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ABSTRACT: We study the effect of solvent-free annealing and
explicit solvent evaporation protocols in classical molecular dynamics
simulations on the interface properties of a blend of a
diketopyrrolopyrrole (DPP) polymer with conjugated substituents
(DPP2Py2T) and PCBM[60]. We specifically analyze the intra-
molecular segmental mobility of the different polymer building blocks
as well as intermolecular radial and angular distribution functions
between donor and acceptor. The annealing simulations reveal an
increase of the glass-transition temperature of 45 K in the polymer—
fullerene blend compared to that of pure DPP2Py2T. Our results
show that the effective solvent evaporation rates at room temperature
only have a minor influence on the segmental mobility and
intermolecular orientation, characterized in all cases by a preferential

Annealing

AT S
* &
> Q
Q
<

Solvation + Evaporation
ey IR 5
@> 5
[a)

arrangement of PCBM[60] close to the electron-donating substituents in DPP2Py2T. In contrast, solvent-free annealing from a
liquid yields clustering of the fullerene close to the electron-withdrawing DPP, generally considered to be detrimental for application
in organic solar cells. We find that the difference can be attributed to differences in the behavior of 2-hexyldecyl side-chains, which
collapse toward DPP when solvent is explicitly removed, thereby blocking access of PCBM[60].

B INTRODUCTION
3

Direct insights into these local properties is often difficult to

Polymers based on diketopyrrolopyrroles (DPP)' ™ are used
as donor materials in polymer—fullerene organic solar cells,
reaching power conversion efficiencies of around 8%."~” Their
attractiveness stems from the ability to modify DPP polymers
via synthetic routes that include the addition of a variety of
aromatic and 7-conjugated substituents to create a suitably low
band gap internal donor—acceptor architecture as well as
addition of specific side chains to affect solubility and structural
properties following material processing.

Both the internal electronic properties of the polymer and
the structural features of its blends with a fullerene acceptor
upon processing on meso- and microscopic scales determine
the observed power conversion efficiencies on device scale.
Microscopically, the device performance is a result of how
efficient several fundamental electronic processes occur, ie.,
how efliciently free charges will be generated after initial
absorption of photons and creation of bound (donor)
electron—hole pairs and how the freed charges are transported
toward the electrodes. While the latter is also determined by
the existence of global pathways within the larger-scale
morphology of the blend, the former is mostly influenced by
an interplay of the local electronic and structural properties.
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obtain experimentally and is instead often sought via multiscale
simulation approaches which link structural features on meso-
and microscopic scales with electronic dynamics.*”"?

The first step in such approaches is the simulation of
representative structures of a polymer—fullerene blend with
atomistic detail using (classical) Molecular Dynamics (MD).
Obtained morphologies must as realistically as possible reflect
specific structural factors important for the charge separation
and transport dynamics,"*™'° such as the segmental mobility
(dihedral rotations between polymer backbone units which
make or break z-conjugation) and the relative orientation of
the electron-accepting fullerene with respect to the electron-
donating fragments of the polymer. However, this is hardly
obtainable on the same time (and length) scales involved in
the experimental structure processing, in which typically a
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solvent is removed from a solution with donor and acceptor
molecules in minutes over a hot plate. Creating a solvent—
vapor interface and removing molecules that cross the interface
at regular intervals'’~"" closely emulates experimental
procedures, but it can result in very long simulations, as the
solvent molecules in the middle of the structure may not
diffuse to the interface easily. As an alternative, we follow a
procedure in which solvent is removed randomly from the
solution in steps, followed by equilibration runs after each

removal.'*° Effective solvent removal solvent rates k’ T have
to be small enough to avoid the generation of artificial
structures.

