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1 Segment chain length distribution
The distribution of the number of segments with a certain chain length distribution n
are similar for the P3HT:DIPBI blend morphologies, when comparing different annealing
schemes (500 K, 700 K, 900 K). Whereas, segments with n = 1 to 32 can occur in amorphous
P3HT. In all cases the same cutoff dihedral angle θcut

SCCS = 75◦ is applied.

Figure S1: Distributions of the number of segments with a certain chain length distribution
n for the P3HT:DIPBI blend after employing the polymer chain partitioning with θcut

SCCS =
75◦ in three different morphologies and CG annealing protocols [1] at 500 K, 700 K and
900 K in amorphous P3HT for comparison.

2 Internal reorganization energy λin and internal site en-
ergy difference ∆Ein based on DFTB

The internal reorganization energy λin and the internal site energy difference ∆Ein based on
DFTB/Mio-1-1 are depicted in (Fig. S2) for heteromolecular DIPBI/P3MT and P3MT/DIPBI
transitions. The DFTB data shows basically the same dependence of λin on the thiophene
chain length n, as the DFT based data and can be extended to evaluate λin and ∆Ein up
to n = 32. The λh

in DFTB reorganization energies are about factor 5 and, than the corre-
sponding data on B3LYP/6-311G** level of theory. The DIPBI / DIPBI λh

in = 0.055 eV
is about half of the λh

in = 0.130 eV value. DIPBI / P3MT and P3MT/DIPBI transitions
show similar trends for λh

in. In the long-chain limit the reorganization energies decay to
λh

in = 0.04 eV.
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Also ∆Eh
in (Fig. S2) exhibits similar trends as the corresponding DFT data (Fig. 2). In

the long-chain limit the internal site energy difference tends towards ∆Eh
in = 2.33 eV.

Figure S2: Internal reorganization energy λh
in and internal site energy difference ∆Eh

in for
hole transfer as a function of the number of tiophene units n in a P3MT chain. The data
are based on DFTB/Mio-1-1. Transitions for hole transfer between DIPBI/P3MT (red),
P3MT/DIPBI (orange) and DIPBI / DIPBI (violet) are taken into account. The sign of the
internal site energy difference is reversed ∆Eh

in(AB)= −∆Eh
in(BA), if the charge transfer is

reversed.
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3 Scaling the DIPRO charge transfer integral |JAB|

(a) (b)

(c) (d)

Figure S3: Basis set dependence of the charge transfer integral |JAB| for hole transport in
pairs of P3MT n = [3, 5, 7]. The DIPRO data with (a) B3LYP/6-311G**, (b) B3LYP/6-
31G*, (c) B3LYP/3-21G* are compared to the CDFT data on PBE/PW level of theory. (d)
DFTB/Mio-1-1 is scaled to CDFT. The P3MT pairs were generated as co-facial oriented,
planar segments ∆x = 0 Å or with a lateral shift about ∆x = 4 Å for various distances
∆z = [3.0, 3.5, 4.0, 5.0, 6.0] Å.
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(a) (b)

Figure S4: Charge transfer integral |Jh
AB| for hole transfer in P3MT pairs of n = [3, 5, 7].

The DIPRO method in conjugation with (a) ZINDO, and (b) DFTB/3OB-3-1 is scaled
to CDFT/PBE/PW. The P3MT pairs are generated as co-facial oriented, planar seg-
ments ∆x = 0 Å or with a lateral shift about ∆x = 4 Å for various distances ∆z =
[3.0, 3.5, 4.0, 5.0, 6.0]Å.

(a) (b)

Figure S5: Charge transfer integral |Jh
AB| for hole transfer in P3MT pairs of n = [3, 5, 7].

The DIPRO/DFTB/Mio-1-1 data is scaled to (a) PBE/6-311G** and (b) PM3. The P3MT
dimers are generated as planar segments with various distances [3.0,3.5,4.0,5.0,6.0] Å or with
3.0 Å and a lateral shift about 4 Å.
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4 Charge transfer integral distribution in P3HT
The distributions of DIPRO charge transfer integrals can vary significantly in their shape,
the average values and the standard deviation dependent on the underlaying semiempir-
ical methods PM3, AM1, ZINDO and DFTB (Fig. S6). The mean values and standard
deviations are listed in (Tab. S1).

