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Double doping, in which a single dopant molecule induces two charge carriers in an organic
semiconductor (OSC), was recently experimentally observed and promises to enhance the efficiency
of molecular doping. Here we present a theoretical investigation of p-type molecular double doping
in a CN6-CP:bithiophene–thienothiophene OSC system. Our analysis is based on density functional
theory (DFT) calculations for the electronic ground state. In a molecular complex with two OSC
oligomers and one CN6-CP dopant molecule we explicitly demonstrate double integer charge transfer
and find formation of two individual polarons on the OSC molecules and a di-anion dopant molecule.
We show that the vibrational modes and related infrared absorption spectrum of this complex can
be traced back to those of the charged dopant and OSC molecules in their isolated forms. The
near-infrared optical absorption spectrum calculated by time-dependent DFT shows both features
of typical intra-molecular polaron excitations and weak inter-molecular charge transfer excitations
associated with the doping-induced polaron states.

I. INTRODUCTION

Molecular doping is known to be able to enhance
the conductivity of organic semiconductors (OSC) by
orders of magnitude, and is of crucial importance for
their applications.1–3 While different doping methods are
being actively developed,4–6 the efficiency of molecu-
lar doping is generally still much lower than the dop-
ing achieved in inorganic semiconductors and the mech-
anisms of molecular doping on a microscopic level are
often not fully understood.7–10 Improving the doping ef-
ficiency is an important aspect of optimizing doped OSC
systems. From a microscopic point of view the doping
efficiency can for example be limited by aggregation of
dopant molecules, which hampers the effective contact
between dopant and host, or by the formation of trapped
charge transfer states which can not contribute to the
conductivity.11–13 In addition, improving the conductiv-
ity by increasing the dopant concentration often leads to
undesirable structural disorder in the OSC film.14,15 In
this context, it would be beneficial if each single dopant
molecule could induce more than one charge into the host
OSC material. Recently, this avenue was explored suc-
cessfully and p-type double doping was realized.16 There,
each dopant molecule accepted up to two electrons, in-
ducing two effective charges into the copolymer p(g42T-
TT), substantially enhancing electric transport. This ob-
servation, while invoking the general interest in double-
doping, also calls for a more detailed understanding of
the underlying mechanisms, as well as of material and
parameter dependencies. For example further details of
the charge formation such as formation of individual po-
larons and/or bi-polarons upon double-doping are of sig-
nificant relevance for the transport properties of the re-
sulting doped system.17–22

In this work, we investigate a simultaneous charge
transfer between two p(g42T-TT) conjugated polymer
(oligomer) chains in a close arrangement and a single

CN6-CP p-type dopant molecule as illustrated in Fig-
ure 1(a). Our study is firmly based on density func-
tional theory (DFT) calculations taking into account
inter-molecular van-der Waals interactions and dielectric
environment. While our approach includes the possibil-
ity for other electronic processes to occur,21 the results
clearly show double p-type doping in the form of a dou-
ble integer charge transfer from the conjugated chains
onto the dopant molecule: a CN6-CP di-anion is formed
along with two individual singly charged polarons, one
on each polymer chain. The vibrational IR spectrum
we calculate for the CN6-CP:2p(g42T-TT) complex with
double doping can clearly be traced back to those of in-
dividual polarons and a CN6-CP di-anion. We further
demonstrate that the doping induced charges oscillate
in space upon geometry displacement along the vibra-
tional normal modes with highest intensities in the IR
spectrum.25 The near-infrared optical absorption spec-
trum of the complex contains the typical features of intra-
molecular polaron excitations which in our calculations
are distinct from the low-intensity inter-molecular charge
transfer excitations also observed.

II. SYSTEM AND METHODS

The OSC studied in this work is a bithiophene-
thienothiophene copolymer p(g42T-TT) for which double
doping was recently demonstrated experimentally.16 To
reduce the computational cost, the tetraethylene glycol
side chains are replaced by methoxy groups (Figure 1a).
In the present study the OSC is described by a finite
length oligomer consisting of three repeat units. In this
first theoretical study on molecular double doping we
use the strong CN6-CP p-type dopant. Geometry op-
timization and calculation of the electronic ground state
are based on density funtional theory (DFT) as imple-
mented in the Gaussian 09 program suite26. To allow
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FIG. 1. (a) Chemical structures of dopant molecule CN6-CP
and OSC material p(g42T-TT). (b) Molecular complex with
optimized geometry. Doping induced charges are represented
by molecular orbitals of the highest occupied states (blue)
and the lowest unoccupied states (red). Resulting net charge
on the three molecular entities is also given. (c) Electronic
density of states of the molecules in the complex of panel (b),
for the dopant molecule (left), OSC oligomer 1 (center), and
OSC oligomer 2 (right). Doping induced DOS corresponding
to the orbitals shown in (b) is marked with color. Occupied
states are marked with shading.