In this work, we consider a blend of a particular DPP
polymer with two aromatic pyridine (Py) and thiophene (T)
substituents, respectively, in the backbone (DPP2Py2T)*' and
PCBM[60], the chemical structures of which are shown in
Figure 1. Starting from an initially solvated system in

DPP2Py2T

Cehhis

PCBM[60]

Figure 1. Chemical structures of DPP2Py2T (top) and PCBM[60]
(bottom). For DPP2Py2T, we show the monomer building block
consisting of DPP, pyridine (Py), and thiophene (T) units. R
indicates the position of the 2-hexyldecyl side chain.

chloroform, we study the structural relaxations and final
morphologies upon solvent evaporation, performed using
several classical MD simulation protocols depicted in Figure
2: iterative, incremental solvent removal with different effective
rates at room temperature and a solvent-free annealing from a
liquid melt. The objective for this study is to scrutinize the
influence of the simulation protocol on intra- and intermo-
lecular microstructural properties. We investigate, in particular,
the glass-transition temperature of the binary mixture when
compared to the pure DPP2Py2T melt and the torsional
mobility of the conjugated segments within DPP2Py2T with
and without the presence of PCBM[60], as well as the
intermolecular arrangements between DPP2Py2T and
PCBM[60] via individual and combined radial and angular
distribution functions as well as 3D relative density
distributions. We find from the annealing simulations that
the glass-transition temperature is higher for the DPP2Py2T—

Solvent removal

Polymer + PCBM in
Chloroform

Annealing

Polymer + PCBM
mixture at 700 K

Chloroform removal
at 300 K

#/ns: Effective number of chloroform
molecules removed per ns
Cool to 300 K
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remaining

Y

L L L I

Figure 2. Brief summary of the two simulation protocols followed in
the present study for obtaining the final structures. The first protocol
envisages solvent removal at 300 K using three different removal rates
120 #/ns, 24 #/ns and 6 #/ns followed by a production run as shown
in the left half of the figure. The second protocol involves first
equilibrating the polymer—PCBM[60] mixture at 700 K and then
cooling it to 300 K at 20 K/ns and then a production run at the end as
seen in the right half of the figure. The four kinds of structures
obtained at the end of the protocol are used for structural analysis.

PCBM[60] mixture compared to pure DPP2Py2T. Segmental
mobility decreases upon addition of PCBM[60] into
DPP2Py2T, independent of the simulation protocol. In
contrast, noticeable differences are observed for the arrange-
ment of the fullerene acceptor with respect to the polymer
obtained via solvent-free annealing or solvent evaporation,
respectively. Independent of effective evaporation rate, the Cg,
units of PCBM[60] are found to be close to the 7-conjugated
electron-donating substituents, while annealing leads to a
preferred orientation close to the electron-withdrawing DPP
unit, both driven by different side-chain aggregation behavior.

This paper is organized as follows: The section Methodology
contains a summary of the technical details of the general MD
simulations and the specifics of the solvent evaporation and
annealing protocols. Analyses of the obtained structure in
terms of distribution functions are given and discussed in the
Results. A brief summary concludes the paper.

B METHODOLOGY

Classical all-atom molecular dynamics simulations are
performed with the Gromacs 2020.1 simulation package.””
The Gromos 54A7 force-field*® is used for PCBM[60] and
chloroform molecules while a custom-made force-field, also
built upon Gromos S54A7 is used to for the DPP2Py2T
polymer.”* Gromos 54A7 parameters were obtained from the
Automated force field Topology Builder (ATB, https://atb.ugq.
edu.au/ ),25 where bonded parameters are extracted from the
Hessian of the optimized structure and partial charges through
the Kollmann—Singh scheme.” Starting structures were
initialized with 6 polymer chains of DPP2Py2T comprising 4
monomers and 24 molecules of randomly oriented PCBM[60]
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in a simulation box of size 12 X 12 X 12 nm”. This ensured a
1:1 w/w ratio of polymer:PCBM[60] to emulate experimental
concentrations.”””® The idea behind choosing 4 monomer
units in a single chain lies in the delocalization of the electronic
density saturating at 4 repeat units when the polymer is pushed
to the excited state.> Two processes were subsequently
followed to ensure a homogeneous blend of the polymer and
PCBM[60] mixture. The first involved the solvation of the
system in chloroform and then subsequent removal of
chloroform at different rates. The second method involved
heating the polymer PCBM[60] mixture to its melt temper-
ature and then annealing it back to room temperature. The two
methods of preparation have been shown in Figure 2. In the
NVT/NPT simulations, pressure was kept constant at 1 atm
using the Berendsen barostat” while the temperature was
maintained using the velocity-rescaling thermostat.”® Electro-
static interactions were calculated using particle mesh Ewald®’
with a real space cutoff of 1.2 nm. Neighbor lists were updated
every 100 time steps using a list cutoff radius of 1.0 nm. Leap
frog algorithm as implemented in the md-integrator in
Gromacs was used.

