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Abstract

We highlight the influence of processing conditions on polymorphism and structure formation on
the mesoscale for the family of PCPDTBT polymers with branched alkyl side chains. Direct
correlations of morphology to the chemical structure and to transistor device performance are
established. We found that up to four different packing motifs could be realized depending on the
polymer derivative and the processing conditions: amorphous, -stacked, cross-hatched and
dimer-containing polymorphs. While C- and F-PCPDTBT display similar packing behavior
organizing in -stacked and dimer-like structures, Si-PCPDTBT gives rise to cross-hatched
structures upon simple deposition from solution. The observed differences in chain packing for
C-/F-PCPDTBT versus Si-PCPDTBT are related to differences in backbone conformations and
aggregation behavior in solution. The effect of polymorphism on charge transport is probed using
field-effect transistors, in which both -stacked and cross-hatched polymer chain arrangements
yield the highest hole mobilities. Structural and mobility simulations rationalize our experimental
findings by relating mobility to distributions of electronic coupling elements between the chains.

1. Introduction

The study of the morphology of conjugated polymers has been an active area of research for
several decades due to its well-established role in influencing their many opto-electronic
properties such as light absorption and charge transport. Regioregular poly(3-hexylthiophene)
(P3HT), for example, is a semicrystalline polymer, which has been shown to demonstrate various
packing motifs, depending on the deposition conditions, from amorphous to highly ordered
stacked arrangements. P3HT polymer chains crystallize in various orientations with respect to the

substrate, from face-on to edge-on to standing chains.!

2

Pioneering work in this field was done by

Sirringhaus and coworkers,~ who investigated the effect of different P3HT chain orientations on
the transistor properties. In edge-on orientation, the field effect mobility is more than 100 times

higher than for chains in face-on orientation, which is attributed to excellent charge transport along
the chain axis and in the -stacking direction.34 In addition, it was found that solvent vapor

annealing could be used to precisely control the crystallization of P3HT.2 Charge transport in

anisotropic thin films was preferred along the polymer chains over transport in the stacking
direction.8  Another conjugated polymer that has also been given much attention is

poly(9,9-dioctylfluorene) (PFO).7 PFO has two reported polymer conformations: and . The -type
conformation prevails in PFO thin films exposed to vapors of good solvents, e.g., toluene.
Whereas the chain conformation is reported to crystallize in a dimer-containing orthorhombic
structure of high symmetry (Pnb21) and to have a less planar backbone than the

conformation.&9



Over the years a new class of donor-acceptor (D-A) conjugated copolymers has been developed.
In comparison to P3HT and PFO, fewer studies have been performed on the precise packing

motifs of these, more advanced, materials.

D-A copolymers are structurally more complex than homopolymers like P3HT and PFO, since they
consist of electron rich and electron poor -conjugated building blocks. A typical example of a D-A
copolymer is
poly[N,N’-bis(2-octyldodecyl)-1,4,5,8-naphthalene-dicarboximide-2,6-diyl]-alt-5,5’-(2,2’-bithiophe

ne) (P(NDI20OD-T2)). This low bandgap copolymer has demonstrated impressive optoelectronic

properties and has found application in organic field-effect transistors (OFETs)10 and organic

solar cells11

as an n-type semiconductor. Due to the alternating nature of the chemical structure,
new packing motifs in comparison to homopolymers, such as segregated and mixed stacking of
the donor and acceptor blocks are possible. Two polymorphs of the semicrystalline P(NDI2OD-T2)

(known as form | and form IlI) have been induced in thin films by applying different temperature

annealing protocols.lz’13 Another example of a D-A polymer is the p-type semiconductor
poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7(2,1,3-benzothiadi
azole)] (C-PCPDTBT), which consists of alternating cyclopentadithiophene (CPDT, donor) and
benzothiadiazole (BT, acceptor) units (for chemical structure see Scheme 1). C-PCPDTBT was
introduced in 2006 by Brabec and coworkers, in an attempt to reduce the bandgap and thus to

increase efficiency of a bulk heterojunction solar cell. Indeed, promising power conversion

efficiencies (PCEs) up to 3.16% were demonstrated. 14 In the following year, Peet and Bazan
reported that solvent additives instead of thermal annealing, can lead to PCEs up to 5.5% for

C-PCPDTBT:PC,¢1BM blends.12 Further studies indicated that the presence of solvent additive
1,8-diiodooctane (DIO) could improve blend morphology and interchain coupling as a result of

enhanced stacking.16’17 Later, an edge-on orientation of the C-PCPDTBT polymer chains could

be identified using grazing incident X-Ray diffraction techniques (GIXRD) by Nelson,1/

18,19 20

Bazan, and Russell and coworkers.

Considering the promising nature of C-PCPDTBT, structural modifications on the polymer

backbone have also been investigated over the last decade. In 2012, Neher21 and Jen22 both
reported on a fluorinated PCPDTBT derivative by replacing one of the hydrogen atoms on the
benzothiadiazole ring with a fluorine atom, vyielding a regiorandom copolymer:
poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7-(5-fluoro-2,1,3-be



nzothiadiazole)] (F-PCPDTBT). PCEs up to 6.6%23 were reported for F-PCPDTBT:PC-4BM

2 em?Vs in organic field-effect transistors (OFETs).24

blends as well as hole mobilities of 10
Several years earlier, in 2008, Yang had described another low band gap polymer in which the
bridging carbon atom in the cyclopentadithiophene building block was replaced with a silicon

atom: poly[(4,4’-bis(2-ethylhexyl)dithiene-[3,2-b:2’,3’-d]silole)-alt-4,7-(2,1,3-benzothiadiazole)]

(Si—PCPDTBT).25 For the Si containing derivative, PCEs of 5.1% were obtained as well as hole

mobilities up to 102 cm? v'1 sl were measured in OFETs.28 Further investigations of
Si-PCPDTBT were carried out by Neher and coworkers who implemented multiple fullerene

derivatives with Si-PCPDTBT to study the charge transfer state splitting in solar cells. 27

