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The nature of interchain 7t-system contacts, and their relationship to hole transport, are
elucidated for the high-mobility, noncrystalline conjugated polymer C16-IDTBT by
the application of scanning tunneling microscopy, molecular dynamics, and quantum
chemical calculations. The microstructure is shown to favor an unusual packing motif in
which paired chains cross-over one another at near-perpendicular angles. By linking to
mesoscale microstructural features, revealed by coarse-grained molecular dynamics and
previous studies, and performing simulations of charge transport, it is demonstrated that
the high mobility of C16-IDTBT can be explained by the promotion of a highly inter-
connected transport network, stemming from the adoption of perpendicular contacts at
the nanoscale, in combination with fast intrachain transport.

organic electronics | conjugated polymers | microstructure | charge transport

Conjugated polymers (CPs) can offer intrinsic advantages of synthetic tunability, flexibility,
and low-cost fabrication to semiconductor devices. A material that has attracted significant
interest due to its ability to reach experimental hole mobilities as high as 3.6 cm”> V' 5™ in
field-effect transistor (FET) devices, despite lacking signs of long-range structural order, is
the donor-acceptor polymer C16-IDTBT (1-3) (indacenodithiophene-co-benzothiadiazole).
The chemical structure of C16-IDTBT is shown in Fig. 1A. Near-amorphous polymers,
such as C16-IDTBT, have been highlighted as particularly suitable for wearable electronics
applications due to the resilience of their electronic properties to degradation under mechan-
ical strain (4-8). However, increased charge mobilities are required to achieve improvements
in device performance.

Electronic transport in CPs occurs via two pathways: intrachain motion along chain
backbones, and interchain transfer at locations of backbone contact. Solid-state micro-
structure is a key determinant of mobility, affecting both pathways (9—12). The backbone
of C16-IDTBT is colinear and planar, indicating support for rapid intrachain charge
motion (13). This is partly based on considerations of the chemical structure. The bonds
linking the IDT and BT units are collinear, and torsional rotation is restricted by a rela-
tively high energy barrier (13, 14). Simulations of intrachain transport indicate support
for on-chain mobilities of ~3 cm”* V™! s™! at room temperature (15). This is larger than
most experimental measurements of bulk mobility, suggesting that the transfer of charges
between backbones acts as a limiting bottleneck to transport. This view is supported by
evidence that mobility increases with chain length, only leveling off for ultrahigh molar
mass samples of 500 kg mol™" and beyond (5).

Interchain charge transfer is largely dependent on the polymer film assembly structure.
Diffraction experiments show a lack of long-range order that would indicate the presence
of crystallites in C16-IDTBT (1, 2). However, recent works have pointed toward other
signs of unconventional ordering at the mesoscale. Domains of aligned backbones have
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Conjugated polymers are
attractive semiconductor
materials because of their
processability, chemical
tunability, flexibility, and
biocompatibility, but are limited
by poor charge-carrier mobilities.
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been observed via low-does high-resolution transmission electron microscopy (HRTEM)
(16) and atomic force microscopy (AFM) (17). On its own, packing within these domains
is unlikely to be responsible for the eflicient transfer of charges between chains, since
adjacent backbones are separated by a relatively large spacing of 1.6 nm (17). Importantly
however, analysis of the HRTEM measurements also showed a degree of ordering between
domains, with backbones preferentially crossing at 20° and 90° in regions of domain
overlap (16).

A very recent work proposed a microstructural organization for C16-IDTBT involving
a mesh-like arrangement of parallel and perpendicular chains contacting via BT units
(18), with similarities to cross-hatched crystallite structures described in some
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Fig. 1. Arrangement of C16-IDTBT chains constrained to surfaces. (A) Chemical structure of C16-IDTBT. (B) STM image showing chains deposited on an atomically
flat gold substrate. Overlaid colored lines indicate the local orientation of backbones. Their clustering reveals the existence of domains of locally parallel-orientated
chains. Black lines highlight examples of chains bending and participating in multiple domains. Examples of interchain backbone contact are circled in red.
(C) High-resolution STM image showing a crossing point between two polymers. The Inset shows a zoomed-in image with a geometry-optimized molecular model
overlaid. Red represents the Bottom polymer, and blue the Top one. (D) An example MD structure resulting from simulation of C16-IDTBT chains deposited on
substrate. The chains are colored red (Bottom) and blue (Top) to help distinguish them. () Stacked distributions of chain crossing angles from MD simulations.
Crossing angles cluster around 90°. Each color represents contacts between particular types of moiety on the two backbones. Areas of colored regions represent
occurrence of different moiety contacts, with larger areas indicating more contacts of this type.

semicrystalline materials (19, 20). Although distinct from the
disordered microstructure of C16-IDTBT, these 2D crystallite
structures demonstrate the benefits to transport that can be gained
by moving away from a traditional arrangement of parallel packed
backbones in CPs: Takacs et al. propose that the higher connec-
tivity between chains in such microstructures provide additional
interchain contact sites and isotropy of transport pathways, allow-
ing charges to navigate around blockages and traps (19). The
benefits of a highly connected transport network have been
demonstrated by graph network analyses applied to small mole-
cule systems (21-23), and analyses of tie chains in semicrystalline
polymer systems (11, 24-26).