Figure S6: Distribution of the charge transfer integrals |JAB|2 for hole transfer in an amor-
phous, segmented P3HT morphology using ZINDO/MOO or DIPRO in conjugation with
DFTB/3OB or different semiempirical methods PM3, AM1, ZINDO.
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Table S1: Mean values of the charge transfer integrals log10|JAB|2 for hole transfer in an
amorphous, segmented P3HT morphology using ZINDO/MOO or DIPRO in conjugation
with DFTB/3OB or different semiempirical methods PM3, AM1, ZINDO.

method log10(|JAB|2/eV2)
PM3 -6.38 ± 5.54
AM1 -7.58 ± 5.15

DFTB/3OB -8.02± 3.07
ZINDO -9.96±4.52

ZINDO/MOO -14.15±8.79

5 Order parameter in P3HT
The order parameter S is defined as follows

S =
3

2

〈
(n× ni)

2 − 1

3

〉
, (1)

where n is the predominant direction vector. The vectors ni are visually defined for every
thiophene unit along the polymer chain with n = 32 segments (Fig. S7). For an isotropic
phase S yields the value S = 0. It possesses the value S = 1 for the nematic phase and
yields S = −1

2
, if all ni are orthogonal to n. The small values in the orientation parameter

Snx = 7.10 × 10−4, Sny = −9.42 × 10−3 and Snz = 1.25 × 10−3 indicate the presence of
P3HT in an amorphous phase.

Figure S7: Visual representation of a local coordinate system in P3MT thiophene rings
(left) and distribution along an entire P3MT 32mer chain (right). The origin of the local
coordinate system is located at every center of mass of the thiophene rings. nx (yellow)
points towards the sulfur atom, n′y in direction to the COM of the next thiophene ring. nz

(blue) is the orthonormal vector to the thiophene plane nz = nx⊗n′y, which is spanned by
n′y and nx. Finally, we choose ny = nx ⊗ nz to guarantee the orthonormality.
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6 Distributions of site energies and outer sphere reorga-
nization energy

The site energy contributions Ei = Eel + Epol for 416 P3HT chains using the Thole model
(Fig. S8) lead to an average energy Eh

i = (−0.131 ± 0.146) eV for hole transport. Here,
no partitioning of the P3HT polymer chains with segment length n = 32 is employed.
Moreover, the outer sphere reorganization energy distribution is centered at λh

out = (0.157±
0.014) eV for hole transport.

(a)

(b)

Figure S8: a) Distribution of site energy contributions Ei = Eel + Epol in P3HT n = 32
chain using the Thole model.
b) Distribution of the outer sphere reorganization energy λout for charge transfer pairs Npais

P3HT 32mer in a morphology with 416 P3HT chains.
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(a)

(b)

Figure S9: a) Distribution of site energy differences ∆Eh
AB (Eq. 5) in P3MT, and b) P3HT

with thiophene segment length n = 32 using the Thole model in a morphology with 416
P3HT chains. P3HT yields a broader distribution ∆E

h
AB = (0.0064 ± 0.2099) eV when

compared to P3MT ∆E
h
AB = (0.00119± 0.0354) eV.
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7 P3HT polymer chain partitioning in amorphous phase
A pair of neighbouring P3MT polymer chains with chain segment length n = 32 is depicted
in figure S10 as an outtakes from the DIPBI/P3HT morphology. The chains show two
interchain junctions for a possible interchain charge transfer. One can see that the frontier
orbitals like HOMO and LUMO are not delocalized along the entire polymer chain, but
only localized on a number of tiophene subunits (Fig. S10,a,b). If one evaluates the charge
transfer integral between the entire n = 32 polymer P3MT chains, one obtains only a
significant value for hole transfer |Jh

AB| = 1.97 × 10−3 eV, as the HOMOs are localized for
both monomers at the intermolecular junction site, whereas the charge transfer integral
for electron transfer is negligible |Je

AB| = 2.05 × 10−11 eV for a LUMO A to LUMO B
transitions, as the involved orbitals are located far apart from each other. This finding is
also reflected in the frontier orbital overlap for hole transfer |Sh

AB| = 4.24 × 10−4 and the
corresponding tiny value for electron transfer |Se

AB| = 3.80 × 10−12. Hence, the resulting
DIPRO charge transfer integral for electron transfer and the associated Marcus rate drop
to zero.