The differences in charge transport and photovoltaic properties of these three structurally similar
low band gap polymers are often rationalized by the strength of their pi-pi stacking interactions.
The arguments and packing motif used to support these claims are analogous to those applied to
the P3HT semicrystalline morphology. For Si- and C-PCPDTBT, an edge-on morphology is
proposed and the relative crystallinity of the two are compared using GIXRD techniques. The

silicon containing derivative is more crystalline than C-PCPDTBT and has displayed stacking

distances as low as 3.48 A versus 3.6-3.8 A for C-PCPDTBT.20:28:29 gch close packing of the
polymer backbone is attributed to the longer Si-C bond versus the C-C bond attaching the
solubilizing branched alkyl chain to the aromatic units for Si- and C-PCPDTBT, respectively. In the
case of F-PCPDTBT versus C-PCPDTBT, -1488172410 the stronger interactions of the

fluorinated derivative were attributed to intra or intermolecular F-F or H-F

interactions.-1488172410 22-1488172410

As a part of our own investigations on the family of PCPDTBT polymers, we have examined the
behavior of C-PCPDTBT in solution30 and the thin film morphology?’l’32 as well as compared the

structure and polymorphism of C- versus F-PCPDTBT.33 In this report we complete the series

with inclusion of the silicon bridged analogue of PCPDTBT which shows yet another polymorph.

In what follows, we describe the processing techniques used to obtain various polymorphs as well
as their characteristic traits, starting with C-PCPDTBT, followed by F-PCPDTBT and finally
Si-PCPDTBT. This includes structural characterization and measurements of charge carrier
mobilities of all polymers in different polymorphs under identical conditions. The experimental
results are supported by theoretical calculations performed for the predicted crystalline packing

motifs. To this end, we use molecular dynamics simulations to simulate atomistic morphologies of

4



large supercells and evaluate charge transfer rates using polarizable force-fields and first
principles methods. Kinetic Monte Carlo (KMC) simulations are then used to solve the Master
equation for charge dynamics. Finally, we evaluate charge mobility from the KMC trajectories.
Simulation results on structures and mobilities are compared to experimental data allowing us to
rationalize the molecular packing and the effect of local and mesoscale ordering on charge carrier

mobility.
2.1 Chemical and physical properties

Scheme 1 shows the chemical structures and molecular weights of three PCPDTBT-based
polymers. The molecular weight measurements were performed using high temperature size
exclusion chromatography against polystyrene standards. All three polymers have low molecular

weights: number average molecular weights (M) amount to 14.7, 6.7, and 11.0 kg/mol for

C-PCPDTBT, F-PCPDTBT, and Si-PCPDTBT, respectively.

C-PCPDTBT: X=C,Y=H
Si-PCPDTBT: X=Si,Y=H
F-PCPDTBT: X=C,Y=F

C-PCPDTBT F-PCPDTBT [Si-PCPDTBT

M,,, (kg/mol) 26.7 10.8 32.3
M,, (kg/mol) 14.7 6.7 11.0
PDI 1.8 1.6 2.9

Scheme 1. Chemical structure and molecular weight of the three PCPDTBT-based polymers described in
this study.

2.2 Morphology and charge transport simulations



We start by rationalizing the differences in hole mobilities exhibited by the three PCPDTBT

derivatives:Si- and F-PCPDTBT have hole mobilities up to 1072 cm2/Vs, whereas the mobility of

-3

C-PCPDTBT is approximately one order of magnitude lower at 10 cm2/Vs (see Table

Sl).22’25’26’28’29’34’35 These transistors were obtained from classical deposition conditions
reported to yield mainly 1r-stacked structures. At this stage it remains unclear whether the change
in the electronic structure, local molecular packing, or mesoscale ordering of chains in the film is

responsible for the change in the hole mobility.

To rule out contributions due to the change in the electronic structure, we first analyze electronic
coupling elements (transfer integrals) between two tetramers (four donor-acceptor pairs) in a
-stacked arrangement. These couplings are plotted as a function of the relative shift between two
backbones in Figure 1. The separation between two chains is fixed to , corresponds to
ageometry of a dimer in a stack morphology with a minimal side-chain overlap, i.e. when the
acceptor (BT) units are on top of each other, while the donor (CPDT) units are spatially separated
due to backbone bending, as shown in Figure 7 (a,b). In this model system, branched ethyl-hexyl

side-chains are replaced with hydrogens in order to reduce computational costs.
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Figure 1. Electronic coupling element between two backbones (tetramers with side chains
substituted by hydrogens) versus the backbone-backbone shift . Backbones are parallel to each
other and constrained to a fixed separation of . Electronic couplings are evaluated using the

projection method36, B3LYP density functional, and 6-31g basis set3’. The monomer length is
similar for all three derivatives and set to 11.8 A.



Evidently, all three polymers have a similar dependence of the electronic coupling on the relative
shift . Si-PCPDTBT has the lowest coupling for this given dimer geometry (see Sl, Section C for
details). This observation is in a clear contradiction to the experimental observations, with
Si-PCPDTBT having the highest OFET mobility. We can therefore conclude that the change in the
electronic structure alone cannot be responsible for the change in charge mobility. Hence, different
polymers havedifferent mesoscale ordering of backbones.

To further assess the influence of chain packing on charge transport, we have performed
molecular dynamics simulations of large supercells of 128 tetramers with ethyl-hexyl side-chains.
The simulation box of 4 lamellae with 32 chains per lamella has been equilibrated at 300 K and
ambient pressure using Berendsen thermostat and barostat [36(?7)]. Typical simulated
morphologies are shown in Figures 3a (unit cell) and 3b (super cell). The corresponding unit cell
parameters are similar for C- and F-PCPDTBT: -stacking distance is and inter-lamellar spacing is
. In case of Si-PCPDTBT the corresponding values are and . We then used 10 snapshots of the
1 ns production run in order to perform averages of the distribution of electronic coupling

elements, site energies, and mobilities.

d36 with diabatic states

Electronic coupling elements were evaluated using the projection metho
constructed from HOMO energy levels of hydrogen-saturated tetramers. With the electronic

couplings at hand we have evaluated intermolecular charge transfer rates using the

high-temperature limit of non-adiabatic charge transfer theory38:

k 2 Jip [ (AUyp — A)?
B = —F/——eXp|—————
Y e T 42kgT

Here A=0.1 eV is the reorganization energy, Jas the electronic coupling, and AUps = Un = Us

the driving force. All these parameters were evaluated using a combination of quantum-chemical

methods and classical polarizable force-fields.39:40

The rates and centers of mass of molecules were used to parameterize the master equation which

was solved using the kinetic Monte Carlo (KMC) algorithm.41 The intermolecular charge-carrier

mobility along the direction of the external field was obtained from the charge trajectory as