In the first simulation protocol, the mixture was solvated
with 12000 molecules of chloroform and equilibrated first in
the NVT ensemble at and then in the NPT ensemble for 200
ps at 300 K. Due to the high solvent concentration, the density
saturated to chloroform density of 1.517 g/cm®. The next step
is solvent evaporation, which we model by removing
chloroform from the solution in batches containing N;
molecules with a time interval T, between removal steps.
During the whole process, the system is simulated in the NPT
ensemble described above. As the concentration of DPP2Py2T
and PCBM[60] in the solution is very low initially, the
stepwise procedure is performed in two stages: In the first

stage, nine removal steps are executed with Nr(l) = 1200; i.e,
10% of the initially present solvent molecules are removed at
each step, until at the end only 1200 chloroform molecules are
left. This is followed by stage two, comprising 10 steps with

Nr(z) = 120. As also listed in Table 1, we perform simulations

Table 1. Parameters for the Three Different Solvent
Evaporation Simulations: Number of Removed Chloroform
Molecules per step N, in Stages 1 and 2, the Respective
Lengths of the Time Intervals T,, Total Time of the

Simulated Evaporation T:Otal, and the Effective Evaporation

Rate k™ in molecules/ns

N()  T() N2 T2 T ket
I, 1200 10 ns 120 1 ns 100 ns 120 ns™!
I, 1200 50 ns 120 S ns 500 ns 24 ns™!
I. 1200 200 ns 120 20 ns 2 us 6 ns™!

at 300 K with different lengths of the time intervals T, during
the two stages. They are chosen to yield three different total
simulation times of the evaporation procedure of 100 ns, 500
ns, and 2 ps, corresponding to constant effective evaporation

rates kfff of 120 #/ns (I,), 24 #/ns (I,) and 6 #/ns (L),

respectively. Three different k:’ff have been chosen to
investigate the influence of the simulated speed of evaporation
on the structural features in the final room-temperature
morphologies.

As an alternative to the explicit solvent evaporation
simulations (I,—1_), we also perform a solvent-free simulation
of the DPP2Py2T—-PCBM[60] blend. In this annealing
approach, the initial mixture is first equilibrated at 700 K
(which, as will be confirmed later, is about 250 K above the
glass transition temperature) and then cooled to 300 K with a
cooling rate of 20 K/ns (structure II).

For the structural analysis, NPT production runs of 20 ns are
performed for the systems obtained via protocols I,},. and IL
The density of the final production runs stabilized at 1285 kg/
m?® for Type I, structures and 130Skg/m* for Type II
structures. Note that due to the random selection in the
removal of the chloroform molecules, results from five
independent simulations runs are averaged in the analysis of
systems I,—I.. Over the last 10 ns of the respective runs, the
intermolecular radial distribution function (RDF), angular
distribution (ADF) function, and the combined distribution
function (CDF) between each unit of DPP2Py2T (DPP, Py,
T) and Cg part of PCBM[60] are determined. Also, the
preferred side-chain orientation with respect to the DPP block
of DPP2Py2T is visualized. All analysis and postprocessing was
carried out using the Trajectory Analyzer and Visualizer
(TRAVIS) code.*”**

B RESULTS

Glass Transition. Before we turn to the analysis of the
inter- and intramolecular structural features of the four
DPP2Py2T—PCBM[60] blends from I, and II, we briefly
discuss the dependence of the blend density on temperature
during the annealing process (II), as shown in Figure 3.

