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N-type electronic doping of organic semiconductors (OSCs) by using superbase compounds shows high
doping efficiency (H. Wei, Z. Cheng, T. Wu, Y. Liu, J. Guo, P.-A. Chen, J. Xia, H. Xie, X. Qiu, T. Liu, B.
Zhang, J. Hui, Z. Zeng, Y. Bai and Y. Hu, Adv. Mater. 2023, 35, 2300084). While a deprotonation reaction
is believed to trigger the doping process, the detailed mechanism therein is not yet fully understood. In
the present work we theoretically study the electronic structure of the deprotonated Phenyl-C61-butyric
acid methyl ester (PCBM) molecule, as well as the charge transfer (CT) between PCBM and its
deprotonated species. We find that deprotonated PCBM without formation of a new bond between the
deprotonated side chain and fullerene induces electronic structure with broken spin symmetry, where
an in-gap state is singly occupied by an unpaired electron. A second scenario that we find to be
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possible is the formation of a new bond between the deprotonated side chain and a fullerene. This leads
to a spin symmetric electronic structure with partially localized in-gap state, which is expected to
contribute less to the effective doping. These results show that the deprotonated PCBM species without
new bond formation predominantly accounts for the effective n-type doping of PCBM, an insight that
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1 Introduction

Electronic doping can enhance the conductivity of organic
semiconductors (OSCs) by orders of magnitude, and is of
fundamental importance for applications based on OSCs, such
as in organic photovoltaics and organic electronics.>® Molecu-
lar doping, where p-type or n-type molecular dopants are mixed
with OSCs to induce charge carriers, is widely used and receives
tremendous research interest.”'> Besides these more estab-
lished approaches, efforts to explore alternative doping strate-
gies with higher doping efficiency and improved electronic or
structural properties are on the rise, leading to recent studies
on Lewis acid doping,'®™*® ion exchange doping,'® electrophilic
p-type doping,"”” and doping with the aid of noble metal
clusters."®

Different from the direct charge transfer (CT) between
molecular dopants and OSC material, which in the simplest
picture is driven by the energetic difference between HOMO
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will be useful for optimization of this recently discovered doping method.

and LUMO levels of the two entities, the mechanisms behind
the more recently developed doping methods are more
complex. In Lewis acid doping, it is proposed that an OSC
polymer is first protonated by the Lewis acid and then attains
an electron from a second polymer chain, leaving the latter in a
p-doped state.'® Microscopic details including inter- and intra-
chain processes were ilucudated by use of atomistic quantum
chemical approaches,'® and detailed studies of the chemical
complexes involved in this process.”® A similar process is
believed to account for electrophilic attack p-type doping by
use of TrTPFB molecules. There the polymer is attacked by the
trityl cation instead of a proton, followed by subsequent CT
with a neighbouring polymer chain.'” Both Lewis-acid doping
and electrophilic attack show remarkable efficiencies of p-type
doping, and avoid typical issues caused by molecular dopants
such as deterioration of film morphology.

Very recently, a new n-type doping method using superbase
compounds was reported and shown to significantly enhance
efficiency in doping the molecular OSCs PCBM and N2200
copolymer, compared to molecular n-type doping with N-
DMBL>' In analogy to the protonation in Lewis acid doping,
a deprotonation of PCBM brought about by the superbase
compound is believed to occur, with subsequent CT between
deprotonated PCBM and ‘intact’ PCBM entities. However, as
the species involved in the proposed process are difficult to
experimentally identify, the exact mechanism remains to be
verified. A more detailed understanding of the underlying
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Fig. 1 (a) Illustration of deprotonation on the side chain of PCBM. After
deprivation of the proton marked by the blue circle (left), either the local
structure of the side chain re-arranges (upper right) or a new bond forms
between the side chain and the fullerene part (lower right), leading to
different structures, examples of which are shown in panel (b). (b) Different
local minima structures resulting from deprotonation as shown in (a)
including total energies relative to structure B1. A1-A4 have local struc-
tural re-arrangement in the side chain. B1-B3 result from new bond
formation. Color code: grey for carbon, white for hydrogen, and red for
oxygen.