Although we know comparatively less about the nanoscale picture
in C16-IDTBT—i.e., the local scales most relevant to interchain
contact and charge transfer rates (27, 28)—it is generally believed
that backbone contacts involve the BT unit of the monomer. This
was suggested by Thomas et al. based on the fact that the attachment
locations of the four bulky side chains are likely to sterically inhibit
contact between IDT units (29, 30). This suggestion of BT contact
is also present in Makki et al.’s proposed structure (18). Solid-state
NMR measurements of another BT containing copolymer, sug-
gested that BT-BT contacts dominate interchain interactions (31).

https://doi.org/10.1073/pnas.2403879121

Whereas the microstructure determines transport, the chem-
ical structure of the CP chain itself is the main determinant of
the microstructure. One of the main avenues to control the
packing arrangement of polymers is via modifications of the side
chains. The effect of side chain choice on transport in IDTBT
has been demonstrated previously, with the highest mobility
displayed by the variant with the longest side chains (32).

The side chain attachment frequency may be altered by modifying
the IDTBT backbone. As summarized by Wadsworth et al., attempts
have been made to enhance the frequency of interchain contacts by
symmetrically extending the donor unit, giving rise to a family of
polymers inspired by the IDTBT archetype (33, 34). Lengthening the
donor unit is designed to maintain the planarity of the monomer while
increasing the spacing between side chain attachment points, allowing
more room for backbones to make contact. This strategy appears
to have been successful in the case of dithiopheneindenofluorene-
co-benzothiadiazole (TTFBT). Molecular dynamics (MD) and kinetic
Monte Carlo (KMC) transport simulations indicate that TTFBT forms
a higher density of short contacts than IDTBT, thus explaining the
higher mobilities exhibited (30, 35). This is a promising result, demon-
strating that enhancement of contact occurrence is an avenue for
improving transport in noncrystalline polymers.

pnas.org



'The purpose of this study is to develop a coherent understand-
ing of the microstructure of C16-IDTBT, and its impact on charge
transport. We aim to address the following question: What aspect
of the chemical structure of C16-IDTBT is responsible for the
high hole mobilities it exhibits?

To answer this, we apply a combination of experimental and
computation techniques that afford us a nanoscale view of inter-
chain contacts. These include scanning tunneling microscopy
(STM) imaging and atomistic MD simulations. We link our find-
ings at the nanoscale with larger-scale behavior by comparison
with coarse-grained (CG) MD models of solid-state microstruc-
ture. These techniques are complemented by quantum chemical
calculations used to evaluate the different interactions occurring
between chains in contact and explore the relationship of contact
geometry with energy and electronic coupling. Finally, we employ
KMC simulations to assess the relationship between the predicted
microstructure of C16-IDTBT and its transport behavior.

1. Results

1.1. Single Chain Behavior. To characterize the conformation
of individual polymer chains and to help validate our MD
approach, we carried out small-angle neutron scattering (SANS)
on C16-IDTBT polymer samples of different molar masses and
concentrations in solution. Analyses of the scattering data with
a flexible cylinder model suggest that the persistence length P of
the polymer lies in the range 6.8 nm < P < 39 nm, confirming
the rigid structure of the backbone (see SI Appendix, section S1
for more details). To complement these measurements, we also
assessed 2 using MD simulations of chains in chloroform, finding
a value of 27.0 + 6.7 nm (see SI Appendix, section S5 for more
details). These high values of P are supported by prior grazing
incidence X-ray diffraction (GIXD) measurements (2), wherein
the Scherrer coherence length for the (001) (c-axis) reflection for
C16-IDTBT was determined to be 22 nm, which could likely be
assumed to be a lower bound on P.

In addition, we carried out pulse radiolysis time-resolved micro-
wave conductivity (PR-TRMC) measurements on C16-IDTBT
chains dispersed in solution to estimate the mobility for holes
confined to the backbone of single chains, y;,,,. We were able to
determine a lower limit of yt,,,,, > 1 cm” V™' s (see SI Appendix,
section S2 for more details).

1.2. Contact between Chains Deposited onto Substrate.
1.2.1. STM. Monolayer films of Cl16-IDTBT were prepared
on atomically flat Au(111) substrate by vacuum-electrospray
deposition (ESD). This was followed up in situ by ultrahigh
vacuum STM measurements, producing images such as Fig. 1B.
Individual chains can be clearly resolved, with backbones appearing
as strands dotted with bright spots (S/ Appendix, Fig. S4). Side
chains are visible as darker features that interdigitate in the space
between the backbones (SI Appendix, Fig. S6). By considering
the attachment points of the side chains, first, the IDT units and
then the BT units can be identified (S7 Appendix, section S3) (36).
As with all CPs deposited in this manner, the backbones adopt a
uniformly face-on orientation to the metallic substrate (36-40).
For C16-IDTBT, this is also largely the case for thin films with
thicknesses up to several tens of nm (2), suggesting the STM
images provide a good representation of the initial stages of thin
film formation. Images such as Fig. 1B, show domains of aligned
polymer chains, marked by colored line segments, as well as several
instances of interchain contact, marked with red circles.

Because the side chains prevent backbones from making contact
edgewise, instances of backbone contact occur at locations where
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chains are arranged one on top of the other. Importantly, we
observe that, at all contact locations, chains cross-over one another
at large angles, close to perpendicular. Moreover, the STM images
show that, although the relative orientation of crossing polymers
can vary significantly away from points of intersection, the polymer
backbones tend to bend as they approach the crossing point itself,
to align in a perpendicular fashion (S7 Appendix, section S3.2).
When carefully fitted with geometry-optimized molecular models
(81 Appendix, section S3.1), high-resolution STM images also show
that observed points of backbone contact appear to involve the BT
units of both chains (Znserin Fig. 1C). Around these contact points,
the closest side chains tend to splay out in a neat, dovetailed pat-
tern. Somewhat akin to interdigitation, this pattern is likely the
result of side chains optimizing intermolecular interactions within
the constrained geometry of the crossing formation. This predom-
inance of high-angle chain crossings is consistent with the obser-
vation of preferential domain crossing angles of ~90° by Cendra
etal. (16). STM thus provides additional information to the
HRTEM analysis thanks to its higher spatial resolution.