(a) (b) (c)

(d) (e)

Figure S10: Localization of frontier orbitals at a pair of two P3MT chains with a segment
length n = 32 for (a) the HOMO (red, green) and (b) the LUMO (blue, orange).
Partitioning of two P3MT chains into segments (orange, cyan) at a cutoff angle θcut

SCCS = 75◦

(c). (d) Superposition of frontier orbitals HOMOs (red, green) and (e) LUMOs (blue,
orange) of all segments involved in interchain transitions (B3LYP/6-31G*).

One can overcome this deficiency, if the polymer chain is partitioned into segments
(Fig. S10,c). Therefore a cutoff dihedral angle θcut

SCCS between neigbouring SCCS atoms
is introduced. This entails an a priori selection of the conjugated segments, that repre-
sent the hopping sites in the kMC simulations. Here, a cutoff dihedral angle θcut

SCCS = 75◦

is applied. The segments are saturated with virtual H atoms in the DIPRO calculations
for the charge transfer integral, that incorporate the localization and shape of the DFT-
based frontier orbital. The partitioning results in 12 and 13 conjugated segments at the
first and second chain, respectively. The segment length is between n = 1 and 10 thio-
phene subuints. The HOMOs and LUMOs are located at the segments, which are in close
proximity (Fig. S10,d,e) and the corresponding Marcus rates yield 9 possible interchain
transitions with non-negligible contributions. Averaging all interchain transitions leads to
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|Jh
AB| = (4.80 ± 5.71) × 10−3 eV for hole transfer and higher values for electron trans-

fer |Je
AB| = (1.76 ± 2.80) × 10−2 eV. This trend is also reflected in the averaged overlap

|Sh
AB| = (6.58± 9.62)× 10−4 and |Se

AB| = (1.97± 2.91)× 10−3.
Comparison of the frontier orbitals including the side chains in P3HT with partitioning

(Fig. S11,a,b) yields a similar localization as for the P3MT polymer chains (Fig. S10,d,e),
as the side chains do not affect the frontier orbital localization on the polymer backbone.
Averaging all interchain transitions for the P3HT leads to |Jh

AB| = (5.26± 8.58)× 10−3 eV
and |Je

AB| = (1.71 ± 2.80) × 10−3 eV with DIPRO/B3LYP/6-31G*. The averaged overlap
|Sh

AB| = (7.27± 13.9)× 10−4 for hole transfer and |Se
AB| = (1.84± 2.92)× 10−3 for electron

transfer.
The |JAB| and |SAB| in P3MT do not deviate significantly from the results in P3HT,

which entails the validity of the reduction of the side chains to methyl groups in the eval-
uation of the charge transfer integral with DIPRO, which reduces computational costs
significantly.

(a) (b)

Figure S11: Localization of frontier orbitals HOMOs (a) and LUMOs (b) involved in inter-
chain transitions for a pair of P3HT chains including aliphatic side chains. The chains were
extracted form the DIPBI/P3HT morphology partitioned into conjugated segments with
θcut
SCCS = 75◦ (B3LYP/6-31G*). The reduction of the P3HT segment to a P3MT segment
does not significantly alter the frontier orbital localization (See Fig. S10).
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8 External field dependence in P3HT

Figure S12: Field effect mobility µz for hole transport in P3HT morphology as a func-
tion of the external field F ext

z from kinetic Monte Carlo simulations. If the external field
is pointing in positive z direction, then the decadic logarithm of the external field has a
positive sign and in the inverse case we employ a negative sign. Each kMC simulation has
Nsteps = 1.0× 1010 steps, number of trajectories Nkmc = 70 per field strength.
The kMC simulations included CDFT-based intramolecular and DIPRO/PM3-based inter-
molecular hole transport, λin(B3LYP/6-311G*), λout = 0.0 eV, ∆Eout = 0.0 eV.

9 Planarity descriptor for P3HT
We employ the planarity descriptor P [, which takes all dihedral angles θSCCS

i into account
between two neighboring thiophene units along a polymer chain [2].

P [ =
n−1∑
i

||θSCCS
i | − 90|

90
with θSCCS

i ∈ [−180, 180] (2)

The descriptor P [ is a measure of planarity. The contribution of a junction between two
thiophene rings i with θSCCS

i to the total sum is zero, where the both rings are totally out of
plane with each other and one where they are absolutely planar. The minimum value P [ = 0
indicates a completely broken conjugated π-system independent of the segment length n.
The maximum value is P [ = n − 1, meaning that longer chains have the possibility to
exhibit a higher measure of planarity.
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The distributions for the planarity descriptor P [ are depicted in Figure S13. The descrip-
tor P [ is determined individually for every P3HT chain with n = 32 and the distributions
are compared for different P3HT:DIPBI morphologies from three different CG annealing
protocols at 500 K, 700 K and 900 K. The histograms display three Gaussian distributions
of P [, which lead to the average values P [

blend = 7.66± 0.96, 7.63± 0.93 and 7.75± 1.00 for
the underlaying morphologies at 500 K, 700 K and 900 K, respectively. The P [

blend are of
similar magnitude, whereas the P3HT 32mers in the pristine P3HT yield a higher planarity
P

[

P3HT = 17.95± 1.07.