(AR - E)
Bh="—=
At |E|?

where AR is the displacement of charge over a simulation time At. The electric field was along the
n-stacking axis. The results of simulations are summarized in Table 1. Since we do not take into
account energetic disorder and defects, such as grain boundaries and amorphous regions, the
calculated mobilities are higher than the experimental ones. The trend is, however, clear: the
carbon-bridged polymer has the lowest and the silicon-based PCPDTBT the highest mobility.
Hence, we can conclude that the local chain packing favors larger hole mobility in Si-PCPDTBT.
This can indeed be confirmed by looking at the distributions of electronic couplings in the
simulated morphologies (see Supporting Information, Figure S4): Si-PCPDTBT has the largest
average coupling. Better registry of backbones in Si-PCPDTBT could be attributed to longer Si-C

bonds and softer attachment of alkyl side chains due to a larger, as compared to carbon, Si

atom.42 Indeed, the side chains of Si-PCPDTBT are on average further away from the backbone,
leading to larger interlamellar separations and, correspondingly, smaller distances. Energetic
disorder in the lamellar arrangements of all three polymers is rather large, in part due to
conformational disorder of side chains. If accounted for, it leads to a three order of magnitude

decrease of mobility (at low charge carrier densities) for all three polymers.

Even though the local ordering already favors transport in Si-PCPDTBT as compared to other
derivatives, the difference in simulated mobilities is still smaller than measured in OFETs. This

indicates that large-scale molecular arrangement further favours transport in Si-PCPDTBT.

Table 1. Summary of transistor characteristics of the -stacked polymers. Simulated mobility (ugjm)

values are given without taking into account energetic disorder (i.e. assuming high charge carrier
densities in OFETs). Averaging is based on 1280 points for each system, the largest error is less
than 10° cm?V.s. With energetic disorder, the simulated zero-field mobility is than 10° cm?/V's .

n-stacked structures Hsim (cmZ/V S)
C-PCPDTBT 7.8x1072
F-PCPDTBT 10.5x1072
Si-PCPDTBT 18.6 x1072




2.3 Aggregation in solution

As start of our experimental investigations, we first compare the aggregation behavior of all
PCPDTBT derivatives using temperature dependent UV-vis absorption spectroscopy (Figure 2).
Through the appropriate choice of solvent and a wide temperature window, one can in an ideal
case, observe a transition from the fully dissolved (high temperature) to the highly aggregated
state (low temperature). Before going into detail about the absorption spectra of each polymer, it
should also be noted that for all PCPDTBT polymers, the high energy band seen at around 400 nm
and the low energy band at about 700 nm are assigned to a and charge transfer transition,

respectively.30 Figure 2a displays the measured absorption profiles for C-PCPDTBT in CB from
-15 (blue) to 100°C (red). From high temperature down to room temperature, the maximum
absorption wavelength was found to be at 710 nm and the spectral shape can be described as
rather broad with a slight shoulder at high energy (~ 660 nm). Cooling towards -15°C (spectrum
shown in blue), a 15 nm red-shift of the absorption maximum up to 725 nm is observed. In a recent
publication we have described the aggregation behavior of C-PCPDTBT in
2-methyltetrahydrofuran (m-THF) between -93°C and 67°C using absorption and
photoluminescence spectroscopy. These experiments in combination with an evaluation via

Franck Condon analysis revealed an isosbestic point and thus two polymer conformations: a

disordered random coil and an aggregated conformer with planarized chains.30 At low
temperature it was deviated that the aggregated phase of C-PCPDTBT consisted of long-range
stacked polymer chains. Both in m-THF and in THF PCPDTBT is slightly more aggregated at room
temperature, Figure S1.

For the F-PCPDTBT polymer, the temperature dependent absorption spectra are displayed in
Figure 2b. The spectrum measured at 100°C shows a maximum absorption at 690 nm, with a hint
of a shoulder at 660 nm. At room temperature, the maximum is shifted to 710 nm. Upon further

cooling to -15°C, is at 720 nm and a shoulder at 780 nm becomes clearly visible.

Si-PCPDTBT displays analogous trends in its absorption behavior as the other two polymers, but
with much stronger aggregation tendency. At 100°C (Figure 2c, red spectrum), the maximum
absorption is at 655 nm, whereas at 20°C and lower temperatures two distinct maxima at 655 and

750 nm become visible.
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Figure 2. Temperature dependent absorption spectra of polymer solutions in CB (1 mg/mL) a)
C-PCPDTBT, b) F-PCPDTBT, and c) Si-PCPDTBT, measured in the temperature range between
100°C (red) and -15°C (blue) with 10°C temperature steps shown in grey. Spectra measured at RT
shown as dashed line. d) Change in intensity of the shoulder at long wavelengths (750-800 nm) as a
function of temperature for the three PCPDTBT polymers.

In Figure 2d, the decay of the aggregated species in solution is depicted by plotting the absorption
intensity evolution of the low energy peak (750-800 nm) as a function of temperature for all three
polymers. For C-PCPDTBT, no clear shoulder can be observed indicating that very little
aggregation occurs in chlorobenzene solution (refer to Figure 2a). For F-PCPDTBT, the shoulder
at 780 nm is less intense than for Si-PCPDTBT and decreases steadily in intensity from -15°C to
40°C. The silicon containing polymer however displays a shoulder at 750 nm over the entire
temperature range. The results clearly indicate the tendency to undergo aggregation increases in
the series: C-PCPDTBT, F-PCPDTBT, Si-PCPDTBT. Depending on the solvent in which the
polymer is dissolved, the aggregates can be present in solution at room temperature, for example
like the case of Si-PCPDTBT in CB or C-PCPDTBT in THF (refer to Figure S1) but not for
C-PCPDTBT in CB (see Figure 2). Additionally, we further observed a significant decrease in
polymer solubility from C-PCPDTBT to F-PCPDTBT to Si-PCPDTBT. We note that materials with
low solubility can in extreme cases, limit the processing and characterization techniques that can
be applied to study such conjugated polymer systems. Later during the spincoating process
aggregation in solution becomes important because it influences structure formation if

pre-aggregated species are deposited or forming during the drying process.
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2.4 C- and F-PCPDTBT