for flexibility in the electronic processes that may occur
in the OSC-dopant complexes, we use broken symmetry
(BS) DFT calculations, where the α and β orbitals are
treated separately, following our and other researchers’
previous studies.20–24 It should be noted there the α and
β channel can actually have mixed spin components in
the BS-DFT calculations. The range separated ωB97X-
D functional that also includes the dispersion correction
(van-der Waals interaction) is used throughout this work
along with the 6-31G* basis set. In our previous work,
it was shown that the ωB97X-D functional gives a simi-
lar description of charge transfer processes as the CAM-
B3LYP functional.21 To account for the effects of neigh-
bouring molecules in an actual OSC environment, a di-
electric background of ε = 3 is used within the polariz-
able continuum model. We note that we did not observe

double doping with ε = 2 or smaller values in the cal-
culations. The charge analysis and the projected density
of states (PDOS) calculations are performed using the
software Multiwfn.27

III. RESULTS

A. Double-doping

The molecular constituents and the molecular complex
studied in the present work are depicted in Figure 1 (a)
and (b). Panel (c) of Figure 1 shows the electronic den-
sity of states projected onto each molecular entity. The
calculated HOMO level of an isolated CN6-CP molecule
and that of a p(g42T-TT) oligomer are at -10.44 eV and
-6.22 eV, respectively, with the latter being significantly
higher than the former, such that p-type doping is effi-
ciently driven in this system, and even double doping is
possible as discussed in the following. In this context, it is
important to note that absolute values of orbital energies
strongly depend on the DFT functional used, only rela-
tive ordering and changes are relevant for the discussions
in the present work. For the CN6-CP:2p(g42T-TT) com-
plex, as shown by the molecular orbitals in Figure 1(b)
and the projected density of states in Figure 1(c), both
α and β HOMO are located on the dopant while one
LUMO is located on oligomer I and the other is located
on oligomer II. The spatial relocation of HOMO elec-
trons to the CN6-CP site in the complex already indi-
cates double doping. To quantify the amount of charge
transferred, we also calculate the Hirshfeld charges of
each molecular entity in the complex. With a charge of
−1.73e on the CN6-CP it is evident that di-anion forma-
tion has occured as the result of an integer charge transfer
of two electrons. The OSC I and OSC II oligomers are
charged with +0.96e and +0.77e, respectively. This, to-
gether with the HOMOs residing on the dopant, clearly
evidences double doping where each oligomer donates one
electron to the CN6-CP molecule, giving rise to di-anion
dopant formation. The molecular states corresponding
to the two doping induced polarons in the doubly doped
complex are close in energy both located at about -2.65
eV, cf. Figure 1(c). These two polaron states show a cer-
tain spatial shift to opposite directions along the conju-
gated chains, cf. Figure 1(b). This behavior is different
from that of an isolated polaron and manifests the re-
pulsive interaction between the two polarons with equal
charge. We note that in these calculations we did not
find the formation of a bi-polaron or side-by-side polaron
state on a single polymer chain.22,28

B. Vibrational modes

Next, we turn our attention to the vibrational modes of
the complex with double doping. In particular, the IR ab-
sorption spectrum of the complex is calculated and com-
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FIG. 2. Vibrational spectra showing the fingerprints of doping
induced charges. Top panels show the IR spectrum of the
complex shown in Figure 1 (note the different scaling of y-
axes in left and right panels). Bottom left shows spectrum of
a singly charged OSC cation. Bottom right shows spectrum
of a doubly charged CN6-CP di-anion.

pared with the spectra of the individual oligomer cation
and the CN6-CP di-anion as shown in Figure 2. While
not being identical because of the system complexity, the
vibrational spectral features of the CN6-CP di-anion can
also clearly be identified in the spectrum of the complex.
The same is true for the oligomer cation. However, in
that case besides a generally strong resemblance a one to
one correspondance with the IR spectrum of the complex
is not found due to the large number of vibrational modes
contributing to the spectrum. Nevertheless, in particu-
lar the spectrally dominant mode in the oligomer cation
at 1319 cm−1 can also be identified in the complex. The
corresponding modes are slightly red-shifted (at 1334 and
1352 cm−1) in the complex and appear twice due to the
two oligomers contributing. These two peaks in the Com-
plex IR spectrum can be identified as the typical intense
vibrational modes (IVMs) observed in the presence of
polarons.25,29