The spacing between parallel backbones in the domains

observed in STM is 2.7 + 0.2 nm, wider than the ~1.6 nm peri-
odicity observed using AFM in the top layers of thin films (17).
This discrepancy likely arises because substrate interactions
encourage side chains to lie flat in the monolayer, where they
organize themselves in an interdigitated fashion. In thin films, the
side chains have a higher degree of freedom and can extend above
and below the backbones, allowing parallel backbones to pack
more closely. However, the backbone conformations are expected
to be similar for face-on thin films and surface-adsorbed mon-
olayers, as is confirmed by the direct comparison between HRTEM
images of ~40 nm thick C16-IDTBT films and STM images of
ESD monolayers. In both HRTEM (16) and STM measurements,
the observed domains of similarly aligned polymers show a lateral
extension of ~10 nm (highlighted by the colored line segments in
Fig. 1B), somewhat shorter than the persistence length observed
for chains in solution (Section 1.1). The STM data show that
polymers are typically longer than the extension of the domains
(see black lines in Fig. 1B), implying that individual backbones
tend to run parallel for only part of their full length before bend-
ing. This is consistent with the idea that adjacent domains observed
in the HRTEM analysis may sometimes comprise the same groups
of chains bending as they pass from one domain into another,
especially when the angle between the orientation of backbones
in adjacent domains is small (such as the peak at 20° in the dis-
tribution of domain overlap angles in ref. 16).
1.2.2. MD. To complement the STM experiments, we carried
out atomistic MD simulations of pairs of chains deposited onto
an Au(111) substrate. Simulation involved two 12mer chains,
initiated one above the other, both cofacial to the substrate, with
the upper chain rotated and shifted in-plane by a random amount
with respect to the lower chain. Both chains were given a small
initial velocity downward toward the substrate. 200 systems were
initialized and simulated, allowing us to gather statistics pertaining
to contact formations in 2D. An example of a contact structure
predicted by MD can be seen in Fig. 1D. We observe excellent
agreement with the structures captured by STM, as revealed by a
comparison between Fig. 1 Cand D.

For the modeled systems, we defined the backbone crossing angle
as the cosine between the normalized vectors joining the centers of
the six-membered rings either side of the ring closest to the other
chain (87 Appendix, Fig. S16 and section S6.2). Fig. 1E shows the
distributions of crossing angles adopted by the simulated chain
pairs. They are clustered tightly around the perpendicular, with
95% of simulated structures having a crossing angle in the 90° +
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30° range. In addition, side chains are often seen to adopt the same
dovetailed pattern observed by STM, as may be seen in Fig. 1D.
Partial agreement with the STM results is also found when consid-
ering the moieties in contact between the two backbones; 77% of
contacts involve the BT unit of at least one chain, with BT-BT
contact being most common (37%), followed by BT-Th (33%)
(where Th = thiophene rings on either edge of the IDT unit).

In all MD systems, the chain backbones closest to the substrate
adopted a fully face-on orientation. However, unlike in the exper-
imental case, we found that the upper backbone would sometimes
twist fully or partially into an edge-on orientation as it crossed
over the lower chain. Further exploration of this discrepancy is
provided in 87 Appendix, section S6.3.

In addition to comparison with experiments, we also utilized
MD to assess the impact of side chain length on contacts. 20 sys-
tems each, with side chains C1, C4, C8, and C12, were initialized
and simulated in the same manner as for the C16 case. We observed
that the clustering of crossing angles around the perpendicular was
dependent on side chain length. As shown in 87 Appendix, Fig. S17,
medium-to-long side chains (C8, C12, C16) tended to promote
a much tighter distribution of angles compared to short side chains
(C1, C4). Alongside the observed dovetail pattern of side chains
closest to the contact point, this demonstrates how side chains
influence the geometry of contacts.

1.3. Contact between Chains in Thin Films. We used CG MD
to build model systems designed to reproduce the microstructure
of thin films, following a procedure first described in refs. 41,
and 42. This procedure starts from an initial configuration of
CP chains immersed in solvent and replicates the drying of the
film over several steps. Three models produced in this way are
compared in the following sections. The first is composed of C16-
IDTBT 24mer chains, the second of C16-IDTBT 12mer chains,
and the third of regioregular poly-3-hexilthiophene (P3HT)
48mer chains. A fourth model, composed of poly[(5,6-difluoro-
2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3"”-di(2-octyldodecyl)-
2,2'55',2"55",2" -quaterthiophen-5,5"-diyl)] (PABT4T-20D)
was also created, with results shown in S/ Appendix. Further
details of these systems are provided in SI Appendix, Table S3
and section S7. The C16-IDTBT 12mers and P3HT 48mers have
approximately equal contour lengths, allowing for straightforward
comparison between their microstructures (Section 1.3.1) and
transport properties (Section 1.4). Using the procedure described
in ref. 43, these films were backmapped to recover atomistic detail.

To facilitate analysis of interchain short contacts, we searched
through the backmapped models to identify instances where
n-system atoms on different chains were separated by 8 A or less,
to create a list of pairs of contacting chains. From each chain pair,
we then identified the single, or multiple, contact locations shared
between the two chains. These locations were used to generate a
series of contact structures by slicing out short segments of the two
chains, centered on the contact location. Segment lengths of approx-
imately 3.2 nm were used for all CPs, corresponding to two repeat
units for IDTBT and PABT4T-20D, and eight repeat units for
P3HT. Further details about the identification and extraction of
contacts may be found in S/ Appendix, section S7.3.