The film morphology of a conjugated polymer is influenced by a variety of factors such as chain
rigidity, molecular weight, length and density of alkyl side chains, solubility, aggregation and
crystallinity, etc. It has been found that subtle changes in chemical structure, e.g. the inclusion of a
fluorine atom on a benzothiadiazole unit (as is the case for F-PCPDTBT versus C-PCPDTBT) or

variations of the solubilizing side chains can result in significant changes in polymer

properties.21'22’34 The protocol and the solvent used to fabricate the thin films plays an equally

important role in determining the final morphology, as shown for example in depth for P3HT as

model system.l’48 Finally, after film formation, further modification of the morphology can be
achieved by thermal or solvent annealing. In the upcoming section it will be shown how chemical
structure, deposition technique, and post-deposition treatment influence polymer film morphology
for C- and F-PCPDTBT.

To date, the PCPDTBT polymers have been shown to demonstrate up to three different

morphologies: amorphous, -stacked and the more recently reported ‘dimer’ structure.32:33 The

latter two packing motifs are depicted in Figure 3 as a point of reference for the reader. Figures 3a
and 3b depict the polymer chain arrangement of the -stacked polymorph after equilibration using
molecular dynamic simulations. The long range -stacked structure of C-PCPDTBT (and its
Si-analogue) has been proposed based on the results of GIXRD experiments. It is noteworthy to

mention that such -stacked structures typically display an edge-on orientation.20:28

In addition, both F- and C-PCPDTBT form a semicrystalline arrangement whose crystal structure

has been assigned to the Pccn space group which is very similar to that which has been reported

for a-PFO (Pnb21).33 The orthorhombic unit cell contains 4 polymer chains grouped into pairs
(dimers, Figure 3c and 3d). CPDT and BT units are stacked in a segregated manner in the dimers,
forming stacked PCPDTBT polymer chains. The alkyl side chains are surrounding the two planar
backbones, and insulate the individual dimer units from one another. An important finding that has
emerged during the investigations of the dimer crystal structure is that it is thermodynamically

more stable than the -stacked polymorph.?’3

11
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Figure 3. Unit cells illustrating polymorphs of PCPDTBT polymers: (a) -stacked unit cell and (b) supercell,
equilibrated using molecular dynamics. Dimer-containing unit cell of F-PCPDTBT: (c) proposed crystal

structure from experimental studies,33 (d), (e), and (f) after equilibration using molecular dynamics
simulations. The final unit cell dimensions are given in Table 2. The -stacked polymorph has been observed

for all C-, Si-, and F-PCPDTBTs, whereas the dimer-like structure for F-PCPDTBT33 and
C-PCPDTBT.32:33

The proposed dimer-like polymer arrangement for C-PCPDTBT and F-PCPDTBT is examined in

more detail in References 3233, Figure 3c exemplarily shows the projection of the crystal
structure of F-PCPDTBT in the plane. It has to be noted that the stacking distance between two
chains within a dimer was estimated to be between , no long range stacking is possible in these
structures. In order to validate the experimentally predicted unit cell of a dimer structure, we have
additionally performed molecular dynamics simulations with this molecular arrangement.
Supercells (unit cells, with four tetramers in each unit cell) were constructed from the proposed
unit cells and equilibrated at 300 K and ambient pressure for 1 ns. All supercells were stable
during the entire equilibration run. As an example, the final unit cell and super cell for F-PCPDTBT
are shown in Figure 3d, 3e, and 3f. The unit cell dimensions, summarized in Table 2, are in good
agreement with experiment. Note that even though our simulations support experimental findings

only indirectly (since free energy calculations of large supercells are computationally prohibitive),

12



a combination of molecular dynamics simulations and TEM/ED allows the identification of detailed

molecular arrangements in unit cells, accounting for the excluded volume of branched side chains.

Table 2. Unit cell sizes for dimer-containing polymer morphologies obtained from molecular
dynamics simulations.

(along the backbone, nm) (nm) (nm)
C-PCPDTBT (simulated) 2.46 2.08 1.25
C-PCPDTBT (experiment33) 23 1.93 1.24
F-PCPDTBT (simulated) 2.40 2.20 1.17
F-PCPDTBT (experiment33) 2.32 2.06 1.10

2.4.1 Preparation Conditions - Structural Analysis

Next we present the preparation techniques which can be used to obtain the various polymer
morphologies as well as their characteristic traits. The thin film morphology of C-PCPDTBT

spincoated from two different solvents: CHCl3 and CB/DIO are shown using atomic force

microscopy (AFM) height images in Figure 4a and 4b, respectively. The sample deposited using

chloroform displays no characteristic features in the AFM images, 4a, and the corresponding

absorption profile is broad and featureless, see Figure 4d.31 These results as well as the rather
fuzzy and weak -stacking reflection in the ED pattern (Fig. S5e) led us to the conclusion that the
sample spincoated from chloroform is rather amorphous in nature. In contrast, films deposited

15 and

from high boiling point mixture of CB and DIO yielded excellent solar cell performance
polymer chains have extended stacking interactions as suggested from a rather sharp and

intense Scherrer ring at 3.75A in the ED pattern (see Figure S6).

Such —stacked aggregates have also been observed for P3HT, and for C-PCPDTBT consist of an

edge-on orientation with respect to the substrate.20:28 The AFM height image shown below
reveals round aggregates on the film surface, approximately 40 nm in diameter, 4b. A distinct
shoulder at 800 nm can be seen in the absorption spectrum of the thin film spincoated from
CB/DIO (Figure 4d). In analogy to the peak assignment performed in temperature dependent

30

absorption spectroscopy experiments,”* in the thin films spincoated from CB/DIO, we also assign

13



the presence of the shoulder at long wavelength, to ordered, -stacked, C-PCPDTBT polymer

chains.

