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The Evidence for Fullerene Aggregation in High-
Performance Small-Molecule Solar Cells by Molecular

Dynamics Simulation
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Solution-processed small-molecule-based organic photovoltaics
(SM-OPVs) have recently stimulated more and more research
interests, owing to its well-defined structures, less batch to
batch variation, more easily controlled energy levels and
absorption, etc.,'°! compared with polymer OPVs (P-OPVs).
The power conversion efficiency (PCE) of SM-OPVs has
recently reached over 10%,°® and it is expected to eventu-
ally approach or even exceed polymer solar cells.’!% Our
group has reported a series of acceptor-donor—acceptor
(A-D-A)-type oligothiophene derivatives!! which exhibit
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very promising performance for  solution-processed
SM-OPV devices,[''"13] and PCEs over 9% have recently been
achieved by using 2,2'-((5Z,5'Z)-5,5"-((3,3",3"" 3" 4 4”-
hexaoctyl-[2,27:5%,2":57,277":5""",27""":5"""" 27" ":577" 21 -
sepithiophene]-5,5””"-diyl)bis(methanylylidene))bis(3-ethyl-
4-oxothiazolidine-5,2-diylidene))dimalononitrile (DRCN7T) as
the donor material.l”? Scheme 1 shows the chemical structures
of DRCN7T and (5Z,5Z)-5,5"-((3,3”",3""",3""""" 4’ ,4”-hexaoctyl-
[2,2:57,2":57,2"":5"" 2775 27”57, 2""""""-sepithiophene]-5,
5”7"""-diyl)bis(methanylylidene))bis(3-ethyl-2-thioxothiazolidin-
4-one) (DERHD7T), respectively. With the introduction of
dicyanomethylene (DCM) groups to replace the thio groups
in DERHD7T,! the morphology has been significantly
changed from large phase-separated domains (30-70 nm) for
DERHD7T blended with [6,6]-phenyl-C;;-butyric acid methyl
ester (PC5;BM) to highly crystalline fibrillar-type (diameters of
~10 nm) morphology!!>1®l for DRCN7T:PC,;BM, and the power
conversion efficiency has also been increased dramatically from
4.35% t0 9.30% for the OPV devices.”) In order to further inves-
tigate the origin of the efficient charge separation and the struc-
ture—performance relationship from the molecular level for
these oligothiophene derivatives, we employed the molecular
dynamic (MD) simulations to study the micromorphology!'’-2l
of these two representative small-molecule-based OPV systems
in this work.

We speculated that the introduction of the DCM groups
could increase the ground state dipole moment and enhance
the intermolecular interactions between neighboring oli-
gothiophene molecules. Meanwhile, these strong interactions
between DRCN7T molecules would weaken the intermolecular
interactions with PC5BM, thus could provide a suitable envi-
ronment for the aggregation of the PC;;BM through the sol-
vophobic assembly.?”) On the other hand, recent studies have
confirmed the importance of fullerene aggregation, which is
proved to be the key driver for efficient charge separation in
OPV.282] Based on the time-resolved ultrafast pump-probe
results, Friend et al.B% found that relatively ordered domains of
fullerenes at the donor:acceptor interfaces could allow the elec-
trons to access the delocalized “band-like” states, which would
lead to the ultrafast and efficient charge separation through
delocalized band-like states in these fullerene aggregates.31-33l
Ratner and co-workersB34 also demonstrated that the fullerene
cluster size, concentration, and dimensionality would have
large impact on the charge generation efficiency through theo-
retical calculations. On the basis of those results, in this work,
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Scheme 1. Chemical structures of DERHD7T, DRCN7T, and PC;;BM.

we focused on investigating the molecular origin of fullerene
aggregation at the donor:acceptor interfaces by MD simulation.
We have found that, with the introduction of the DCM groups,
the acceptor molecules exhibit a stronger aggregation, and the
DCM groups also exhibit very regular interaction with PC5;BM,
which facilitates the electron delocalization during the charge
separation process,’®! and thus contributes to the efficient
charge separations in the bulk-heterojunction (BH]J) blends.
The MD simulations were carried out using the GROMACS
program (version 4.5.5),3%38] and the detailed information
about the simulations could be found in the Experimental Sec-
tion (Figures S1 and S2, Tables S1-S10, Supporting Informa-
tion). In order to benchmark the simulation model, we have
compared the simulated X-ray diffraction (XRD)P%* with
the experimental powder-XRD for DERHD7T:PC,BM and
DRCN7T:PC,,BM blends, and the simulated XRD profiles
match reasonably well with the experimental results (Figure S3,
Supporting Information). Then the snapshots of the simulated
unit cells for DERHD7T:PC;;BM and DRCN7T:PC;BM are
shown in Figure 1a,b, respectively, DERHD7T and fullerene
acceptors are well mixed, while the PC;;BM molecules aggre-
gate tighter in DRCN7T:PC;;BM than in DERHD7T:PC;;BM.
The stronger intermolecular interactions between DRCN7T
molecules than DERHDY7T in the blends with PC;;BM could