Fig. 24 gives a schematic overview of the steps described in this
section, including sequential snapshots of the drying film (with
solvent molecules hidden), backmapping to recover atomistic detail,
identification of chain pairs, and extraction of contact structures.
1.3.1. Microstructure analysis. For the analysis described in this
subsection, we considered only close contacts. We define close
contacts as those with a minimum interchain separation of less
than 6 A between the center-of-geometry of rings making up

https://doi.org/10.1073/pnas.2403879121

the backbones. These contacts are the most likely to support
large electronic coupling and are thus most relevant to charge
transport. Fig. 2B shows the distribution of crossing angles
between backbones at contact locations in the C16-IDTBT
24mer system. In agreement with the 2D case, there is a clear
preference for chains to cross at near-perpendicular angles. 62%
of close contacts featured a crossing angle in the 90° + 30° range.
P3HT and PABT4T-20D show a preference for more parallel
contacts (SI Appendix, Fig. S21B). Only 10% of P3HT and 9% of
PABT4T-OD close contacts feature crossing angles in this range.
Within the solid-state microstructure, we observe that C16-
IDTBT chains tend to form contacts with an unusually high
number of neighboring chains. Fig. 2C shows the distributions of
contacts to distinct chains for the two C16-IDTBT systems and
the P3HT system. We describe this property of contacting many
neighbors as the interconnectedness of the transport network.
We use the average number of close contacts with distinct chains
divided by the contour length of chains to define a value expressing
the interconnectivity of the system. In other words, this value
gives the average number of distinct contacts per unit of backbone
length. For the C16-IDTBT 24mer system this value is 0.56 nm ",
in the 12mer system it is 0.67 nm "}, and in the P3HT system it
is 0.34 nm™". For the C16-IDTBT systems, this corresponds to
approximately one contact to a distinct chain for every monomer
length. Fig. 2D shows the extent of this interconnectedness in the
C16-IDTBT 24mer system as it applies to one example chain.
This high level of interconnectedness is achieved despite the
far larger and more numerous side chains attached to the C16-
IDTBT polymer compared to P3HT, which one would naively
expect to sterically block contact between backbones.

We note that the P3HT 48mer and C16-IDTBT 12mer systems
show similar numbers of total (as opposed to distinct) contacts per
chain (87 Appendix, Fig. $22). In P3HT, multiple contacts tend to
be shared between chains due to their parallel packing arrangement,
whereas in C16-IDTBT, each contact is with a new and distinct
chain. This can be seen by the Zuser in Fig. 2C, which displays the
number of contacts shared between chains in contact.

In these two aspects (preference for near-perpendicular contacts,
and large numbers of different close neighbors per chain), C16-
IDTBT appears to be unique compared to other CP systems
examined in a similar manner. We posit that the interconnectedness
of the C16-IDTBT microstructure arises because of a combination
of a stiff backbone and the promotion of perpendicular contacts.
When in a crossing arrangement, many neighboring chains can
be positioned alongside each other, all making close contact with
the same primary chain. This is in contrast with CP systems in
which parallel contact arrangements are favored, where each
neighboring chain can sterically block a larger number of other
potential neighbors from access to the primary chain.

Like the 2D MD simulations, Fig. 2B demonstrates the preference
for contacts involving BT units in our model system. In the 3D
case, BT-Th contacts occur most often (42%), followed by BT—
BT (35%). In physical systems, as in our STM images, we expect
BT-BT to be the dominant contact type. We also note that, in
our modeled system, there are no instances of domains of locally
aligned parallel chain segments. This contrasts with observations
based on AFM and HRTEM experiments, in which such domains
do sometimes appear (16, 17). We understand this discrepancy
to arise due to the short timescales achievable by MD, even
when adopting CG forcefields. Although crystalline-like regions
of locally parallel chain segments do appear in systems of more
flexible chains (e.g., P3HT) in our approach, we expect that the
rigidity of the IDTBT backbone means that such arrangements
cannot be formed on the timescales accessible to MD. However,
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blue. The simulation bounding box is shown as a blue square.

we believe that arrangements of parallel chain segments are not
highly relevant to the transport properties of C16-IDTBT, since
it is at perpendicular contacts, and not within parallel-aligned
domains, that close backbone contact occurs.

1.3.2. Interactions at contacts. The plots in Fig. 34 show the
enthalpic interaction energy and electronic coupling (/) between
a pair of IDTBT 2mer segments placed in various face-on
arrangements with a fixed separation distance of 4 A. The large
areas of negative interaction energy shown in the left-hand
heatmap of Fig. 34 demonstrate that it is energetically favorable
for backbones to arrange themselves with crossing angles near
to the perpendicular, thus explaining the occurrence of these

PNAS 2024 Vol.121 No.37 2403879121

arrangements in our experimental and modeled systems. For
most crossing angles outside of the stable regions around 90°
and 270°, interaction energies rapidly rise above zero, which we
surmise as being due to clashes between the sidegroups of the two
chains. There are small regions of negative interaction energies
corresponding to more parallel arrangements e.g., close to the
top-right and bottom-left corners. However, we consider these
to be entropically disfavored due to the small range of geometries
they cover, hence explaining why parallel-arranged contacts
are uncommon in the MD models and physical systems. To
sample different configurations equivalently, interaction energies
are calculated without performing additional optimization of
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Interactions between chains. (A) Heatmaps displaying the enthalpic interaction energies, E, (Left) and hole transfer integrals, J, (Right) between a pair of