0.00 eV

microscopic mechanisms may allow further optimization of
this new doping method and may also play a role in further
optimization of electrophilic attack and Lewis-acid doping.
Here we present an in-depth investigation of the electronic
structure of the deprotonated PCBM and its formation of CT
complexes with PCBM molecules. We find that the electronic
behavior of deprotonated PCBM crucially depends on the
possible formation of a new C-C bond between the deproto-
nated side chain and the fullerene as illustrated in Fig. 1. The
structures with new bond formation exhibit an electronic
structure and an in-gap state, which is partially localized
around this new bond and is therefore expected to contribute
less to electronic transport. On the other hand, in the structures
without formation of a new bond, the unpaired electron on the
deprotonated PCBM migrates from the local C-H bond on the
side chain to the conjugated electronic system on the fullerene.
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In that case, we further show that CT to a neighbouring PCBM,
important for effective n-type doping, is generally possible.

2 Computational details

Following our and other researchers’ previous works,"**7> we

performed the broken-symmetry DFT calculations. The B3LYP
hybrid functional with dispersion correction in Grimme’s D3
form®® was used for single molecules (Fig. 1-3). The range
separated hybrid functional ®B97XD with default © was used
for bi-molecular complexes (Fig. 4 and 5) for more reliable
coverage of CT behavior.?® In the DFT calculations, the initi-
alization of charge density was realized by mixing spin-up (o)
and spin-down (p) orbitals, to allow the separation of o and f
states energetically and spatially, but without enforcing it. We
note that this methodology generally gives good result for
charge density distributions but is less accurate for the spin
density due to possible spin contamination.”” We note that o
B97XD generally gives a lower HOMO level and a higher LUMO
level with respect to B3LYP, thus also overestimating the
HOMO-LUMO gap. However, for the molecules and complexes
studied in the present work we find that electronic structure
and in particular ordering and character of relevant electronic
states turns out to be very similar comparing results obtained
with the two functionals (not shown). The 6-31g(d,p) basis set
was used for all calculations except for the bond length scan-
ning calculations in 3, where a smaller basis set 6-31g(d) was
used. The geometries of single molecules and bi-molecular
complexes were all optimized.

The DFT calculations were performed using the
Gaussian16>® package. The Hirshfeld charge decomposition
presented in Fig. 4 and 5, which was previuosly shown to agree
well with other charge decomposition schemes,**° as well as
the calculation of density of states (DOS) were performed by
using the Multiwfn software.*®
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Fig. 2 Electronic structures of two different local minima structures of
deprotonated PCBM as introduced in Fig. 1. (a) Upper left: Al structure
without formation of new intramolecular bond. Lower left: spin-up «
SOMO molecular orbital. Right: Calculated density of states (DOS) in
spin-up o (left, indigo) and spin-down B (right, green) channels, showing
broken spin symmetry. DOS of occupied states is filled with color. (b) Same
as panel (a) but for Bl structure with new bond formation. Lower left:
HOMO molecular orbital. Right: DOS, showing spin symmetry.
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Fig. 3 Energy variation in scanning the C-C interatomic distance
between the C atoms marked in orange. Local minima structures, B1 (with
new bond formation) and Al (without new bond formation) as discussed in
Fig. 1 and 2 and in the text are shown. Spin symmetric electronic structure
is denoted by filled circles, broken spin symmetry by open circles.

3 Results and discussion

The deprotonation reaction caused by the superbase is well
known and considered crucial for the highly effective n-type
doping observed for PCBM.>" It is generally accepted that the
deprotonation takes place at the methyl ester side chain, as
shown in Fig. 1. The deprotonated PCBM molecule still pos-
sesses the same number of electrons as an ‘intact’ PCBM and
therefore carries a negative net charge. We find that the
molecular structure of this anion either stays similar to PCBM
with just modest local structural re-arrangement, or the struc-
ture changes significantly with a new C-C bond forming
between the deprotonated side chain and the fullerene. In the
structural optimization, we identify several local minima struc-
tures, examples of which are shown in Fig. 1(b). Representative
structures from each class found, namely A1 without and B1
with new bond formation, are shown in Fig. 2 together with the
calculated HOMO orbitals and electronic DOS.

Interestingly, the two structures show dramatically different
electronic structures: the DOS of A1l shows broken spin
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symmetry with a singly occupied in-gap state around —1.05 eV,
namely the a-SOMO (singly occupied molecular orbital). As shown
in Fig. 2(a), this in-gap state is an electronically well conjugated
orbital on the fullerene. The Hirshfeld net charge on the fullerene
part of the deprotonated PCBM is —0.84 e, in comparison with
—0.05 e in the case of neutral PCBM. This indicates that the
residual electron migrates to the fullerene after deprotonation of
the side chain. In contrast, the structure B1 shows a spin-
symmetric electronic structure. The formation of the new bond
induces re-organization of the conjugated electronic system on
the fullerene and gives rise to a doubly occupied in-gap state. This
in-gap state is less delocalized and partially localized around the
new bond compared to the singly occupied in-gap state in A1,
indicating a significant effect of the new bond formation on the
electronic system of the deprotonated PCBM. In addition, the
energy separation between the in-gap state and the LUMO is
significantly smaller in A1 than in B1, implying a more active
electronic behavior for the former.