DIO as well as other high boiling point solvents (e.g. 1-CN) are needed for C-PCPDTBT to force
the polymers in the long-range pi-stacked structure; pre-aggregation in solution seems to play a

major role in this context.
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Figure 4. AFM height images (1x1 um) of C-PCPDTBT: a) spincoated from CHCI3 yielding a mainly

amorphous film, b) spincoated from CB/DIO yielding the pi-stacked structure, and c¢) spincoated
from CHCl3, and exposed to CS, vapor afterwards yielding the dimer crystal structure. (d)

Absorption spectra of thin films: spincoated from CHCI3: blue, spincoated from CB/DIO: black, and
after exposure to CS, vapor: red. For further morphological data on C-PCPDTBT we refer to Figures
S5-7.

To access the dimer crystal structure we found that melt crystallization on PTFE films and solvent

vapor annealing of spincoated films can be used.32:33 (compare Figure S7). Using the latter
approach with carbon disulfide as solvent vapor homogeneous films are accessible, Figure 4c.
Fiber-like structures with a diameter of 40 nm can be seen on the surface in the AFM height image.
The absorption spectra of the solvent annealed film shows a blue-shift of the maximum of about 40

nm compared to the film spincoated from CB/DIO and a pronounced shoulder at 650 nm. Using
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TEM/ED (Figure 7e + h) and GIWAXS measurements (Figure S7f), the film exposed to solvent
vapor was confirmed to adopt the dimer structure (Figure 3c-f). Figure S7h shows the
characteristic traits in the ED pattern for C-PCPDTBT in the dimer arrangement with 1 1 0 and 0 0

4 reflections, displayed at 10.5 and 5.9 A, respectively.33’49

Overall, three different polymer morphologies were obtained for the C-PCPDTBT derivatives:

amorphous, -stacked and dimer crystal structure.

A similar approach to that used for C-PCPDTBT was applied to samples consisting of

F-PCPDTBT. Interestingly no amorphous films were accessible by solution-deposition.
Spincoating from a solvent with a high boiling point such as chlorobenzene led to rod-like
structures (diameter = 30 nm) in the AFM height image shown in Figure 5a. TEM also revealed
rod-like structures whereas the ED pattern shows an intense pi-stacking ring at 3.7 A and a weak
ring with a 11.0A interlayer spacing (see Figure S8). These reflections point indeed ata -stacked
structure with a dominant population of edge-on oriented crystals.
The corresponding absorption profile of the same thin film shows a band centered around 750 nm
with an intense shoulder at 790 nm (Figure 5e). The shoulder observed at 790 nm is assigned to
aggregates in the thin film that are of the same nature as those seen in the CB solution at -15°C
(Figure 2b) which consist of long-range -stacked polymer chains. For the carbon bridged analogue
of PCPDTBT, additives with high boiling points such as diiodooctane (b.p. 365°C) were needed to
induce the stacking, however for F-PCPDTBT, chlorobenzene (b.p. 132°C) was sufficient since it
has a higher tendency to aggregate in solution than C-PCPDTBT.

Again solvent vapor annealing had been shown to lead to the dimer crystal structure, with the only

problem that no continuous films could be obtained.33 High temperature mechanical rubbing
proved to be a good alternative in this polymer, Figure 5. The existence of the dimer crystal

structure is highlighted by the characteristic reflections at 10.5 A and 5.8 A in the ED pattern in

Figure 5b.33 Bright field TEM images as well as AFM images of such films were recorded and can
be seen in Figure 5c and 5d, respectively. In both the TEM and AFM images, lamellae
perpendicular to the rubbing direction can be seen, consistent with polymer chain alignment. The
semicrystalline nature of F-PCPDTBT is evidenced in the TEM image which shows alternating
light and dark regions, corresponding to amorphous and crystalline domains within the polymer
film. Polarized optical absorption spectroscopy was employed to assess the degree of alignment
after HT rubbing. Through comparison of the ratio of intensities at the wavelength of maximum

absorption, a moderate dichroic ratio of 2.3 was obtained, Figure S2a. Not surprisingly, it was also
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found that the absorption spectrum of the rubbed film is blue shifted compared to the thin film
spincoated from chlorobenzene (see Figure 5e), and a new absorption maximum at 695 nm is
observed. Accordingly for F-PCPDTBT, only two polymorphs were obtained: -stacked and dimer.
We attribute the absence of the amorphous phase to the higher tendency of F-PCPDTBT to
aggregate versus C-PCPDTBT as demonstrated in Figure 2.

F-PCPDTBT
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Figure 5. AFM height image of F-PCPDTBT spincoated from CB (a) exhibiting a -stacked
morphology. ED pattern (b), HR-TEM image (c), and AFM phase image (d) of a thin film of
F-PCPDTBT after HT rubbing at 240°C. White arrow indicates the rubbing direction. e)
Corresponding absorption spectra of the -stacked and dimer-containing structures, black and red
lines, respectively. For further morphological data on F-PCPDTBT we refer to Figures S8 + 9.

2.4.2 Charge Transport Measurements
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The hole mobilities of the different polymorphs of C- and F-PCPDTBT were evaluated using
field-effect transistors in a top-gate bottom-contact geometry. This device architecture was
employed since the same polymer interface investigated in AFM is probed during transistor
operation. The resulting output and transfer curves can be found in the supporting information
(Figures S12 + S13). For C-PCPDTBT we found the following values: the -stacked morphology
(prepared from CB/DIO, Figure 4a) gave values around .... with a highest mobility of .... . Films

containing the dimer crystal structure (prepared via SVA-CS,, Figure 4b) gave average values of
around .... The amorphous films (prepared from CHClg, Figure 4c), gave average values of ... The

dimer morphology and the amorphous film of C-PCPDTBT yield hole mobility values almost one
order of magnitude lower than the samples with long-range stacking. This result indicates that
these structures are not well suited for effective transport in FETs. In the case of the dimer
structure this is likely due to the large distance between dimer units as a result of the insulating
alkyl chains. Although the dimer structure of the PCPDTBT chains is highly crystalline, transport
can really only occur along the polymer chains.