Figure 1. Snapshots of the unit cells of two representative small-mole-
cule-based systems, a) DERHD7T:PC;;BM and b) DRCN7T:PC;,BM from
the MD simulation. The alkyl groups on the oligothiophene derivatives
and PC;;BM are not shown for clarity. All the fullerene molecules are
colored with cyan, and the oligothiophene donors were simplified to a
ribbon with rhodanine end groups.
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be proved by investigating the radial distribution function
(RDF) of the rhodanine groups in the oligothiophene donors.
The rhodanine groups are the high-polarized groups in the oli-
gothiophene backbones, which were influenced by the different
electron-withdrawing ability of thio groups (in DERHD7T)
or dicyanomethylene groups (in DRCN7T). As shown in
Figure 2a, the peak at =4.4 A is the distance between inter-
molecular rhodanine groups, and the stronger and sharper
peak in DRCN7T:PC;;BM blends than DERHD7T:PC,,BM fur-
ther evident the stronger intermolecular interactions between
DRCN7T molecules. The stronger intermolecular interactions
between DRCN7T molecules than that of DERHD7T will lead
to the weaker interactions between DRCN7T and PC;BM. In
order to further confirm this, the RDF between thiophene units
in the oligothiophene donors and center-of-mass (COM) of Cy,
is calculated (Figure 2b). The thiophene units in DERHD7T
have closer and compact contact with fullerene acceptors than
that for DRCN7T. Meanwhile, the RDF between each thio-
phene units in the oligothiophene backbone and COM of Cy,
is also calculated and summarized in Figure S4 (Supporting
Information). All these further evident the stronger interactions
exist between DRCN7T molecules, which have weaken the
intermolecular interactions with PC;;BM, and thus provided a
more suitable environment for the aggregation of the PC;;BM
through the solvophobic assembly.

The packing modes for PC;;BM in the two BHJ blends were
depicted by the COM RDFs, as shown in Figure 3a. In both sys-
tems, three distinctive peaks indicate quite ordered structures of
fullerenes. Especially, the first peak at =11 A shows that in the
DRCN7T-based system, the PC;;BM molecules have a stronger
aggregation within a short range. The higher RDF peak further
confirmed that the PC;;BM molecules packed more tightly in
the mixture with DRCN7T than DERHD7T.

In order to experimentally confirm the stronger aggrega-
tion of fullerenes in the DRCN7T:PC;BM blends than the
DERHD7T:PC;,BM observed in our MD simulations, the 2D
grazing incidence small-angle X-ray scattering (2D-GISAXS)
was performed on the BH]J blends at Shanghai Synchro-
tron Radiation Facility (SSRF). The 2D scattering patterns
for fullerene aggregation were collected on a charge coupled
device camera, and the curve intensities versus g were obtained

Adv. Electron. Mater. 2015, 1500217
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Figure2. a) The RDFg(r) for COM ofrhodanine units of DERHD7T:PC;,BM
(black line) and DRCN7T:PC;,BM (red line) blends. b) The RDF g(r) for
COM of thiophene units and C;, of DERHD7T:PC;,BM (black line) and
DRCN7T:PC;;BM (red line) blends.

by integrating the data from the patterns, which is shown in
Figure 3b. There exhibits a broad peak at q of 0.007-0.04 A~
in the DRCN7T:PC;,BM blend, which has been proved to
reflect the scattering of fullerene aggregated domains.*:42
Using polydisperse spheres model with the Schultz size dis-
tributions functions,*l we obtained the fullerene domain
size in DRCN7T:PC;;BM blend is 6.88 £ 0.51 nm, which is
shown in Figure S5 (Supporting Information). In contrast, the
DERHD7T:PC;;BM film did not show any obvious peaks in the
2D-GISAXS pattern and almost the same with the 2D-GISAXS
pattern for pure DERHDY7T film (Figure S6, Supporting Infor-
mation), which indicates less fullerene aggregations in this
BH]J blend. This is consistent with our simulation results that
the DRCN7T-based system has a stronger fullerene aggrega-
tion which could facilitate both the exciton delocalization and
charge separation at the donor:acceptor interfaces.

The next question is how the donor molecules interact with
PC;BM during the charge transfer process at the molecular
level. From the RDF for the end atoms of the donor molecules
with the COM of Cy, (Figure S7, Supporting Information), it
is found that DRCN7T molecules have a closer contact with

Adv. Electron. Mater. 2015, 1500217

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

MATERIALS

www.advelectronicmat.de

d ——DERHD7T:PC_BM
~——DRCNT7T:PC, BM

a(r

rlA

——DERHD7T:PC,BM
~——DRCN7T:PC, BM

1000

Intensity

100 4

Y ' Y
g/ A’

Figure 3. a) The COM of C;o RDF g(r) for DERHD7T:PC;;BM (black line)
and DRCN7T:PC;;BM (red line) blends. b) GISAXS profiles measured for
the DRCN7T:PC;;BM and DERHD7T:PC;;BM blends after post-thermal
annealing at 100 °C for 10 min. The inset shows the 2D-GISAXS patterns
for both blend films for comparison.