IDTBT 2mer segments. Each pixel on the heatmaps represents a different arrangement, with the upper chain being shifted by x in the backbone direction of
the lower chain and rotated by 6 around its central BT unit. An explanatory diagram is shown between the heatmaps. Below are shown example arrangements,
corresponding to marked locations on the heatmaps. White dashed lines represent parallel and perpendicular arrangements. The green lines on the energy
heatmap mark the boundary between BT-BT contact (inside the green lines) and BT-Th contact (outside the green lines). Note that small areas where other
moieties are in closest contact have been neglected. A detailed map of contact moieties can be seen in S/ Appendix, Fig. S26. (B) Distribution of ] for contacts
extracted from the C16-IDTBT 24mer thin film model. Distributions are binned according to the crossing angle between backbones. (C) Distributions of | for
contacts extracted from C16-IDTBT 24mer, C16-IDTBT 12mer, and P3HT 48mer models.

the pair of chain segments after placement. We consider these
conformations to be most representative of chain arrangements
that occur during initial contact formation.

The overlaid green lines on the interaction energy heatmap mark
the boundary between BT-BT and BT-Th contacts. The areas of
negative interaction energy are broad, covering regions both within
and outside these boundaries. This is also the same for S Appendix,
Fig. S27, which shows a similar heatmap constructed using the
MD forcefield applied in our atomistic MD simulations. This
suggests that BT-BT and BT-Th contacts are energetically favora-
ble, thus explaining their appearance in our MD models.

The right-hand heatmap of Fig. 34 demonstrates how ] varies
with contact arrangement when backbones are held at a fixed sep-
aration distance. Here, we see that the short length of backbone
contact associated with perpendicular arrangements results in over-
all lower / values compared to parallel arrangements, as evidenced
by the brighter horizontal bands at 0°, 180°, and 360° compared
to 90° and 270°. Interestingly however, this trend does not reappear

https://doi.org/10.1073/pnas.2403879121

when we consider contact arrangements extracted from the thin
film model, as shown by Fig. 3B. For these more realistic contacts,
we instead observe a subtle positive correlation between larger
crossing angles and higher /. This occurs because backbones tend
to pack more tightly at perpendicular contacts, with a modal sep-
aration between the centers of m-conjugated rings of 3.8 A for
contacts with crossing angles between 90° + 30°, compared to 5.1
A for crossing angles outside of this range. In P3HT, the reverse
trend is seen, with the strongest coupling values achieved by con-
tacts in parallel arrangements (87 Appendix, Fig. S25B).

Fig. 3C shows how the overall distribution of /in C16-IDTBT
compares against P3HT. We can identify two peaks in each of the
distributions, which correspond to 1st and 2nd nearest neighbor
(NN) contacts, at larger and smaller / values, respectively. The
increased height of the 2nd NN peak for P3HT, compared to the
slight bump in the C16-IDTBT distributions, reveals the presence
of more repeated packing structures in P3HT i.e., its more semic-
rystalline microstructure.

pnas.org
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Despite the unusual trend of / increasing with crossing angle,
J values are generally modest in C16-IDTBT, with a modal value
of 2 meV for 1st NNs. By comparison, 1st NNs in P3HT are
coupled with a modal value of 19 meV. By considering the distri-
bution of crossing angles for P3HT shown in S/ Appendix,
Fig. S21B, and the coupling heatmap for P3HT shown in
SI Appendix, Fig. S28, we can deduce that the larger / values
achieved by P3HT occur because P3HT backbones are more likely
to arrange themselves in a parallel fashion while maintaining sim-
ilar backbone separation distances to C16-IDTBT.

Based on these results, we can surmise that fast interchain
charge transfer rates are not likely to be the cause of the high hole
mobility of C16-IDTBT. Rather, this property must be related to
the peculiar microstructural arrangement of chains that produce
a highly interconnected transport network compared to other CPs,
along with other factors such as its high intrachain mobility.

Interaction energy and coupling heatmaps for pairs of P3HT
chain segments may be seen in S/ Appendix, Fig. S28 and con-
trasted with those shown above. Heatmaps corresponding to
arrangements covering an additional degree of freedom (shifts in
the y-direction i.e., perpendicular to the backbone direction of
the stationary chain segment) may be seen in S/ Appendix,
Figs. S30-S32.

1.4. Transport Simulations. We simulated hole transport through
C16-IDTBT and P3HT microstructures derived from the
backmapped thin film models using an in-house KMC code (44),
with charge transfer rates calculated using semiclassical Marcus
theory. /,,,,. values were calculated as described in the previous
section. /., values were varied over multiple simulations. A full
description of our choice of transport-relevant electronic structure
parameters [/,,.... /.. site energies (¢), reorganization energy (4)],
is provided in SI Appendix, section S9.2. Fig. 44 compares y for
C16-IDTBT 12mers, C16-IDTBT 24mers, and PAHT 48mers.
In the limit of low external electric field, there exists an analytic
relationship between p;,,,, and /,,.,, which was used to rescale the
x-axes of the plots (S Appendix, section §9.3).

