spin-
symmetry breaking found in the electronic ground state of
complex I as discussed in detail below. Starting from complex I
we now investigate the effect of increasing the number of dopant
or conjugated molecules on the charge transfer observed. Our
calculations show that with the addition of one CN6-CP molecule
as in complex II a net positive charge of 1.68 e is induced on the
conjugated chain. Accordingly the two CN6-CP molecules in
complex II each carry a negative charge of about 0.84 e. Therefore
in the case of complex II double p-type doping of the PCPDT-BT
heptamer occurs, induced by two nearby dopant molecules. In
complex III, starting from complex I an additional PCPDT-BT
heptamer is added to the complex. In this case a very similar
overall electronic structure is found compared to complex I. To
form complexes IV and V, respectively, both a CN6-CP molecule
and a PCPDT-BT heptamer are added to complex I, with geometric
arrangement of molecules qualitatively different in complexes IV
and V though. In complex IV one heptamer is adjacent to both
dopant molecules such that double doping is induced similarly to
complex II but with qualitative differences in the electronic
structure as discussed in detail below. In complex V each hepta-
mer is singly doped with 0.84 e and 0.92 e net positive charge
residing on the conjugated chains. For all complexes studied the
net charges on each dopant and conjugated molecule are sum-
marised in Table 1.

As visible in Fig. 1, the backbones of the heptamers can
assume a somewhat bent (in complexes I, II, IV) or more planar
geometry (in complexes III and V). This can be attributed to
the complex interplay of the van der Waals interaction (com-
putationally included through the dispersion correction) and

Coulomb interaction in the geometric optimization, which
generally leads to quite closely packed molecular complexes
and reshapes the heptamer’s backbones as needed for energy
minimization.38 As we discussed earlier,25 the backbone bending
or torsion obtained after geometry optimization typically raises
the HOMO energy on the order of 0.3 eV, which may contribute
but by itself is not sufficient to drive the ICT. Instead, the bending
or torsion of the conjugated chain is partly the consequence
of the charge transfer and related polaron formation. We note
that in the optimized geometries of complexes III, IV and V, the
p-stacked heptamers have similar interlayer spacing of around
3.7 Å, which is close to typical GIWAXS data reported for
similar systems.12

Complexes II and IV each contain a doubly doped heptamer,
and complex V can be seen as two interacting ICTCs of the type
of complex I. These three complexes possess unoccupied in-gap
states on the doped heptamers that lie significantly lower in
energy compared to their counterparts in complexes I and III.
This can be seen in the calculated density of states projected onto
each molecule which is shown in Fig. 2 for all five complexes
studied. Comparing the energy positions of the unoccupied in-gap
states on the oligomers in the different complexes is of particular
interest here. These states are the doping-induced missing charge
carriers or holes that once released to the OSC matrix lead to the
formation of mobile charge carriers. The dashed lines in Fig. 2 at
�3.68 eV mark the center between an individual charge-neutral
heptamer’s HOMO and LUMO states as a reference. Also the
calculated energy positions of a positive polaron on an individual
PCPDT-BT heptamer and of the negative polaron on an individual
CN6-CP molecule are included for comparison for the same
geometries as assumed by these entities in complex I.

The calculated energies of the unoccupied in-gap states give
a measure for the ICTC’s tendency to release these holes to the
surrounding OSC matrix. The results show that the in-gap
states of complexes II, IV, V are significantly lower in energy
than those of complexes I and III, such that a smaller activation
energy would be needed to release a hole. It is also interesting
to notice that for the doped heptamer h-1 in complex IV spin
symmetry is almost recovered whereas all other complexes
show significant spin asymmetry.

The reduced energy of in-gap states in complexes II, IV and V
can be understood through the enhanced transfer of charges in
these complexes, which modified the Coulomb potential. Tak-
ing complex V as an example, with the close proximity and
repulsion of the two positively charged heptamers, for each
heptamer the energy of the in-gap state is reduced. The doubly-
doped heptamers in complexes II and IV can be interpreted as
more extreme cases of two nearby doped heptamers as in
complex V. It is worthwhile to have a closer look at the in-gap
states of complexes II, IV, and V. For complex II, visualisation of
these two (a and b) states in Fig. 3 shows a more localised and
spatially separated charge distribution as a pair of so-called
side-by-side polarons is formed.40 The in-gap states of complex
IV have a significantly different spatial distribution. The a and
b orbitals are spatially not separated but overlapping with each
other, and are delocalised over almost the entire length of the

Table 1 Hirshfeld charges on the conjugated chains and CN6-CP mole-
cules in complexes I–V. C-1 and C-2 refer to the CN6-CP molecules, and
h-1 and h-2 refer to the conjugated chains according to the labels in Fig. 1

