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Semiconducting conjugated polymers bearing glycol side chains can simultaneously
transport both electronic and ionic charges with high charge mobilities, making them
ideal electrode materials for a range of bioelectronic devices. However, heavily glycolated
conjugated polymer films have been observed to swell irreversibly when subjected to
an electrochemical bias in an aqueous electrolyte. The excessive swelling can lead to the
degradation of their microstructure, and subsequently reduced device performance. An
effective strategy to control polymer film swelling is to copolymerize glycolated repeat
units with a fraction of monomers bearing alkyl side chains, although the microscopic
mechanism that constrains swelling is unknown. Here we investigate, experimentally
and computationally, a series of archetypal mixed transporting copolymers with var-
ying ratios of glycolated and alkylated repeat units. Experimentally we observe that
exchanging 10% of the glycol side chains for alkyl leads to significantly reduced film
swelling and an increase in electrochemical stability. Through molecular dynamics sim-
ulation of the amorphous phase of the materials, we observe the formation of polymer
networks mediated by alkyl side-chain interactions. When in the presence of water, the
network becomes increasingly connected, counteracting the volumetric expansion of
the polymer film.

conjugated polymers | organic electrochemical devices | soft materials |
structure-property relationships | mixed electronic-ionic conductors

Conjugated polymers functionalized with ethylene glycol side chains can transport both
electronic and ionic charges (“mixed transport”) when paired with liquid electrolytes.
Especially when paired with aqueous electrolytes, mixed transport polymers have demon-
strated wide applicability in bioelectronic devices such as biosensors (1), organic electro-
chemical transistors (OECTs) (2—4), batteries, and supercapacitors (5). During the
operation of, for example, an energy storage device, a bias is applied across the mixed
transport polymer electrodes causing electronic charges to form on their backbones (elec-
trons on the cathode and holes on the anode). Simultaneously, ions and their solvation
shells penetrate into the electrodes to compensate for the injected electronic charges,
causing the electrodes to swell. Polymers with glycol side chains have been reported to
swell excessively with aqueous electrolytes, leading to detrimental changes to the micro-
structure and poor device stability (6-8). Alterations to the chemistry of the side chains,
for example changing the side-chain lengths (7, 8), using amphiphilic side chains (9, 10)
and copolymerizing alkylated and glycolated repeat units (3, 11) have been shown to
impact the degree to which the materials swell. Using polymers with both alkyl and glycol
side chains has emerged as a popular strategy (12, 13), in part due to reports that exchang-
ing a small fraction of glycol side chains for alkyl side chains can reduce the swelling of
the polymer medium substantially (3, 11). As well as impacting the degree to which mixed
transport polymers swell, side-chain engineering can influence how the polymers pack
(14, 15), interact with electrolyte (14, 16, 17) and how they behave during photocatalytic
charge transfer processes (18-20).

However, other than the notion that introducing apolar chemical groups reduces the
swelling of the polymer medium, little is known about how copolymerizing glycolated
polymers with alkylated repeat units alters the polymer film microstructure, and therefore
about the mechanism by which the swelling is inhibited. Experimental characterizations
are hindered predominantly for two reasons; first, swelling characteristics depend on many
factors (level of crystallinity, local morphology, batch-to-batch differences, etc.), which
can lead to nonmonotonic swelling trends with the alkyl content of the polymer (21).
Second, experimental characterizations of the microstructure, for example through
diffraction-based techniques, primarily explore the crystalline phase, with the effect of
alkyl side chains on the microstructure being difficult to determine. For example, some
reports comparing alkylated and glycolated polymers show that alkyl side chains result in
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smaller pi-stacking distances (21), some indicate they increase the
pi-stacking distances (4, 22, 23), and others indicate they have no
effect (24).

While levels of crystallinity play an important role in water
uptake (25), the majority of the films’ volume is amorphous and
most of the water enters the amorphous phase during swelling
(25, 26). The difficulty of gaining insight into the amorphous
microstructure of the polymer films is perhaps the biggest imped-
iment in understanding the impact of exchanging glycol side
chains for alkyl side chains. Molecular Dynamics (MD) modeling
is a useful technique for studying structure and dynamics of mixed
transport polymers. MD has, for example, demonstrated the
solid-gel switching behavior of a typical mixed transporting pol-
ythiophene, p(gT2) (6), and shown that electronic charge trans-
port pathways are disrupted in mixed transport polymer films
upon inclusion of alkyl side chains (27).