Figure S13: Distributions of the number of planarity descriptor P [ for the P3HT 32mer
inside the atomistic P3HT:DIPBI blend morphologies for three different CG annealing
protocols [1] at 500 K, 700 K and 900 K and in amorphous P3HT for comparison.

10 DIPBI aggregation
In order to analyze the aggregation patterns of DIPBI in the three P3HT:DIPBI morpholo-
gies, we define a geometric center dA for every DIPBI located in between two C atoms
(see green dot and neighbouring C atoms (Fig. S14)) and define a molecular plane, which is
given by four distance vectors R1,R2,R3,R4 and then we determine four associated normal
vector ni.

n1 =
R1 ×R2

R1 ·R2

, n2 =
R2 ×R3

R2 ·R3

, n3 =
R1 ×R4

R1 ·R4

, n4 =
R3 ×R1

R3 ·R1

, (3)
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The normal vector nDIPBI
A is the average of these four normal vectors ni as follows

nDIPBI
A =

∑4
i ni

|
∑4

i ni|
. (4)

A visual definition of the vectors R1,R2,R3,R4 and corresponding normal vector nDIPBI
A is

depicted in Figure S14 for a selected DIPBI (green vector).
We calculate the intermolecular distance dAB = |dB − dA| and the enclosed angle α =

arccos(nDIPBI
A ·nDIPBI

B ) for every adjacent DIPBI molecule B in the vicinity of A (rcut = 15 Å)
in order to characterize the relative orientation of two DIPBI molecules. The density plots
demonstrate the frequency of occurrence of distinct relative DIPBI/DIPBI arrangements
as a function of dAB and α in the simulation box (Fig. S14).

Figure S14: Selected DIPBI and normal vector nDIPBI
A (green vector). The inset show

the chemical structure and the vectors R1,R2,R3,R4 (blue vectors) pointing from the
geometric center (green circle) to carbon atoms in the vicinity in order to define a molecular
plane.

11 Radial distribution function
The radial distribution functions g(r) of the hopping sites centers do not alter significantly,
when comparing three different morphologies at three types of annealing temperatures
500K, 700K and 900K (Fig. S15). The function g(r) takes DIPBI molecules and the P3HT
hopping site centers after the segmentation with θcut

SCCS = 75◦ into account. It reveals a
maximum at 3.65 Å to the nearest hopping neighbours, and higher order local maxima at
5.45 Å, 7.25 Å and 9.00 Å .
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Figure S15: Radial distribution function g(r) of the hopping sites centers for the
P3HT:DIPBI blend after the polymer chain partitioning with θcut

SCCS = 75◦ in three dif-
ferent morphologies and CG annealing protocols at 500 K, 700 K and 900 K.

12 Escape rate
The average escape Marcus rate kesc decays as a function of the thiophene segment length n
(Fig. S16). The average hole escape rate from a DIPBI molecule exceeds the value of P3HT
for hole transfer, which is in line with the expected donor / acceptor character of P3HT
and DIPBI. Note the logarithmic scale and the large standard deviations. The outliers at
n = 14 and 16 are attributed to missing statistics and local energetic disorder.

As the average resting time tr is the inverse of the escape rate kesc, one finds an increasing
resting time for longer thiophene segments.
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Figure S16: Decadic logarithm of the average escape Marcus rate log10 k
esc from hop-

ping sites as a function of the thiophene segment length n of a conjugated segment in the
P3HT:DIPBI morphology. The kesc for hole transfer include intermolecular and intramolec-
ular transitions in P3HT. The average value for DIPBI is shown for comparison.

13 P3HT aggregation
The relative alignment of tiophene units in neighbouring thiophene chains is analyzed in
density plots for the center of mass distances dAB of individual thiophene rings with segment
length n = 1 and as a function of the angle α between the corresponding normal vectors
of the thiophene planes. Figure S17 displays the distributions for three P3HT:DIPBI mor-
phologies with annealing temperatures at 500 K, 700 K and 900 K.