C-1 C-2 h-1 h-2

I �0.86 e — 0.86 e —
II �0.83 e �0.85 e 1.68 e —
III �0.91 e — 0.87 e 0.04 e
IV �0.83 e �0.88 e 1.64 e 0.07 e
V �0.86 e �0.90 e 0.84 e 0.92 e
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oligomer as shown in Fig. 3. In this case a bi-polaron state is
formed.40 The lower energy and more pronounced delocalisa-
tion of the in-gap states of complex IV with respect to those of
complex II illustrate the role of the additional h-2 heptamer in

the complex. For a closer analysis we also performed calcula-
tions for a complex with two stacking heptamers as in complex
IV or V (and no dopant molecules) with 2 e positive net charge,
namely a polaron dimer. However, in these calculations for-
mation of a pair of side-by-side polarons on one of the two
chains was found, similar to the side-by-side polarons in
complex II. So the observations in complex IV can neither only
be attributed to the presence of the two CN6-CP dopant
molecules nor to the presence of two PCPDT-BT heptamers
but more so to their combined effect on the electronic states.
The a and b in-gap states of complex V are positioned on
different conjugated chains in the complex such that more of
the original behavior of the singly doped complex I is preserved,
resulting in an in-gap state energetics that is somewhere in
between those of complex I and complex IV. Interestingly, these
results also shed some light on the behavior of two interacting
polarons on PCPDT-BT chains in different molecular environ-
ments. We find that those form a side-by-side polaron in an
isolated polaron dimer as in complex II, a bi-polaron in
complex IV, and remain as two individual polarons on different

Fig. 2 Calculated projected density of states (PDOS) for a and b spin channels for each molecule in complexes I–V in Fig. 1. For each sub-panel a and b
components are shown as positive and negative values on the horizontal axis, respectively. C-1, C-2, h-1, and h-2 label the PDOS of the corresponding
molecules in each complex as introduced in Fig. 1. Shaded areas mark occupied electronic states. The blue dashed line at �3.68 eV marks the center
between an individual neutral heptamer’s calculated HOMO and LUMO energies. Panel I: for comparison the purple lines in the first panel mark the
calculated HOMO (LUMO) of a positive (negative) polaron on an individual isolated PCPDT-BT heptamer (CN6-CP molecule) in the same geometry as
assumed by the heptamer (CN6-CP) in complex I. The arrows indicate the energy shift of the levels upon forming the ICTC. We note that energy
differences between occupied and unoccupied states (or in other words band-gap energies) are largely overestimated with the cam-B3LYP DFT
functional used, only relative energy level alignment and changes of energy levels for different systems are physically meaningful.

Fig. 3 Isosurfaces of LUMO orbitals of complexes II, IV and V. These
represent the two doping-induced positive charges on the conjugated
chains in the complexes depicted.
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chains in complex V. It is important to mention that the doubly-
doped PCPDT-BT in complex II can not be understood from a
single-electron picture, since neither the HOMO of the PCPDT-
BT:CN6-CP pair or of complex I (�6.01 eV by cam-B3LYP), nor
the HOMO of a PCPDT-BT polaron (�7.47 eV by cam-B3LYP)
can explain the second ICT to the LUMO of the CN6-CP (�5.03 eV
by cam-B3LYP). Instead, we find that the double ICT in complex II
and IV has to be interpreted as a collective effect in the complex
containing three or more molecules.42 The spatial expansion has
been an important aspect in the studies of side-by-side polarons.
The experimental data about side-by-side polarons typically indi-
cate an expansion of several nm for one polaron with significant
separation in between.40,43 The side-by-side polarons found
in the present work show a shorter length, covering almost
the whole backbone of the heptamer (around 4 nm in length)
without any actual separation or even penetrating into each
other (e.g. Fig. 3 II), which could be either system-dependent
or a result of the finite-length conjugated chain.

As mentioned above, the choice of CN6-CP as dopant in the
present study is partly motivated by the robust observation of
ICT, whereas other widely studied dopants such as F4TCNQ or
F6TCNNQ have been found to show either ICT formation or
orbital hybridization depending on geometrical details.25,39 In
the present work we find that even for CN6-CP the systematic
observation of the two-fold ICT requires reasonably compact
and stacked molecule/polymer complexes. This implies that the
experimental observation of isolated such larger ICTC complexes
in solution rather than molecular films may be challenging.41

It was recently suggested that the electron–hole Coulomb
binding energy in ICTCs plays a crucial role in determining the
thermal activation energy of molecularly doped organic
semiconductors.23 In the present work the ICTCs of different
sizes and with different amounts of transferred charge provide
an ideal platform to directly analyze the Coulomb binding
energies based on a molecular level and the microscopic DFT
approach. To this end we performed BS-DFT calculations for
ICT complexes I–V with an 1 e additional negative charge. This
reduces the net charge on conjugated chains to almost zero
positive net charge for the originally singly doped heptamer,
and to close to 1 e positive net charge on the heptamers
originally experiencing double doping. As illustrated in Fig. 4,
the Coulomb binding energies for each complex are then
estimated as the difference between (i) the sum of the total
energies of a neutral ICTC and a neutral heptamer (represent-
ing the energetics before releasing the doping-induced positive
charge to the OSC matrix), and (ii) the sum of total energies of
the corresponding negatively charged ICTC and a singly posi-
tively charged heptamer (representing the energetics after
release of the doping-induced positive charge into the OSC
matrix). This definition is equivalent to the difference between
the electron affinity (EA) of an ICTC and the ionisation energy
(IE) of a single conjugated chain, which was used in ref. 23. To
remove the effect of geometric change upon changing the
charge configuration, the geometries of the ICTCs were fixed
to the ones of the respective overall neutral structures. The
results show that the calculated Coulomb binding energies