To illustrate this aspect further, we also study the
polaron movement when the molecular geometry is dis-
placed along thoses vibrational normal modes associated
with the IVMs. For each displacement, we then per-
form single point calculations of the new geometries us-
ing the wavefunction of the optimized geometry as an
initial guess. Results are summarized in Figure 3. Note
that due to the charge transfer present in the complex,
the static electric dipole moment is non-zero in the re-
laxed state. The change of the dipole moments caused
by the displacement along both IVMs is shown in Fig-
ure 3(a,b). For both IVMs, we see that the dipole mo-
ment changes mainly in one direction, which corresponds
to the movement of the polaron along the backbone of
each oligomer, while the change in the other directions is

FIG. 3. Change in static dipole moment by displacement
along the normal coordinates of the most intense vibrational
modes (IVMs) in Figure 2. (a) and (b) show the vector com-
ponents of the static dipole moment versus displacement. (c)
and (d) show the molecular orbitals associated with the dop-
ing induced charges on the two OSC molecules for three dif-
ferent displacements as indicated along the IVM normal co-
ordinates, illustrating the spatial oscillation of the induced
charges with displacement.

only minor. The molecular orbitals of the polarons for the
two largest displacements of both IVMs and the relaxed
geometries are also shown in Figure 3(c,d). For each IVM
we see that only one polaron is displaced upon displace-
ment such that it oscillates around its relaxed position,
whereas the other polaron is not much affected. There-
fore, each of the two IVMs corresponds to the oscillation
of one of the polarons, respectively. This confirms that
the two large peaks in the vibrational spectrum of the
complex are related to the two positive charges induced
on the conjugated oligomers in the complex.

C. Optical spectra

Next, we study the optical excitations of the complex.
For this purpose it is instructive to first take a look at
the molecular energy levels in the electronic ground state
of the individual molecular entities and the complex as
informed by our calculations and sketched in Figure 4.
In this simplified single particle picture, in the complex,
transfer of one electron from each of the oligomers onto
the dopant molecule occurs, one in the α and one in the
β spin channel. This results in a doubly occupied orbital
on the dopant, forming the HOMO of the complex, and
leaving an unoccupied orbital, i.e., polaron, on each of the
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FIG. 4. Schematic picture of energy levels in the complex of Figure 1. (a) Levels of isolated molecular constituents. Double
charge transfer from OSC molecules to dopant is indicated. (b) Energy levels of the molecules in the complex after double
charge transfer. (c) Resulting energy levels of the complex with highest occupied molecular orbital indicated. Doping induced
states, LUMOs, lie inside the OSC gap. Also illustrated are the optically induced electronic excitations in the complex, with
P1 and P2 polaron excitations indicated.

oligomers. These two unpaired unoccupied orbitals must
have different spin. Consequently the two remaining un-
paired electrons on the oligomers also have different spin.
In the complex these two electrons occupy the HOMO-1
orbital. The two doping induced unoccupied orbitals on
the oligomers, i.e., the polarons, form the LUMO of the
complex. As a consequence, the α and β components of
both LUMO and HOMO-1 levels are nearly degenerate
in energy but are spatially well separated and reside on
the different oligomers of the complex, as illustrated for
the LUMO in Figure 1(c). As also shown in the figure,
both spin channels of the HOMO level are localized on
the CN6-CP molecule.

Based on the level scheme developed in Figure 4, also
the possible electronic excitations can be qualitatively
understood and categorized as illustrated in Figure 4(c).
Compared to the charge neutral OSC, the formation of
in-gap polaron states leads to new features also in the op-
tical excitation spectrum. Among those excitations from
occupied into unoccupied electronic orbitals that do not
involve any significant charge transfer between molecu-
lar constituents of the complex, we call those excitations
from HOMO-1 to LUMO+1 and higher interband exci-
tations and label the corresponding spectral features as
P1. Those starting in lower-lying occupied levels and
ending in the in-gap polaron state, or LUMO, we call in-
traband excitations and label them with P2. In addition
to the dominant polaron excitations discussed above and
sketched in Figure 4(c), additional electronic excitations
are possible between molecular entities in the complex
that however show significant charge transfer character
and thus carry relatively low oscillator strength.