Running transport simulations with a range of y1,,,,,, values allows
us to nullify the main recognized advantage that C16-IDTBT has
over P3HT (the high y1,,,,,, of the former) and thus isolate the influ-
ence of i 1nterconnect1v1ty on the bulk mobility. When y,,,,, is low
(<1 em? Vs, both C16-IDTBT systems outperform P3HT.
This indicates a situation in which the higher interconnectivity of
C16-IDTBT outweighs the order-of-magnitude larger /., values
of P3HT; For transport, it is more advantageous to interact with
many neighboring chains via a relatively low /,,,., than a small
number of chains with large ]ZW

As p,,,,, increases beyond 1 ecm” V™' 57", the bulk mobilities of all
systems begin to plateau. This is especially prominent for the
C16-IDTBT systems. At this point, chain length starts to influence
u, with C16-IDTBT 24mers showing higher y than 12mers. The
higher /,,,, values of P3HT mean that interchain charge transfer
does not act as a limiting bottleneck to transport until much higher
Hime Thus, we observe only a slight downward bend in the trend
of increasing y at the highest yu,,,,, values. SI Appendix, Fig. S35
shows how the mobilities of both systems could be improved by
higher /,,,., values, with C16-IDTBT benefitting more.

The rapid increase of y with p,,,,, across all systems, up to the
point of saturation, confirms the importance of fast intrachain
transport for achieving large bulk mobilities. The vertical dotted
lines in Fig. 44 indicate hkely values of pt;,,,, For C16-IDTBT
we chose a value of 3 cm® V-1's™". This is three times larger than
the p;,,, lower limit found by our PR-TRMC measurements,
which follows the precedent of a previous work by Bird et al. in

nter
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Fig. 4. In-plane bulk mobility (1) estimates from KMC simulations. x is shown
to vary as a function of intrachain mobility (u;,,.). The dotted vertical lines
indicate experimentally-informed p;,,, values. (A) u of C16-IDTBT 24mers,
C16-IDTBT 12mers, and P3HT 48mers are compared. (B) u of IDTBT 12mers.
The different colored lines show how u changes as increasing proportions of
interchain contacts are disabled at random.

which they found y,,,,, for polyfluorene was three times larger than
the mobility measured by PR-TRMC, after accounting for defects,
backbone curvature, and finite chain length (45). A value of 3 cm?
V! s also aligns with a theoretical prediction of u,,, for
C16 IDTBT (15). For P3HT we used a 1, ,, value of 0.02 cm? V™'

"based on PR-TRMC measurements (46). With ,,,, set at these
experlmentally—mformed values, we observe values of y that corre-
spond well with bulk transport experlments The C16-IDTBT
24mer system shows a 31mulated pof0.3cm>V's7!, slightly lower
than the 0.75 cm” V™' 5" measured for samples with M,, of 25.1 g
mol™ (correspondmg to 19 repeat umts) by FET (5). The P3HT
system shows pt of ~0.007 cm” V™' s

Fig. 4B makes clear the impact of 1nterconnectivity on y in the
C16-IDTBT 12mer system. As increasing proportions of inter-
chain contacts are disabled (hoppmg rates set to zero), 4 decreases
across all ;.. At jt,,,. = 3 cm? V157!, the bulk y is reduced by
a factor of ~3 when 50% of contacts have been disabled.

Our results reveal how a high y;,,,, is complemented by other
factors influencing transport, including the length of chains, and
the density of interchain contacts along the chain backbones.
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1.5. Results Summary. Our results may be summarized as follows:
The C16-IDTBT backbone is rigid compared to other CPs, but
chains still bend when hemmed in by other chains. Backbone
contact involves chains crossing in a perpendicular fashion.
Contacts predominantly involve the BT units of both chains.
Side chains play a role in promoting perpendicular contacts, with
longer side chains resulting in a narrower distribution of crossing
angles around the perpendicular in 2D simulations. The potential
decrease in / due to the intrinsic short length of backbone contact
in a perpendicular arrangement is partially offset by the tight
packing that can be achieved by chains in these configurations
compared to parallel arrangements. However, coupling strengths
are still modest, suggesting charge transfer rates are not unusually
high. The perpendicular contact arrangement and stiff backbones
allow for a large number of distinct contacts per chain in the solid
state, producing a highly interconnected transport network. The
large hole mobility of C16-IDTBT arises as a consequence of these
microstructural features, in combination with long chains and a

high intrachain mobility.

2. Discussion

Time-dependent fluctuations in / have been identified as a key
influence on transport properties in numerous works (9, 47-49).
Our results suggest that, in C16-IDTBT, side chains help to sta-
bilize perpendicular contacts within a narrow range of energeti-
cally allowed molecular arrangements, which may constrain the
range of such fluctuations. In Section 1.2.2, we described how
this tendency to “lock” contacts into perpendicular arrangements
was more pronounced with longer side chains. In Section 1.2 we
also identified an unusual dovetailed pattern adopted by C16 side
chains. By locking the backbones in this fashion and restricting
their freedom to drift apart, slip past one another or rotate, fluc-
tuations in / may be reduced. This may be quantified by consid-
ering the variability in / for the contact arrangements in Fig. 34.
When limiting to only those arrangements that are energetically
favored (the bright areas in the energy heatmap), the correspond-
ing /s are distributed in a relatively narrow range, with a SD of 20
meV (8] Appendix, Fig. S33).

In addition, the tendency to lock backbones into a perpendic-
ular arrangement may explain why C16-IDTBT achieves larger
hole mobilities than the maximally extended donor variant
C16-TBIDTBT (33). When lengthening the donor unit, the
spacing between side chain attachment points along the backbone
increases. While this increases the space available for interchain
contacts, the side chains closest to a point of contact will less
tightly constrain the paired backbones, allowing for more fluctu-
ations in the contact geometry, and therefore /. Furthermore, the
allowance for larger rotations away from the perpendicular may
limit the number of chains each chain can contact, as discussed
regarding P3HT in Section 1.3.1. This suggests that there may be
some optimal degree of spacing between side chain attachment
points, possibly explaining the increased mobilities exhibited by
the moderately extended C16-TIFBT (33).