In the case of F-PCPDTBT we compared -stacked (prepared from CB, Figure 5a) vs. dimer
(prepared via HT-rubbing, Figure 5b-d) and found very similar charge carrier mobilities in the order

of 2x10™4 cm?/Vs. In the literature charge carrier mobilities of F-PCPDTBT have been reported to

be between 1x10™3  and 1.4x1072 cm2/Vs,21’22 which is one to two orders of magnitude higher
than the values we measured. We attribute this discrepancy to the low molecular weight of our
polymer batch, as molecular weight has frequently been shown to be an important factor in

determining charge carrier mobilities of conjugated polymers.5o'51

The transistor characteristics of the HT rubbed film were obtained by rubbing in the direction
parallel to the transport direction between source and drain contacts. We also performed the same
rubbing experiments perpendicular to the transport direction (see Table S2 in the supporting

"5 cm2/Vs. The observation of anisotropic transport in

information), which gives a mobility of 6x10
these dimer structures indicates that charges are transported more efficiently along the
conjugated backbones. Intermolecular transport occurs either via a superexchange mechanism,
via tunneling over side chains, or through numerous structural defects, since these structures do
not provide a direct electronic overlap between molecules. This charge transport anisotropy is in

accordance to findings on P3HT and other D-A copolymers.6'12’48

Overall we conclude that stacking of the PCPDTBT chains best supports charge transport in
OFETs for C- and F-PCPDTBT.
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2.5 Si-PCPDTBT - Structural Analysis & Charge Transport

The last polymer in the series is the silicon-bridged cyclopentadithiophene analogue of PCPDTBT.
It is also the least soluble material in the series and due to its very high tendency to aggregate in
solution, it was not possible to make homogeneous thin films using standard spincoating
conditions. We found that films of sufficient quality could be obtained by spincoating from hot
solutions of chlorobenzene (80°C). The AFM phase image of the resulting film is displayed in
Figure 6a and reveals round aggregates approximately 30 nm in diameter. Surprisingly, the
HR-TEM image in Figure 6b evidences the formation of cross-hatched structures. Cross-hatched
structures have been demonstrated for polypropylenes and poly(paraphenylene

benzobisoxazole),52 but were only recently reported for Si-PCPDTBT by Takacs and coworkers in

very thin films.23 The cross-hatched structures consist of alternating layers of polymer chains in
which the angle between two chains from adjacent layers was found to be 53.6 1.3°. This angle
of 53.6° can be seen in the FFT pattern shown in the upper right hand corner in Figure 6b which
reveals two clear sets of reflections 53.6° from one another. Incidentally, the same cross-hatched
domains were also observed when aggregates of Si-PCPDTBT formed in solution were cast on a
carbon-coated TEM grid, indicating that such aggregates are formed in solution and not upon
drying during spincoating (see supplementary information Figure S11g+h). The periodicity

between successive chains in a layer was 17.4 A, in agreement with earlier findings.53 The
absorption spectrum of the spincoated thin film displays a maximum intensity at 765 nm (Figure
6d), this low energy peak is attributed to arise from absorption from the aggregated species in the

polymer film. We refer to the aggregation in chlorobenzene solution in Figure 2c.

High-temperature rubbing experiments were conducted at 230°C in order to align the chains. A
representative HR-TEM image is shown in Figure 6e. As seen in Figure 6f, the ED pattern of the
rubbed films shows a strong 0 0 4 reflection at 5.7 A along the rubbing direction, indicating high
alignment of the chains (consistent with the chain periodicity along the backbone direction). Along
the equator, the ED pattern shows a strong reflection at 17.4 A. Moreover, HR TEM shows clearly
a fringed pattern with the same 17.4 A period. Despite the same inter-chain period of 17.4 A, the
rubbed films did not give any evidence for cross-hatched structures as observed in the spincoated
films. The contrast in this pattern arises from the density contrast between layers of BE-stacked
Si-PCPDTBT backbones and layers of alkyl side chains. Si-PCPDTBT chains are well @-stacked
and form aligned crystals in face-on orientation in the rubbed films. Interestingly the Si-PCPDTBT

do not show a periodic semicrystalline morphology as was found for the rubbed F-PCPDTBT
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samples (compare Figure 5c+d). Si-PCPDTBT spincoated and drop-cast films consist rather of
flake-like or whisker-like domains (see AFM image Figure 6a and Bright Field TEM image in
Figure S11d+g). The absorption spectra are similar for the pi-stacked and the cross-hatched
structures, compare Figure 6d.

The rubbed films were further exposed to post-annealing treatment close to the polymer melting
point. ED indicates that thermal annealing of the rubbed films at T = 280°C results in a change of
the crystal orientation from face-on to edge-on with the appearance of the characteristic 3.5 A
m-stacking peak and the fading of the 1 0 O reflection at 17.4 A (Figure S10i). Therefore, ED does
not evidence a change in the polymorphism of Si-PCPDTBT upon thermal annealing but only a
reorientation of the crystals. In other words, the B-stacked structure in Si-PCPDTBT is
thermodynamically stable up to high temperatures close to the polymer melting and does not
transform to a dimer-like structure. Linear polarized optical absorption spectroscopy plotted in
Figure S2b yielded a moderate dichroic ratio of 2.1, indicating that polymer chain alignment was to

some extent successful after rubbing. As a point of reference, using the same rubbing technique

on P3HT films, dichroic ratios up to 25 have been observed.48 The absorption profile of the thin
film after rubbing is plotted in Figure 6d and has a A, at 765 nm, as well as a shoulder around

700 nm. Overall the absorption profile of the face-on, -stacked arrangement is similar to the

cross-hatched morphology.
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Figure 6. a) AFM phase image of Si-PCPDTBT spincoated from CB at 80°C. b) HR-TEM image and c)
corresponding ED pattern of spincoated sample. d) Absorption profile of spin coated (orange) and
rubbed film (black), respectively. e) HR-TEM image after HT rubbing at 230°C. f) ED pattern of
Si-PCPDTBT after HT rubbing at 230°C. For further morphological data on Si-PCPDTBT we refer to
Figures S10 + 11.

For the silicon containing analogue, the hole mobility of the predominately cross-hatched oriented
morphology (spincoated sample) is compared to that of the mostly face-on oriented pi-stacked
chains (HT-rubbing). In both cases, all transistor characteristics were very similar and mobility

"2 cm?2/Vs were eqgual within the error of the measurement. Although

values between 1 and 2 x10
additional thermal annealing at 280°C of the mechanically rubbed film led to a clear enhancement

of the intensity of the ED reflections, no measurable effect could be seen on the hole mobilities.
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Overall, these findings indicate that there is little effect of the two different packing motifs on the
charge transport in FETSs for Si-PCPDTBT.