One can find a close parallel alignment of the thiophene units at a minimum distance
about dAB ≈ 4 Å a parallel alignment but a higher frequency of pairs with a α = [40◦, 140◦]
with a non-parallel alignment at dAB ≈ 6 Å. An increase in temperature results in a
smearing of the distributions, as parallel aligned aggregation patterns dissolve.
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Figure S17: Density plots for the relative alignment of tiophene units in neighbouring
thiophene chains as a function of the center of mass distances dAB for individual thiophene
rings with segment length n = 1 and the angle α between the corresponding normal vectors
of the thiphene planes for three P3HT:DIPBI morphologies with annealing temperatures
at 500 K, 700 K and 900 K.

14 Comparison P3MT and P3HT:DIPBI
In the following, we compare distributions for P3HT (Tab. S2,10) and P3HT:DIPBI mor-
phology at 500 K (Tab. S2,15). The distributions contain data for both specimen in the
blend. The Marcus rates for hole transfer are shifted to higher rates in P3HT:DIPBI when
compared to pure P3HT (Fig. S18). The distribution of hopping site distances in pure
P3HT is broader and centered at a higher value compared to the blend material (Fig. S20).
The distributions of the occupation numbers are depicted in Figure S21. The distributions
of local currents yield a tendency of higher currents in then blend P3HT:DIPBI than in
pure P3HT (Fig. S22).
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Figure S18: Distribution of Marcus hole transfer rates as the decadic logarithm log10 k
h in

P3HT and in P3HT:DIPBI morphology at 500 K.

Figure S19: Distribution of intra- and intermolecular Marcus hole transfer rates as the
decadic logarithm log10 k

h in P3HT:DIPBI morphology at 500 K.
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Figure S20: Distribution of hopping site distances dij in P3HT and in P3HT:DIPBI mor-
phology at 500 K.

Figure S21: Distribution of occupation numbers pocc in P3HT and in P3HT:DIPBI mor-
phology at 500 K.
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Figure S22: Distribution of local hole currents log10 I
h based on kMC simulations of hole

transport in P3HT and P3HT:DIPBI morphology at 500 K.

Figure S23: Distribution of the total resistance log10R
tot for hole transport pathways in

P3HT:DIPBI morphology using the Dijkstra algorithm.
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(a) Morphology (b) Acceptor

(c) Donor (d) Nodes

Figure S24: (a) P3HT:DIPBI blend morphology equilibrated at an annealing temperature
500 K. (b) Domains of the acceptor molecule DIPBI. (c) Domains of the donor polymer
P3HT. (d) Distribution of hopping sites.
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Figure S25: Optimized DIPBI structure in the electronic ground state S0 according to
PBE0-D3(BJ)/6-31G*

15 hole mobilities
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Table S3: Comparison of three P3HT:DIPBI morphologies based on different annealing
temperatures 500 K, 700 K, and 900 K. The number of hopping sites and charge trans-
fer (CT) pairs for intermolecular and intramolecular transitions are listed including the 12
nearest neighbours (NN). The P3HT polymer chains are partitioned using θcut

SCCS = 75◦.
Average hopping site distance dAB taking all transitions into account, and an average dis-
tance of the 12th nearest neighbour dNN12 for all sites and around DIPBI molecules dDIPBI

NN12

and P3HT segments dP3HT
NN12 .

morphologies
500 K 700 K 900 K

hopping sites 6515 6575 6457
DIPBI molecules 1248 1248 1248
P3HT segments 5267 5327 5209

total number of CT pairs 47546 47869 47126
DIPBI↔DIPBI 3496 3544 2097
DIPBI↔P3HT 8726 8687 11290
P3HT↔P3HT 35324 35638 33739

P3HT↔P3HT intramolecular 4851 4911 4793
P3HT↔P3HT intermolecular 30473 30727 28946
All intermolecular CT pairs 42695 42958 42333

dAB [Å] 8.42± 3.07 8.38± 3.20 8.51± 3.10

dNN12 [Å] 11.49± 2.11 11.46± 2.43 11.61± 2.01

d
DIPBI
NN12 [Å] 14.21± 1.51 15.10± 1.71 14.19± 1.44

d
P3HT
NN12 [Å] 10.80± 1.57 10.61± 1.57 11.03± 1.60
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