Given the distinctly different electronic behavior without
and with new bond formation (cf. results for A1 and B1), it is
interesting to examine in more detail the evolution of the
molecular structure associated with the new bond. To this
end, starting from B1, we scanned the relevant C-C interatomic
distance from 1.59 A up to 6.2 A and investigated the electronic
states and energies of each optimized structures (with the
scanned C-C distance fixed). As shown in Fig. 3, the total
energy rises with increasing C-C distance (as expected). The
energy minimum structure at C-C distance of 5.6 A is the A1
structure. Along the scanning path this energy minimum has a
depth of about 0.2 eV. We note that a rigorous investigation of
energy minimum depth require a full potential surface sam-
pling, which is computationally challenging and out of the
interest of the present work. For the purposes of the present
work, we believe it is sufficient to note that this meta-stable
state we identify is already associated with other important
structural parameters of PCBM such as the rotation of the
methyl ester around the side chain. Compared with B1, the
structure A1 is energetically less favorable, which may indicate
lower stability and in turn a reduced doping efficiency. Never-
theless, we believe that this aspect might be mitigated by
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Fig. 4 Electronic structure of bi-molecular complexes consisting of one PCBM and one deprotonated PCBM without new bond formation. (a) Left: A1/
PCBM complex, with the calculated a-SOMO and Hirshfeld net charge on each molecule given. Right: Partial DOS of each molecule. (b) A2/PCBM
complex with a-SOMO and Hirshfeld net charges and partial DOS as in panel (a). Notation and colors same as in Fig. 2 above.
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(a) Electronic structure of B1/PCBM complex. Left: B1/PCBM structure, with HOMO, Hirshfeld net charges, and partial DOS given. (b) Electronic

structure of A1/PCBM complex with an intermolecular bond forming between the molecules. HOMO, Hirshfeld net charges, and partial DOS are given.

Notation and colors same as in Fig. 2 above.

several factors: (i) Besides Al the deprotonated PCBM appears
in multiple other configurations with similar electronic beha-
vior, such as structures A2-A4 shown in Fig. 1b, which can also
contribute to the doping. Our calculations showed that struc-
ture A2-A4 can all induce CT to neighboring PCBM as well as
A1. (ii) The scanning results shown in Fig. 3 did not take into
account the effect of the molecular surroundings, where the
solvent molecules and their dynamics will also have an effect
on potential energy landscapes and influence occurrence and
lifetimes of A1-A4 and other related structure.

Interestingly, when the C-C distance is stretched to about
2.6 A, we find that the electronic structure turns from spin
symmetric to spin symmetry-broken and keeps this property in
each structure for the remainder of the scanning path, includ-
ing the energy minimum around 5.6 A. These results strongly
suggest that the broken spin symmetry will be an important
feature of the deprotonated PCBM as long as the new C-C bond
is not formed and the system remains in a meta-stable state,
which is likely to occur and play a role in a realistic setting with
partially hindered relaxation pathways and environmental
influences.

The CT between PCBM and deprotonated PCBM is believed
to contribute directly to the superbase-induced n-type doping of
PCBM.”" To examine the possibility of the CT, we analyze the
electronic structure of bi-molecular complexes containing one
PCBM and one deprotonated PCBM. To this end, different local
minima structures of the latter were investigated. Fig. 4 shows
two molecular complexes containing deprotonated PCBM with-
out new bond formation. The A1/PCBM complex contains the
local minimum structure A1, while in Fig. 4(b) the complex
consists of PCBM and another local minimum of deprotonated
PCBM, A2. (see Fig. 1).