2.6 Discussion

Depending on the processing conditions we can access three different polymorphs in the

PCPDTBT family. Figure 7 ¢, d and e show supercells of the three packing motifs for illustration.

In the case of C-PCPDTBT it is possible to access both an amorphous and stacked film
morphology by varying the deposition solvent, whereas for the other two polymers, F-PCPDTBT
and Si-PCPDTBT, we could not find the appropriate conditions to make amorphous films. We
believe this is due to increased tendency for the polymers to aggregate within the series:
C-PCPDTBT, F-PCPDTBT, and Si-PCPDTBT. In fact, the backbone stiffness, evaluated from the
scans of the dihedral potentials between the donor and acceptor units of the backbone (Figure
S3), was found to be similar for all three polymers, indicating that solvent-polymer interactions play

a dominant role in determining polymer film properties.

For all 3 polymers we could access -stacked morphologies. In the case of C-PCPDTBT
the addition of diiodooctane to the processing solvent was required, while F-PCPDTBT formed
pi-stacked structures upon deposition from CB. Both polymers form edge-on textures on
substrates. For Si-PCPDTBT we found -stacked structures upon high temperature rubbing.
While mostly face-on textures were observed directly after HT rubbing, additional annealing at
280°C lead to mostly edge-on domains. The -stacking distance decreases from 3.75 A, to 3.7 A
to 3.5 A for C-PCPDTBT, F-PCPDTBT and Si-PCPDTBT. The interlayer spacings are around 17 A
for Si-PCPDTBT and around 11 A for C- and F-PCPDTBT.

The dimer-like packing motif was exclusively found for F- and C-PCPDTBT. It can be
accessed by applying technigues such as high temperature mechanical rubbing,
melt-crystallization on friction-transferred PTFE substrates or solvent vapor annealing. The data
suggest that this crystal structure is the most thermodynamically stable polymorph for these two

polymers.

The silicon containing polymer shows no evidence of dimer-like packing. Even
temperature annealing after high temperature rubbing did not lead to the dimer-structures. On the
other hand, cross-hatched structures are observed exclusively for Si-PCPDTBT. An interlayer

spacing of 17 A was found in our samples, which is similar to the pi-stacked structures.
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From the standpoint of charge transport, OFET measurements show that the highest charge
mobilities are observed for Si-PCPDTBT films with a cross-hatched morphology as compared to the
p-stacked and dimer-structures observed for C-PCPDTBT and F-PCPDTBT. Simulations of charge
mobilities showed that local ordering tends to favor transport in Si-PCPDTBT as compared to
other derivatives. However, the difference in simulated mobilities is smaller than that measured in
OFETs, suggesting that large-scale structural and morphological aspects must be considered. In
particular, the difference in polymorphism between the analogues must have some impact on
charge transport. Our findings open the question on the origin of the polymorphism in this
homologous serie of polymers and how this polymorphism affects charge transport. From a
molecular point of view, Si-PCPDTBT is clearly distinct from the other two polymers regarding the
backbone conformation. Indeed, as seen in Figure 7a and b, the backbone conformations of both
classes of polymers are clearly distinct regarding the angle phi between the
cyclopentadithiophene and the benzodithiazole units. It is equal to 11° for C-PCPDTBT and
F-PCPDTBT versus 19° for Si-PCPDTBT. Such a difference in phi must impact the packing of the
chains and in particular the pi-stacking since the bulky di-ethylhexyl side chains must be
accommodated on either side of the layers of that pi-stacked backbones. The higher value of phi
for Si-PCPDTBT should translate into a larger layer period as compared to the other analogues.
This is indeed observed experimentally: only for Si-PCPDTBT is a large inter-layer period of 17 A
observed versus 11 A for the other analogues. Moreover, the large enables a new packing of
chains into layers in which the directions of the chains make a regular angle in Si-PCPDTBT.
Apparently no such cross-hatched chain packing is possible for C-PCPDTBT or F-PCPDTBT
because of the smaller value of . Takacs and coworkers suggested that the cross-hatched patterns
are due to layers of chains with two in-plane directions making a relative angle of 53° as shown in
Figure x. It has been proposed that such cross-hatched domains help interconnect nanocrystals
with different in-plane orientations and thus help create quasi-three dimensional transport
pathways (2 directions in-plane plus n-stacking perpendicular to the substrate plane). (refs) The
situation is different for both the classical pi-stacked and the dimer polymorphs observed for
C-PCPDTBT and F-PCPDTBT. For these systems, charge transport should be essentially 2D in
the n-stacked crystals and even 1D in the dimer-structure. Macroscopic charge transport in
C-PCPDTBT and F-PCPDTBT will imply charges to transit between ordered domains but without
the highly interconnected domains found for Si-PCPDTBT. Accordingly, the comparison of charge
transport in the analogous serie of PCPDTBTSs highlights the essential role of polymorphism that is

controlled by a molecular parameter i.e. the Phi angle in the conjugated backbone conformation.
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Such cross-hatched chain arrangements give rise to 2D charge transport along the two
chain directions in the substrate plane. Instead, in a simple -stacked layer in the
edge-oirentation, the transport takes place only along the -stacking direction. Accordingly, the
dimensionality of charge transport might be strongly influenced by the possibility to build up

cross-hatched chain lattices, e.g. by controling the angle in the backbone conformation.

In other words, this is one of the first examples that illustrates how a change in the backbone
conformation of a homologous series of polymers results in different packing motives of the chains
in a crystal. Moreover, these correlations between backbone structure and packing is observed to

coincide correlates with differences in hole mobilities.

Figure 7. Optimized geometries of one repeat unit for C-PCPDTBT (a) and Si-PCPDTBT (b) highlighting the
effect of substituting the bridged carbon atom in the cyclopentadithiophene with silicon. Supercells of the
three different packing motifs: dimer (c), -stacked (d) and cross-hatched (e). The cross-hatched morphology
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was obtained by equilibrating (molecular dynamics, 300 K, NPT ensemble) a supercell™ of decamers.