The observation of a perpendicular contact motif appears to
complement the mesoscale picture of a system of overlapping
domains offered by Cendra et al. (16). It explains how, at local
scales, contact may be readily achieved between chains belonging
to different domains of aligned backbones. This most clearly
applies to the observed peak at 90° in the distribution of domain
overlap angles. However, the nanoscale view accessed by our STM
images also helps to interpret microstructural trends occurring at
domain boundaries with overlap angles less than perpendicular.
For instance, we observed that, despite their long persistence
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lengths (Section 1.1), the flexibility of chains is sufficient for them
to accommodate perpendicular contacts between chains in
domains with nonperpendicular relative orientations (S Appendix,
Fig. $8). Thus, even where domains overlap at smaller angles, the
microscopically stable perpendicular crossing motif appears to
underpin the interchain contacts. These observations suggest that
a limited degree of backbone flexibility may benefit transport. In
contrast, too much backbone flexibility would reduce the
end-to-end lengths of chains, making each chain less effective as
a “highway” via which charges can move through the material,
and will also be detrimental to intrachain mobility.

3. Conclusion

We have presented a combined experimental and theoretical inves-
tigation into the nature of interchain contacts in C16-IDTBT
thin films, and their impact on charge transport. C16-IDTBT
achieves high mobilities by combining fast intrachain transport
with a highly interconnected transport network. Our results
demonstrate that this latter quality arises as a consequence of an
unusual interchain contact motif, in which backbones make con-
tact while crossing-over each other at near-perpendicular angles.

We have explored the role played by side chains and backbone
rigidity in the promotion of this contact motif, revealing that 1)
bulky side chains are not necessarily detrimental to contact for-
mation and can play a positive role in promoting useful contact
arrangements, and 2) some degree of backbone flexibility can be
beneficial in allowing chains to more easily arrange themselves
into these contact motifs.

In addition to optimizing side chain length and backbone flex-
ibility, we expect the following other areas of chemical structural
modification may be worth exploring when considering the design
of CPs for improved transport properties: 1) Modifying the BT
unit in order to increase the m-orbital overlap at contacts, and 2)
Modifying the chemistry of side chains, especially near the back-
bone attachment point, in order to better promote perpendicular
arrangements.

This work demonstrates that understanding the impact of
chemical structure on interchain contact and connectivity is of
upmost importance when designing polymers for improved charge
transport. Such considerations should go beyond evaluating the
tendency to crystallize and related ordered packing arrangements:
Understanding how chains make contact, and how this influences
the geometrical properties of the transport network, is equally
important in noncrystalline polymer materials.

Finally, our results demonstrate the essential role of higher-resolution
techniques (STM, MD) for propetly interpreting mesoscale infor-
mation from other methods such as HRTEM or AFM. This is espe-
cially pertinent given the tendency for packing arrangements at the
nanoscale to govern the microstructure of materials at the mesoscale
and beyond, and thus control their bulk optoelectronic properties, as
shown by the relationship between perpendicular contacts and the
interconnectedness of the transport network in C16-IDTBT.

4. Methods

4.1. PR-TRMC. PR-TRMC experiments were performed using a 2 MeV Van
de Graaff accelerator at the Accelerator Center for Energy Research (ACER) at
Brookhaven National Laboratory (BNL). Full details of the technique are given
elsewhere (45, 50). Briefly, a high-energy electron pulse generates excess
electrons and holes in benzene, which is contained within a microwave cavity.
The benzene solutions typically contained 0.2 mM (repeat units) C16-IDTBT.
Tetrafluorobenzoquinone (F4BQ) or oxygen (02) were used as scavengers to
capture the electrons, leaving the holes to be captured by C16-IDTBT. The radical
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anions of F4BQ or 02 make negligible contribution to the observed microwave
absorption signals compared to the holes on C16-IDTBT. Extracting the real
and imaginary parts of the conductivity is made possible by reconstructing the
microwave cavity resonance curve as a function of time after the pulse using
a transmission line model (50). Supporting pulse radiolysis experiments with
UVlvis/nearIR transient absorption (TA) were performed using the 9 MeV Laser
Electron Accelerator Facility (LEAF) also at BNL(51). The TA data quantified the con-
centration of holes on the polymer as a function of electron beam dose, enabling
the microwave conductivity data to be converted to a mobility. See S/ Appendix,
section S2 for further details.

4.2. sTM. The sample was prepared by electrospray deposition (ESD, 4-stage
Molecularspray Ltd. system) of a solution of the polymers dissolved in chloroben-
zene(=~0.025 g/L) and diluted with methanol in a 4:1 volume ratio. The substrate
was kept at room temperature during ESD with the deposition ion current mon-
itored. The total deposition charges amounted to 5 pAh. Afilm of Au(111)/mica
(Georg Albert PVD, 300 nm thickness) was used as substrate and prepared in
ultrahigh vacuum (UHV) by cycles of argon sputtering and annealing to 500 °C.
STM measurements were performed in UHV. C16-IDTBT was measured with a
low-temperature scanning tunneling microscope (LT-STM, CreaTec Fischer & Co.
GmbH), keptat =196 °C. All images were acquired in constant current feedback
mode. STM images were analyzed by WSxM (52). Geometry-optimized molecular
models were created with the Avogadro molecular editor using the MMFF94
force field (53) and the fitting of the images was performed using the LMAPper
software (54). See Sl Appendix, section S3 for further details.