The DOS and Hirshfeld charge decomposition show that A1/
PCBM does undergo integer CT, while A2/PCBM does not.
These results show that CT is possible without the formation
of a new bond, but depends on the structure of the deproto-
nated PCBM as well as the relative position of the two mole-
cules. Both complexes in Fig. 4(a) and (b) show electronic
structures of broken spin symmetry with a singly occupied
in-gap state. In complex A2/PCBM (Fig. 4(b)) the in-gap state
(2-SOMO) is a conjugated state based on the deprotonated

This journal is © the Owner Societies 2024

PCBM. The Hirshfeld net charge on the deprotonated PCBM
reads —0.87 e, showing a behavior similar to the individual
deprotonated PCBM (A1) without significant CT. On the other
hand, in complex A1/PCBM the in-gap state, also a-SOMO, is
based on the PCBM and the net negative charge is mostly on
PCBM (—0.94 e), indicating a clear integer CT. In the DOS in
Fig. 4(a), it is interesting to notice that the state B-SOMO is lying
energetically close to a-(SOMO-1) and forms the energy gap
bottom, so that it may contribute less to the effective doping.

It is intriguing that the frontier orbitals in these two cases
without and with CT, namely the energy levels and the nature of
the in-gap states and the overall DOS profile around the HOMO
and the LUMO, are actually very similar to each other and
barely distinguishable from an energetic point of view. Indeed,
in both cases the in-gap state is located on the fullerene and
therefore less impacted by the proton missing from the side
chain, while the other molecule, either the PCBM in A2/PCBM
or the deprotonated PCBM in A1/PCBM, stays virtually neutral
in charge and has less electrostatic effect. Furthermore, in both
A1/PCBM and A2/PCBM, the same orbital character of the in-
gap states implies similar behavior of the induced electron as a
charge carrier. For completeness, the possible effect of chlor-
obenzene solvent, which was used in ref. 21 was also addressed
by using the PCM model with ¢ = 5.69. The CT results read
—0.075 e (A1)/—0.925 e (PCBM) for A1/PCBM and —0.930 e (A2)/
—0.068 e (PCBM) for A2/PCBM, which deviate only slightly from
the results without dielectric environment.

The CT between the PCBM and the deprotonated PCBM with
new bond formation was also studied by using different local
minimum structures of the latter. However, no CT with the
neighbouring PCBM was found in our calculations. Fig. 5(a)
shows a typical case of a bi-molecular complex containing
PCBM and the B1 structure. As in the case of the individual
B1 structure, a doubly occupied in-gap state forms, which turns
out to be a partially localized orbital located on B1, while the
PCBM stays nearly neutral. We also considered the possibility
of the structure Al forming a bond with the neighbouring
PCBM, as presented in Fig. 5(b). In this case the new bond
induces an in-gap state, as well as a net charge of —0.90 e, on
the side of PCBM. Similar to the complex B1/PCBM, the in-gap
state of A1/PCBM (with new intermolecular bond) shows also

Phys. Chem. Chem. Phys., 2024, 26, 4194-4199 | 4197


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp05105f

Open Access Article. Published on 11 January 2024. Downloaded on 12/9/2025 5:39:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

partial localization around the new bond. Therefore we propose
that in both complexes the in-gap state contributes only little to
the effective doping.

4 Conclusion

In the present work we theoretically studied the molecular
structure and electronic behavior of deprotonated PCBM, as
well as the possibility of CT between deprotonated PCBM and
an ‘intact’ PCBM, by using broken-symmetry DFT. We find that
deprotonated PCBM can form different local minima struc-
tures, largely depending on the arrangement of the deproto-
nated side chain. Structures with the side chain bending
towards the fullerene and forming a new C-C bond are favor-
able in energy, while the structures without formation of a new
intramolecular bond are found to be meta stable. The struc-
tures with new intramolecular bond have spin symmetric
electronic structure with a doubly occupied in-gap state. In
that case, the in-gap states are partially localized around the
new bond and CT to a neighbouring PCBM turns out to be
difficult, effectively hindering electronic doping. On the other
hand, the deprotonated PCBMs without new intramolecular
bond formation show broken spin symmetry with a singly
occupied in-gap state that is electronically well conjugated
and delocalized on the fullerene. In that case, CT to a neigh-
bouring PCBM is shown to be possible, with details depending
on geometrical arrangement. Also with occurrence of CT, the
conjugated character and energy of the in-gap state are pre-
served, such that efficient contribution to doping is expected.
With these results, our work reveals that electronic behavior of
deprotonated PCBM strongly depends on intramolecular bond-
ing. Those structures without intramolecular bonding appear
to play the most important role in the investigated doping with
superbases. In turn, inhibition of intramolecular and intermo-
lecular bonding of PCBM after superbase deprotonation may be
an effective approach to further optimize efficiency of superb-
ase n-type doping.
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