1350 : : :
e DPP3Py2T —=
1300 L "‘"“‘-,,-:*;x_ DPP2Py2T + PCBM —— |
1250 | N"\"‘\\«
‘ "W,
1200 | | A, |
E 1150 i ‘ Waan
2 A \ [V\v
21100 %& T, (DPP2PY2T + PCBM) = 440K 3
[72] _
g [
© 1050 | A ]
: s~
1000 | o ‘\1 N
950 | Lo / "{‘\. .
I
900 | 'I'g (DPPZPyZT):SQSKl | v Y-'*
200 300 doo ! 500 600 700

Temperature (K)

Figure 3. Density variation of pure DPP2Py2T melt and the
DPP2Py2T—PCBM[60] mixture with temperature. Straight lines
show linear fitting of the simulated data at high and low temperatures,
with the glass-transition temperature of DPP2Py2T melt as T, = 395
+ 20 K and for mixture as T, = 440 + 20 K obtained from their
intersection.

Initially, at 700 K, the DPP2Py2T melt has a density of 870 kg/
m?®, which increases to 1150 kg/m® at 200 K while the blend
density goes from 1110 kg/m?> at 700 K to 1330 kg/m* at 200
K, which is considerably higher than the melt density due to
the high PCBM[60] density. One can clearly see the glass
transition, whose temperature T, is estimated from linear fits in
the temperature intervals 200—300 K and 550—700 K as 440 +
20 K. This is significantly higher than the glass-transition
temperature of 395 + 20 K for a pure DPP2Py2T polymer
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melt due to nonbonded interactions between DPP2Py2T and
PCBM[60]. Such an increase of the glass-transition temper-
ature by 40—S0K as a result of the addition of PCBM[60] is
consistent with previous studies of blends with similar weight
fraction of fullerene and a P3HT polymer.***

Segmental Mobility. Torsional autocorrelation functions
(TACEFs) for the torsional angle between pyridine-thiophene
(Py—T) and thiophene-thiophene (T—T) units in the
backbone of DPP2Py2T provide insight into the intra-
molecular dynamics in the four final morphologies of the
DPP2Py2T—PCBM[60] mixture. Specifically, we study the
conformational mobility using the autocorrelation function for
dihedrals.*®

Ry(t) = (cos(¢()) cos(gp(z + 1))
+ sin(¢p(7)) sin(P(z + 1)), (1)

Here (1) is the angle between the normal vectors of the Py
and T molecular planes at time t. The TACF is computed for a
time span of S ns, averaged over 40 different starting times (7).
To understand the impact of the presence of PCBM[60] on
the mobility of the different segments of the polymer, a
reference simulation was performed with polymer only at 300
K. Figure 4 shows the TACF for the Py—T and T—T units for
both simulation protocols and DPP2Py2T polymer only. First,
one notices that the relaxations can be classified into two
distinct parts- a rapid relaxation that occurs within the first 200
ps characterized by torsional vibrations around the minimum
and then later a second decay with a longer time scale
corresponding to cis—trans flipping between the respective

0.95 |
0.9 g
= 085
m&
0.8 . :
(1) 120 #/ns C—
|| () 24 #/ns — |
0.75 b
(I) 6 #/ns —
0.7 |(I) Annealed --- ,
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1 : : : - -
T-T
0.95 | :
09 f |
= 085 || 1
n:e
0.8 |
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07 | TNL— ]
‘ ‘ ‘ N
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Time (ns)

Figure 4. Torsional autocorrelation function for the Py—T (top
panel) and T—T (bottom panel) units in the DPP2Py2T—PCBM[60]
blend, obtained by solvent evaporation (solid lines) and solvent-free
annealing (dashed line). A reference TACF for the pure DPP2Py2T
system is shown by a dash-dotted line.

units. The time-scales for the slower relaxation times are
obtained from exponential fits to the TACF data and shown in
Table 2.