4.3. mp. All MD simulations were carried out in GROMACS 2018 (55).
Parameterization details for the atomistic and CG forcefields may be found in
SI Appendix, section S4. Full procedure details may be found in S/ Appendix,
section S5 (1D), SI Appendix, section S6 (2D), and S/ Appendix, section S7 (3D).
Summaries of the MD procedures are given below.

4.3.1. Atomistic chains on substrate. C16-1DTBT forcefield and Au atom type
were based on the OPLS-AA package (56, 57). Two 12mer chains of C16-IDTBT
were initialized above a Au(111) surface. The backbone of the first chain was
placed 2 nm above the substrate, orientated along x-direction. The second
chain was placed with its backbone 6 nm from the substrate. The upper chain
was rotated around its central BT unit to point along a random direction in the
xy-plane, and then translated in the x-direction by a random amount between
=3 nm. 200 repeats were run, with different rotations and x-shifts. All atoms
were initialized with a small velocity (1 nm ns™") directed toward the substrate.
Production runs were performed in an NVT ensemble. System temperature was
coupled to a thermal bath at 600 K for 5 ns, before being cooled, at a linear rate,
to 300 K over 4 ns, after which the simulation continued at 300 K for a further 1 ns.
4.3.2. ¢G film deposition. C16-IDTBT, P3HT, PffBT4T-20D, and solvent
forcefields were based on the Martini 3 package (58-61). Initialization of each
system involved placing CP chains randomly within a large simulation box. 300
chains were used for C16-IDTBT 24mers, 250 for C16-IDTBT 12mers, 420 for
P3HT 48mers, and 280 for PffBT4T-20D 12mers. The space between chains was
then filled with solvent molecules. x and y side lengths of the box were fixed at
a length larger than the contour length of the CP chains being simulated. Initial
z-heights for each box were chosen to yield CP concentrations of 40 mg mL™",
which is within the range of concentrations used in the slot-die coating method
of thin film manufacture.

Drying of thin films was simulated over a series of steps. At the beginning of
each step, a small proportion of solvent molecules was removed at random. The
structure was then equilibrated for 0.5 nsin an NVT ensemble and 4.0 nsin an NPT
ensemble, followed by a production run. Each production run consisted of a 3.0
ns NPT simulation. During both NPT stages, semi-isotropic pressure coupling was
enabled, applying atmospheric pressure in the z-direction, and causing the box to
shrinkin this direction. Once all solvent molecules had been removed, the dry films
were subject to a final annealing step. Total simulation times were ~2 ps for each film.

4.4. oFT. All DFT calculations were performed using Gaussian 16 (62) at the
cam-b3lyp/cc-pVDZ level of theory, with Grimme's D3 dispersion correction.
Calculations involved pairs of chain segments i.e., dimers (2mers for C16-IDTBT,
and 8mers for P3HT). To analyze contact geometries extracted from the back-
mapped thin film models, chains were shortened to appropriate segment lengths,
centered onthe monomers in closest contact, by removing all atoms belonging to
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more distant repeat units, and capping the remaining segments with hydrogen
atoms. Side chains were replaced with methyl groups. Dimer structures were
then subject to a few steps of optimization before coupling calculations were
performed. The chain segments used to build interaction heatmaps were opti-
mized individually, before being positioned as a dimer structure, with no further
optimization performed after placement.

Coupling calculations were performed using the projective method described
in ref. 63.This evaluates the expectation value of the electronic Hamiltonian of the
dimerwith respect to the highest occupied molecular orbitals of the molecules, in
the frozen orbital approximation. See SI Appendix, section S8 for further details.

4.5. KMC. Material microstructures are described by sites connected via edges,
equivalent to a mathematical graph. Sites represent segments of polymer backbones,
while edges represent coupling between these segments. Hole transport is modeled
by the movement of a localized free charge hopping between sites. The hopping

rate, T, between sites jand j, is computed using high-temperature Marcus theory:
|J/]| AE +/1)
\/ /lk 4/1k T (1

The influence of an external electric field on a hole is included by adjusting
the energy difference between sites as follows:

Af;=¢;—¢ +ef -T,j, (2]

where efs the charge of an electron, F is the external field and 7 T ;is the separation
between sites. Thus, different forward and backward hopping rates are used for
sites at different positions in the field direction. Field strength was setto 10°Vm™".
The temperature was set at 300 K.

Asingle free charge was simulated at a time. At the start of each simulation
run, the charge is placed at a random site. The time-evolution of the system is
propagated until a set simulation time is reached, at which point the run halts
and the average velocity of the charge in the field direction, (v}, is computed.
The mobility is then calculated from

_w
= [3]

Runs are carried out until 4 converges. See S Appendix, section S9 for further
details.

Data, Materials, and Software Availability. Some Study data are available.
Molecular dynamics forcefields and structures have been deposited in the publi-
cation "Perpendicular Crossing Chains Enable High Mobility in a Non-Crystalline
Conjugated Polymer: Molecular Dynamics Forcefields and Structures" and can be
accessed at https://doi.org/10.5281/zenodo.11636232 (64). Additional molecu-
lar dynamics forcefields and structures are available at https://doi.org/10.11583/
DTU.c.5254236.v1 (65). The simulation software can be found at https://github.
com/jfcoker/tofet (66) and https://github.com/Jenny-Nelson-Group/counter-
poise-J (67). Other study data, including MD trajectories and electronic structure
calculation log files, are not hosted online due to their size; however, all data are
available from the authors upon request.
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