The picture of electronic states and electronic excita-
tions developed in Figure 4 is well supported by the opti-
cal absorption spectra shown in Figure 5 and calculated
using TD-DFT. The calculated optical absorption spec-
trum of the complex is plotted in Figure 5(a), including

FIG. 5. Optical absorption spectra. (a) Spectrum of the
complex of Figure 1 with double doping. P1 and P2 polaron
excitations are marked as well as selected charge transfer ex-
citation that occur in the complex. A corresponding stick
spectrum for the underlying electronic transitions is also in-
cluded. (b) Spectra of neutral and singly positively charged
OSC oligomer. Also included is the complex spectrum of
panel (a) for comparison.

the first 30 excitation as indicated in the underlying stick
spectrum. The spectrum features two prominent peaks
at around 670 nm and 830 nm which can be traced back
to the polaron P1 and P2 peaks, respectively. Figure 5(b)
shows the comparison of the optical absorption spectra of
neutral and singly positively charged OSC oligomer and
the complex.

For interpretation of the optical absorption spectrum
of Figure 5(a), Figure 6(a) gives the natural transition
orbitals of select important electronic excitations. Tran-
sitions in Figure 6(a) and (b) are of the P2 polaron type.
Figure 6(b) shows the first NTO pair of both α and β
spin for the excitation at 832 nm. Both contributions can
be identified as P2 transitions and the involved LUNTO
profiles show typical features of the polaron orbitals. The
β contribution is intramolecular and the α contribution
is intermolecular. More specifically, the β contribution
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FIG. 6. Natural transition orbitals (NTOs) to support inter-
pretation of optical spectra in Figure 5. (a)-(f) show dominant
NTO pairs of select doping induced transitions. Transitions
in (a) and (b) show the characteristics of P2 polaron excita-
tions, (c) and (d) those of P1 polaron excitations. (e) and
(f) possess dominant charge transfer (CT) character with ex-
citation from dopant into doping induced levels on the OSC
molecules. Wavelength, oscillator strength, f, and NTO coef-
ficients, c, are given for each transition.

resembles the P2 transition that can be found for a sin-
gle oligomer cation and the α contribution has clear CT
character which is enabled by the proximity of the second
conjugated chain. In the same band of the spectrum in
Figure 5(a), the excitation at 899 nm is also a P2 tran-
sition, dominated by only one NTO pair in the α spin
channel as shown in Figure 6(a). This transition also has
a slightly mixed intra- and intermolecular character.

The strongest peak in the spectrum in Figure 5(a)
stems from the P1 polaron excitations on either doped
oligomer. These excitations are each well described by
NTO pairs located on a single conjugated chain as shown
in Figs. 6(c) and (d). Both excitations show clear π-
π∗ character and constitute the P1 polaron transitions.
In addition, the excitations at around 770 nm can also
be identified as P1 transitions whereas the excitation at
880 nm features both a P2 and an intermolecular contri-
bution (not shown).

A comparison with the neutral OSC oligomer and its
cation shows that the cation also features two peaks with
similar oscillator strengths in a similar wavelength range
as shown in Figure 5(b). However, the spectral peaks
of the cation are red-shifted compared to the complex.
The spectral separation between the P1 and P2 peak is
also larger in the cation than in the complex. In the
calculated range, the neutral OSC oligomer features only
one large peak which is not present in the complex or
the cation. A smaller peak at 1676 nm is only present in
the spectrum of the complex and corresponds to a charge
transfer excitation from the dopant to the OSC oligomer
I as shown in Figure 6(e). The corresponding excitation
for the OSC oligomer II is found at 1070 nm but with
the larger spatial separation of NTOs has a very small
oscillator as shown in Figure 6(f).

IV. CONCLUSIONS

In the present work, we show that p-type double dop-
ing as a two-fold integer charge transfer process from
two conjugated polymer chains onto a single dopant
molecule, can be described by ground state broken sym-
metry DFT calculations. The double doping in the
CN6-CP:bithiophene–thienothiophene complex studied
is manifested by the formation of a CN6-CP di-anion and
two individual positively charged polarons on the conju-
gated chains, respectively. Also in the presence of the
CN6-CP di-anion, the main features of the vibrational
IR spectrum of the molecular complex can be identified
as the vibrational modes coupled to the two individual
polarons. With the doping-induced formation of in-gap
polaron states, the optical absorption spectrum of the
complex shows signatures of both polaron intraband ex-
citations (P2 polaron peaks) and polaron interband ex-
citation (P1 polaron peaks) occurring on each of the p-
doped conjugated chains. Furthermore, inter-molecular
charge transfer excitations with low oscillator strength
are also found for the closely packed molecular complex.
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