Table 2. Relaxation Times for the Py—T and T—T
Connections as Obtained from the Variable Solvent
Removal Rates and Annealing Procedures along with Only
DPP2Py2T Structures at 300 K

Py—T (ns) T-T (ns)
I, (120 ns™!) 100 50
I, (24 ns7) 60 40
I (6 ns™h) 60 40
11 (annealing) 110 60
DPP2Py2T 40 30

The structures without the presence of PCBM[60] (dash-
dotted lines) relax to a greater extent within the first 200 ps
and this phenomena is more prominent for T—T link. The
relaxation times for both Py—T and T—T units are much
smaller in the absence of PCBM[60] as seen from Table 2. We
notice that the presence of PCBM[60] increases the relaxation
times from 50 to 60—110ns for Py—T units and from 30 to
40—60 ns for the T—T units. In a nutshell, it can be concluded
that the nonbonded interactions between the PCBM[60] and
DPP2Py2T in the system act as a binder to restrict the
intramolecular segmental mobility. This, in turn, can be
beneficial for charge transport as it helps maintain conjugation
within the polymer backbone. Also, for structure II that was
obtained from annealing (red dotted lines), the TACF attains a
saturation point faster than structures I,_. thereby revealing a
higher relaxation time.

Py—T correlation decays are seen in Figure 4 at slower rate
as compared to T—T correlation, which can be attributed to
the lower torsional barrier for T—T connection compared to
the Py—T connection.

Fullerene Distribution around the Polymer. Having
seen the intramolecular structural correlation between pyridine
and a thiophene unit and two thiophene units in the polymer
system we intend to explore the intermolecular orientation
between the individual units in the polymer and the Cy; unit of
PCBM[60]. As stated earlier, the relative orientation of the
PCBM[60] with the individual units of the polymer is, in
principle, important for charge transfer phenomena as
discussed in the Introduction earlier. To characterize the
orientation, we use three distribution functions, radial g(r),
angular g(0), and a combined distribution function g(r,0). In
these calculations, we do not consider the hydrogen atoms in
the system and also ignore the side chain on the polymer and
PCBM[60]. Also, for point to point calculations, we will only
consider the center of geometry for all units, so the distances in
g(r) are the distance between the center of geometry of the
respective units. The results for the radial distribution function
can be seen in Figure S. The first coordination for the Cg, unit
w.r.t each unit of the polymer is roughly at about the 0.8 nm.
The system obtained after annealing showed more aggregation
of Cgy around the DPP unit of the polymer as visible from a
higher peak height. For other simulation pathways, I,—I, the
DPP unit shows dispersed peaks indicating no preferred
distance between the DPP—Cy, pairs. For the Py—Cy, pair,
two peaks are visible at the first coordination distance of 0.8
nm and at the second coordination distance of 1.2 nm. The
first coordination distance between the thiophene and Cg,

https://doi.org/10.1021/acs.jpcb.2c04609
J. Phys. Chem. B XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.jpcb.2c04609?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c04609?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c04609?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c04609?fig=fig4&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c04609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

bPP_C (1) 120 Fins

25 60 aib) 20#ms — 1|
(1)) 6 #/ns —
(II) Annealed ----

g(r) (Arb. units)

9(r) (Arb. units)

g(r) (Arb. units)

Distance (nm)

Figure 5. Radial distribution function g(r) between the centers-of-
geometry of Cgy and DPP (top panel), pyridine (middle panel), and
thiophene (bottom panel) obtained using three different effective
solvent evaporation rates (solid lines) and solvent-free annealing
(dashed line), respectively.

units are split into two peaks. The system obtained from
annealing shows a larger peak at 0.8 nm while the systems
obtained from solvent removal show a more prominent peak at
0.75nm. A general observation is that the C4 molecule
showed a preferential alignment to the thiophene, pyridine,
and DPP units in decreasing order as seen from the number of
observable peaks and their respective heights. However, in the
case when the system was cooled from 700K, the relative
height of the all peaks (red curves) are similar, indicating that
PCBM][60] in these structures does not have a clear preference
unlike the structures attained by solvent removal where
PCBM[60] shows aggregation around the electron-donating
units of the polymer. Hence, we can conclude that different
removal rates for solvent molecules do not explicitly affect the
distance distribution of fullerenes around the polymer
backbone. However, annealing from a higher temperature
has a more prominent effect of Cq, aggregation around the
DPP fragment of the polymer.