fullerene acceptors than DERHD7T, which should facilitate the
intermolecular charge transfer from oligothiophene donors to
fullerenes. Based on these results, we proposed a molecular pic-
ture for the efficient charge transfer process in these oligothio-
phene derivative blended with PC;;BM. The HOMO electron
densities are mainly delocalized on the sepithiophene backbone
at the ground state, and transfer from the oligothiophene back-
bone to the electron-withdrawing groups after photoexcitation
(the intramolecular charge transfer process). Then the efficient
intermolecular charge transfer from oligothiophene donors
to PC;;BM can occur directly if the end groups and PC;BM
have closer contacts. This is quite similar to the working mech-
anisms for the electron transfer process from end groups of
organic dyes to TiO, in dye-sensitized solar cells (DSSCs).[#4#6]
Recent time-resolved ultrafast pump-—probe experiments
have also proved that one of the important distinctions in the
donor-acceptor-type polymers is that the lowest energy exci-
tonic transition exhibits the partial charge-transfer feature,*’]
and these intramolecular charge transfer states can eventu-
ally facilitate the final charge separation at the donor:acceptor
interfaces.*7:48]
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Figure 4. 2D distance-angle (ra.com, £CA-COM) distribution between the end atom and the COM of C;q in a) DERHD7T:PC;;BM blend and
b) DRCN7T:PC;;BM blend. Cartoons illustrating different contacts for the end atoms of c) DERHD7T or d) DRCN7T with PC;;BM (ET represents

electron transfer).

Then orientation of the end groups with respect to PC;;BM
molecules was calculated according to the angle of end groups
(C=S or C=N)-COM of C,, (£LCA-COM, in which A refers to
S or N atoms) and the distance between end atoms and COM
of Cyy (ra.com)- As shown in Figure 4a,b, there are three peaks
for the DERHD7T-based system, and only one major peak in
DRCN7T:PC;;BM. For DERHD7T:PC;BM, the end groups
have three orientations with respect to C;,, whose angles are
65°, 105°, and 135°, respectively (Figure 4c). Meanwhile, the
end groups of DRCN7T just have one major orientation with
respect to Cyq at 90° (Figure 4d). This observation is quite sim-
ilar to the different adsorption structures of various dye anchor
groups on TiO, in DSSC, which directly influences the charge
transfer dynamics and device performance.***¢ The electronic
couplings (V,) for electron transfer from oligothiophene donors
to the fullerenes are then calculated at B3LYP/6-31G level
(Table S3, Supporting Information), with average values of 8.23
and 11.34 meV for DERHD7T:PC5,BM and DRCN7T:PC;;BM
systems, respectively. Thus, the charge transfer and the sub-
sequent charge separation can occur more efficiently for the
DRCN7T:PC;;BM blend than DERHD7T:PC;;BM according
to Marcus electron transfer theory.**=! Based on these results,
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we conclude that DRCN7T packs regularly with PC,;BM, and
PC;;BM molecules also aggregate tightly at the interface, which
facilitates electron delocalization and efficient charge separation.

The micromorphology of the intermixed regions for two
important small molecular donors DRCN7T and DERHD7T
blended with PC;;BM were investigated by all-atom MD sim-
ulations. The fullerenes were found to aggregate more tightly
in DRCN7T-based systems, and the DCM groups also exhibit
regular contacts with PC;;BM, which facilitates the electron
delocalization and efficient charge separation at the inter-
faces. This finding is in good agreement with our experimental
2D-GISAXS profile. This is the first time to investigate the
fullerene aggregation with fully atomistic model using MD
simulations, and the relationship between micromorphology
and device performance obtained in this work provides a new
insight for future design of high-performance donors.

Experimental Section

The MD simulations were carried out with the GROMACS program
(version 4.5.5).3638 Both blend systems consist of 257 PC;BM
molecules, while the number of DERHD7T and DRCN7T molecules are

Adv. Electron. Mater. 2015, 1500217
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332 and 320, respectively, consistent with the experimental mole ratio
of donors and acceptors.’l All the atoms, including hydrogen atoms,
were treated explicitly in this detailed atomistic model. The OPLS-AA
force field?7) is adopted to parameterize the molecular models, as
listed in Figures S1 and S2, Tables S1-S10 (Supporting Information).
The partial charges were derived by fitting our calculated ab initio
electrostatic potential by Gaussianl®®l with the restrained electrostatic
potential (RESP) method.’” The cutoff for the van der Waals and real-
space electrostatic interactions were set to be 9 A, and the particle mesh
Ewald (PME) method!®” was used to treat the long-range electrostatic
interaction in the reciprocal space. The initial configurations were first
generated by putting the molecules in a large box with the periodical
boundary condition applied, and then cooled from 400 K down to
300 K gradually. Both pure and blend systems were equilibrated in the
isothermal-isobaric (NPT) ensemble, coupled to a Berendsen barostat
at the pressure of 1 atm and a Berendsen thermostat at the temperature
of 300 K. The production run lasted 100 ns after an equilibration run
of 100 ns. All structural analyses were performed on the sampled
configurations.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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