needed to be overcome for the release of one hole are signifi-
cantly reduced in the doubly doped complexes II, IV and V
(with 1.60 eV, 1.22 eV, 1.26 eV) compared to those of complexes
I and III (with 1.90 eV and 2.01 eV). This can also be equiva-
lently interpreted as the increased EAs of complexes II, IV, V.
We note that differences in these Coulomb binding energies
from one ICT complex to another directly correlate with
changes of the in-gap state energies in Fig. 2, but for the former
also absolute values obtained are physically more meaningful
as these Coulomb binding energies have directly been
obtained from total energy considerations. The values
obtained here are in the same range as those calculated for
different systems in ref. 23.

The reduced Coulomb binding energies of the doping-
induced charges in complexes IV and V are particularly notice-
able. In a simplified picture these can be attributed to electro-
static interactions brought about by the close proximity of
effectively two ICT complexes as parts of one bigger complex.
After accepting an electron or effectively releasing a hole,

Fig. 4 Schematic of the ICTCs before and after charge release to a
PCPDT-BT matrix as discussed in the text. For each panel, on the left
(right) the system is shown before (after) charge release. The wavy lines
indicate the assumption of full release of the doping-induced positive
charge to the surrounding PCPDT-BT matrix such that the distance of the
released charge to the original ICTC is assumed to be infinite. Energies
needed to release the charge are given for each complex on the right. The
reference energies 0.0 eV are set for each complex separately as described
in the text.
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complex IV and V each still consist of two anionic CN6-CPs and
one cationic PCPDT-BT chain. The Coulomb interactions
between these charged molecules effectively leads to an addi-
tional stabilisation and increased EA compared to the case of
one single anionic CN6-CP that remains after charge release in
complexes I and III.

The different ICTCs with released charges are illustrated in
Fig. 4 in the panels on the right. The effect of reduced Coulomb
binding of the doping-induced charges is less pronounced in
complex II which is rooted in the charge density that is only
confined to a single heptamer. We would like to point out that
the complexes explicitly studied in the present work illustrate
the basic electronic mechanisms that occur in ICTC consisting
of more than one doped conjugated chain and counterion. In a
molecular film environment various geometrical configura-
tions are expected to contribute to the overall energetics of
the electronic landscape, potentially also including clusters of
dopant or conjugated molecules and areas with reduced order
and crystallinity caused by inclusion of the dopant such that all
the scenarios discussed above are eventually expected to con-
tribute to charge carrier densities and the final conductivity in
p-doped OSCs. Also, in the present work only the first step
beyond a single pair of dopant molecule and conjugated chain
is taken. The addition of further ICTCs and conjugated chains
is expected to further reduce the Coulomb binding of doping-
induced charges for certain larger ICTC configurations, to an
extent that would also depend on structural details.

We would further like to discuss that the hypothesised
charge release process illustrated in Fig. 4 contains the CN6-
CP and conjugated chain molecules but still assumes releasing
the hole to the OSC matrix represented by a neutral conjugated
chain. This scenario should be applicable to an intermediate
doping density and is different from the high doping limit
discussed by Leo et al.,23 where the charge transport takes place
between ICTCs. Furthermore, since the increased EA values of
complex IV and V originate from the multi-molecule inter-
actions inside the complexes, they have a different nature from
the recently discussed broadened EA distribution, or energetic
disorder, mainly caused by diversified local environments of
individual ICTCs, although both can contribute to the reduced
Coulomb binding energy.

3 Conclusions

In the present work we investigated the molecular p-type doping
of organic semiconductor materials by DFT calculations and
obtain insights on a molecular level. Specifically, we studied
in detail the electronic structure of PCPDT-BT:CN6-CP ICTCs
of different sizes. An important finding is that the formation of
multi-molecule ICTCs with enhanced CT behaviour can signifi-
cantly reduce the energy cost of releasing the doping-induced
charges to the host matrix. In systems larger than just a single
bi-molecular ICTC, the increased number of conjugated chains
and dopant molecules allows for different electronic processes
to contribute, including doubly-doped conjugated chains or

interacting adjacent singly-doped conjugated chains. Those ICTCs
containing two bi-molecular ICTCs show significantly increased
EA, and therefore reduced Coulomb binding energy for the
doping-induced positive charges on the conjugated chains (holes)
compared to that in individual bi-molecular ICTC. In a simplified
picture this can be explained by electrostatic interactions inside
the complexes and is reflected in our detailed calculations of the
electronic structure. Overall, our results provide valuable insight
into the interplay of different electronic processes important for
efficient molecular doping of OSC films, including interaction of
adjacent bi-molecular ICTCs.
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