For the angular and cumulative distribution functions a
vector was defined normal to the plane of the polymer unit
under study similar to the one we defined in the Segmental
Mobility subsection. A second vector is defined by connecting
the center of geometries of the polymer unit and Cg,, which is
the same as we have used to compute the radial distribution
function g(r). We calculate the angle between this normal
vector and the connecting vector. For instance, 0° represents a
fullerene molecule exactly above the plane of the unit of the
polymer and 90° represents the fullerene molecule lying within
the fragment plane. Cone correction is also applied to maintain
consistency of the distribution. The angular distribution in

Figure 6 shows an almost flat line with a little monotonic
decrease for Py—Cg, and T—Cy, pairs as the angle increases

(I) 120 #/ns

(Iy) 24 #/ins —

(I,) 6 #/ns —
(IT) Annealed ----

150 | :-DPP-Ceo

120

90

#occurences

60

150
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#occurences

90 |

60
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120 Wi
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#occurences

60 | R

Angle (degrees)

Figure 6. Angular distribution function defined between normals of
the molecular plane for DPP (top panel), pyridine (middle panel),
and thiophene (bottom panel), and a vector connecting centers-of-
geometry of the polymer unit and Cg4, obtained from using three
different effective solvent evaporation rates (solid lines) and solvent-
free annealing (dashed line), respectively.

from 0° to 90°. Most fluctuations are noticed for the DPP—Cy,
pair. It is worthy to note that having a C, unit on either side of
the polymer plane is considered similar, which is why the study
was done only up to 90°.

In Figure 7, we show the results for a combined distribution
function of different units within the polymer and Cg,
molecule. The radial and angular distributions present an
idea about the relative distance and orientation of the polymer
units and the C4y molecule separately; however, a combined
study of the two tells us which intermolecular positions are the
most favorable. As a guide to Figure 7, we need to note that
each column of the figure contains plots for different
simulation protocols while each row contains the plots for
arrangement of different units of the DPP2Py2T polymer w.r.t.
the Cg, unit of PCBM[60]. It is also to be noted that the color
scale of the plot for the DPP—Cg, pair obtained from the
annealing procedure has been scaled down by a factor of 1.2 to
match the color scheme of the plots for the four other
simulation protocols. The polymer units were taken as the
reference while the Cg, units around it were observed.

Observing the first row of plots in Figure 7, we immediately
see a distinct bright red spot between 0.6 and 0.9 nm at 0° for
the system cooled from 700K. This clearly indicates an
accumulation of Cg; units around the DPP units. In the same
row the system cooled from 700K also shows patches of
orange at the same spot which led us to conclude that higher
temperatures lead to C4y accumulation around the DPP unit
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Figure 7. Combined distribution function involving the radial distribution on the horizontal axes and angular distribution on the vertical axes show
the corresponding angle distributions. The color coding represents the chances of finding a particular combination of the two distribution
functions. Note that for the DPP—Cy, pair obtained from annealing, the color scale has been scaled down by a factor of 1.2 to match with the color

scheme of the other cases.

which is detrimental to the type of arrangement preferred for
solar cell functioning. Now looking at Py—Cg, and T—Cq,
combinations, we notice a large band of white space between
0.8 and 1 nm. This shows the absence of Cg, units at those
distances for any angular orientation. This is consistent with
the dip in the peaks for their respective g(r) as seen in Figure S.
This low density region (white spaces) is credited to the
excluded volume for PCBM[60]. That is why it can be seen
that the higher the concentration of Cy, the more the excluded
volume is, thereby indicating more white spaces as seen in
Figure 7.

Influence of Side-Chain Alignment. In this section we
investigate the relative density of the Cg, unit of PCBM[60]
and the side-chain (2-hexyldecyl) around the DPP unit of the
polymer. The center of geometry of the DPP unit is positioned
at the origin and the center of geometries of C4, and individual
branches of the side-chain are observed in this scenario.

As we see in Figure 8a, the Cg, molecules show a larger
density exactly above and below the plane of the DPP unit.