3 Conclusion
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PCPDTBT-based low bandgap polymers showed the formation of aggregates both in solution and
when deposited as thin films. Amorphous, -stacked, cross-hatched, or dimer polymorphs can be
obtained by adjusting the processing conditions (nature of solvent, temperature, rubbing, etc).
Both experimentally measured and computer simulated hole mobilities confirmed that the
stacked Si-PCPDTBT derivative has the highest mobilities in the series. Simulations showed that
going from the carbon to the fluorine to the silicon derivative, the local charge mobility of the
stacked systems increased. This increase is due to a better registry of the polymer chain
backbones and more optimized packing of side chains, which leads to larger effective electronic
coupling elements. The dimer-based and the amorphous thin films demonstrated lower mobility
values than the -stacked and cross-hatched structures. For the dimer containing morphology, it
seems likely that the transport is limited to one direction (along the polymer chain) as the bulky
alkyl side chains create a large gap between dimer units. On the whole, small changes in the
polymer structure drastically modified aggregation and solubility behavior, thereby strongly
influencing the extent of morphology tunability. C-PCPDTBT was the most versatile in the series,
next came F-PCPDTBT and finally Si-PCPDTBT. The observed differences in chain packing i.e.
dimer-like versus cross-hatched are related, at least in part, to the differences in backbone

conformations.
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Experimental Section

Materials.
Poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7-(2,1,3-benzothiadi
azole)] (PCPDTBT) was purchased from 1-Material.

Poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b'ldithiophene)-alt-4,7-(5-fluoro-2,1,3-be
nzothiadiazole)] (F-PCPDTBT) was synthesized by the group of S. Janietz at the Fraunhofer
Institut far Angewandte Polymerforschung in Potsdam.
Poly[(4,4’-bis(2-ethylhexyl)dithiene-[3,2-b:2’,3’-d]silole)-alt-4,7-(2,1,3-benzothiadiazole)]

(Si-PCPDTBT) was bought from Konarka. All solvents (chlorobenzene, THF, CHClIj,

1,8-diiodooctane, butyl acetate) were purchased from Sigma-Aldrich (p.a. grade). Molecular
weights were determined by high temperature gel permeation chromatography in
trichlorobenzene at 160°C versus polystyrene standards. Absorption solution spectra were
measured with a Zeiss spectrometer (light source: CLH600, detector: MCS621 VIS Il and MCS611
NIR 2,2 um) in transmission mode using fiber optics.

Film processing. As substrates 1x1 cm2? microscope slides (for UV-vis absorption), pure
Si-wafers (for AFM), and Si-wafers with a 300 nm SiOx layer (for TEM) were employed and

cleaned with a Co, snow jet followed by exposure to oxygen plasma (Diener Femto 100 W) for at

least 600 s. Both, solution and film preparation was done under nitrogen atmosphere. The
solvent-additive processed films were prepared from 3 mg/mL CB solutions in the presence of
2 wt% DIO, spincoating was performed at 1500 rpm for 300 seconds. The initial films for

solvent vapor annealing were prepared from 3 mg/mL CHCI3 solutions. The films were prepared

by spincoating at 1500 rpm for 30 s within 24 h after preparation of the solutions. For solvent

vapor annealing CHCI3 precast films were exposed to controlled CS, vapor as previously

described.32 The films were swollen to a solution like state at a vapor pressure of 92%;
recrystallization was induced by decreasing the vapor pressure first to 88 % and then to 85 %
within 10 minutes. The temperature of the vapor was set to 22°C and the sample temperature to
20°C. The F-PCPDTBT thin films were deposited from CB solution (3 mg/mL) and the
Si-PCPDTBT films were also made from 3 mg/mL solutions deposited at 80°C. High-temperature

rubbing of the F-PCPDTBT thin films was performed following a procedure described in the

literature.33 The rubbing was performed at 240°C by applying a rotating cylinder equipped with a

fiber cloth with a pressure of 2 bar on the sample holder.
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Film characterization. Oriented areas were identified for transmission electron microscopy
(TEM) analysis by optical microscopy (Leica DMR-X microscope). The polymer films were coated
with a thin amorphous carbon film and removed from the glass substrates by floating on a diluted
aqueous HF solution (5 wt %) and subsequently recovered on TEM copper grids. Aggregates
present in solution were studied by drop-casting CB solutions on TEM copper grids. TEM was
performed in bright field, high-resolution and diffraction modes using a CM12 Philips microscope
equipped with a MVIII (Soft Imaging System) charge coupled device camera. Calibration of the
reticular distances in the ED patterns was made with an oriented PTFE film. UV-vis-NIR
spectroscopy was performed with a Zeiss spectrometer (light source: CLH600, detector: MCS621
VIS I and MCS611 NIR 2,2 um) in transmission mode using fiber optics. AFM was performed on

a Dimension Icon AFM from Bruker operating in tapping mode.

Organic field-effect transistors. Charge transport was probed in organic field-effect transistors
in a top-gate bottom-contact geometry in a nitrogen atmosphere. Gold source and drain
electrodes of 30 nm thickness with a 5 nm thick chromium adhesion layer were evaporated using
a shadow mask on glass substrates defining transistor channels with a channel length (L) of
100-250 pm and channel width (W) of 1 mm. The transistor substrates were cleaned by
successive ultrasonication in acetone and isopropanol each for 10 min, rinsing in isopropanol and
drying in a nitrogen stream. The polymer solution was prepared in the glove box by stirring at
elevated temperature for at least 4h to allow complete dissolution of the polymer.
Polymethylmethacrylate (PMMA) layers (500 nm) (EG-PMMA, Mn = 300 kDa, purchased from
Polymer Source Inc.) served as dielectric and were spincoated from n-butyl acetate (60 mg/mL)
followed by annealing at 80°C for 30 min. In a last step, aluminum (30 nm) was evaporated
through a shadow mask and used as gate electrode. Transistor testing was performed with a
SUSS Microtech setup connected to a Keithley 2636 Source meter under inert atmosphere. The

charge carrier mobilities were extracted from the saturation regime at -60 V using , where Ig the
source-drain current, C; is the capacitance per unit area and V is the gate voltage. Transfer

curves were averaged over all channels lengths (50, 100, 150, 200 um) for 12-16 devices.

Simulation methods. In this paper, MD simulations of C-/F- and Si-PCPDTBT morphologies were

performed using the GROMACS simulation package54 (v 4.6.7). Charge transfer integrals, site
energies and mobilities were evaluated using a combination of the Gaussian G09 simulation

package55 and the VOTCA-CTP module3°.
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