However, one can notice that for structure (I,) (blue mesh)
the density of C is limited to only one side of the DPP plane
while for structure (II) (solid red) there is presence of Cg,
density on both sides of the DPP plane. As we do not
distinguish between 0° and 180° while calculating angle
distribution, it can intuitively understood why this leads to
higher concentration of C4, around DPP for structure II, as
observed in Figure 7 as well. This brings about the question as
to how the side-chains present on the DPP would be oriented
to facilitate such an alignment.

The relative density of the side-chain around the DPP unit
of the polymer can be seen in Figure 8b as viewed from the
molecular plane. It is noteworthy to remember that the side-
chains are attached to the nitrogen atom of the DPP unit as
seen in Figure 1. Also the side-chain contains two branches
containing 6 and 8 carbon atoms in each branch, respectively,
as shown in Figure 1. Hence, the two branches are treated
separately by considering the center of geometry of each
branch individually. In the end, the relative density of both
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Figure 8. Relative densities of (a) Cg, and (b) side-chain around the
DPP unit of the polymer is shown when visualized from the polymer
plane. The filled bubbles (red and orange indicate density around
structure II that was cooled from 700 K while the wired mesh (blue
and gray) indicate density around structure I, that was maintained at
300 K and had a chloroform removal rate of 120 #/ns.

branches are added to reveal the total side chain density
around the DPP unit. We can see in Figure 8b that in case of
structure II (orange solid) the side-chains pack closer to the
DPP unit within the plane and very very little little density is
observed above and below the DPP plane indicating a
constricted packing which facilitates the positioning of Cg
molecule above and below the DPP plane. However, for
structure I, (gray mesh), the side chains are farther away from
the DPP unit indicating a more open structure and also the
two branches of the side-chain pack distinctly away from each
other in perpendicular planes. This inherently blocks a
substantial region above the DPP unit, which makes it
inaccessible to the Cg, unit.

The solvent concentration and orientation around the DPP
unit influences the packing of side-chains. The purpose of side-
chains in these polymers is enhancing solubility to facilitate
ease of processing. In simulations, the longer the polymer is
exposed to a good solvent (chloroform in this case) the greater
is the extent of side-chain expansion which in-turn reduces the
available space around the DPP unit (see Figure S1 of the
Supporting Information).

Finally, we note that a local arrangement of PCBM[60] near
the electron-donating substituents of the polymer is also
commonly considered as the most favorable arrangement,
inferred from the fact that DPP2Py2T/PCBM[60] mixtures
have been used in active layers of polymer-based solar cells.'
Here, (efficient) charge generation requires the easy formation
of charge transfer states after photon absorption, with the hole
on the internally electron-donating substituents of the polymer
and the electron on fullerene. The formation of such states can
be considered energetically unlikely between the internally
electron-accepting DPP and PCBM[60]. While this observa-
tion provides merely a very indirect qualitative link between
the simulations and real systems, it suggests that the simulation

protocol (II) based on annealing of a melt above the glass
transition yields qualitatively wrong local arrangements and
that explicit solvent effects need to be accounted for in a
reliable simulation protocol. Such information is relevant for
multiscale modeling approaches that aim at gaining micro-
scopic insight into the charge separation/generation processes
in the DPP (and possibly other push—pull architecture)
polymer heterojunctions with PCBM,”™ "> which rely on an
accurate atomistic model of its morphology.

B CONCLUSIONS

In this paper, we analyze the relative orientation of the Cg, unit
of PCBM[60] around different units of DPP2Py2T polymer
for two simulation protocols involving a variation in solvent
removal rate and annealing from melt. The glass-transition
temperature for the polymer-PCBM[60] mixture was found to
be 440 + 20K, which was expectedly higher than T, for
DPP2Py2T only. The intramolecular segmental mobility was
lowered upon addition of PCBM[60] as seen from the higher
relaxation times owing to the nonbonded interaction between
the PCBM[60] and DPP2Py2T. As for the local orientation of
Cgo around the polymer, the solvent removal rate did not
influence as much as the temperature variation did. We see that
the Cg, unit preferred a closer vicinity to the DPP unit of the
polymer when cooled from 700 K. This was assisted by the
closer packing of the side-chains in the plane of the DPP unit,
thereby leaving available space for C4y to come close to DPP.
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