However, MD is not without its challenges. MD typically
allows access to nanosecond time scales with a few hundred thou-
sand atoms, while many processes in mixed transport polymer
systems happen on longer times scales and involve many more
atoms. Using MD to model swelling, in particular, is challenging
since swelling can occur on time scales of up to minutes and can
be highly anisotropic (26). In standard MD, it is not possible to
access these time or length scales, but trends in properties such
as swelling rates can be simulated and compared between the
materials.

Furthermore, the statistical significance of an observation made
from MD can be difficult to quantify (28). One way to maximize
the statistical confidence is to use generalizable metrics that

capture the behavior of as many of the simulated oligomers as
possible. Methods based on graph theory have had success in doing
this for the modelling of charge transport (29, 30) and the micro-
structure in bulk heterojunctions (31-33). Enhanced sampling
coupled with weighted-histogram analysis can be used to calculate
the statistical certainty of an observed state in MD, and metady-
namics in particular is often used to great effect in studies on
biological systems (34). A third challenge is the requirement for
a well-validated force field that is able to capture the unique mor-
phological behaviors of pi-conjugated systems (35). We address
these challenges by using enhanced sampling methods, graph
theory, and a force field that has previously reproduced many
structural features for similar systems (14).

To understand the impact of exchanging glycol side chains for
alkyl side chains on the morphology and swelling behavior of
mixed transporting polymers, we synthesize a random glycol:alkyl
copolymer series (x(gT2):y(aT2)) by copolymerizing the repeat
units of the two hole-transporting (“p-type”) polymers:
poly(3,3’dialkoxy-(triethyleneglycol)-bithiophene) (p(g12)) and
poly(3,3'ditetradecoxy-bithiophene) (p(aT2)). Thiophene repeat
units are chosen because polythiophenes, with their low oxidation
potential and good hole transport, are the most commonly studied
p-type mixed transport polymer. Thiophene units are also common
in many n-type mixed transport systems (10, 11). We vary the
ratio of gT2 and aT?2 repeat units from 100:0 (“P100”), through
90:10 (“P907), 75:25 (“P75”), 50:50 (“P50”) and 0:100 (“P0”,
see Fig. 14 for chemical structures), noting that the aT2 repeat
units have slightly longer side chains than the gT2 repeat units
(tetradecyl compared to triethylene glycol). We experimentally
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Fig. 1.

(A) Chemical structure of the x-p(gT2):y-p(aT2) polymer series with decreasing fraction of triethylene glycol (TEG) side chains and increasing fraction

of alkoxy side chains. (B) Thin film CV of the polymer series on ITO glass substrates in Ar-saturated 0.1 M NaCl (aq.) electrolytes with a scan rate of 50 mV/s.
(C) Normalized absorbance change of the polymer series at 640 nm (Left, neutral state) and 900 nm (Right, polaronic state) against the bias applied to the polymer
thin films. (D) Volumetric specific capacity of the polymer series at a C-rate of 1,000. The data were interpolated at a C-rate value of 1,000, after fitting a log
function to the capacitance data shown in S/ Appendix, Fig. S6. (E) Normalized mass change of the polymer thin films when applied 0.5 V vs. Ag/AgCl for 120 s on
the polymer-coated EQCM substrates in Ar-saturated 0.1 M NaCl (aq.) electrolytes.
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characterize the copolymer’s electrochemical and spectroelectro-
chemical properties, their changes in morphology upon wetting
and their swelling properties. Experimentally we find a significant
reduction in swelling with an increased alkyl fraction, particularly
when substituting just 10% of the gT2 units for aT2. The reduc-
tion in polymer swelling is accompanied by an increase in its elec-
trochemical stability, i.e., the ability to maintain the redox current
intensity over multiple CV scans.

To investigate the amorphous packing of these materials and
understand the mechanisms behind the inhibited swelling and
increased electrochemical stability, we simulate amorphous
assemblies of the polymers using MD and metadynamics. We
use analysis based on graph theory to identify polymer networks
mediated by contacts between different chemical groups. We
then proceed to simulate films of these polymers in water and
observe the response of the networks. We find that the networks
mediated by alkyl side-chain contacts strengthen upon exposure
to water, counteracting the volumetric expansion of the film.
Metadynamics simulations reveal that the free energy of aggre-
gation between two partially alkylated polymer segments is sig-
nificantly stronger than for fully glycolated chain segments, with
the difference arising predominantly due to the strong reduction
in free energy associated with alkyl side chain aggregation when
in a polar environment.

Methods

Material Synthesis and Experimental Methods. The gT2 and aT2 units were
copolymerized in ratios of 100:0 (P100), 90:10 (P90), 75:25 (P75), 50:50 (P50)
and 0:100 (P0). Detailed synthetic procedures are listed in the Material Synthesis
of SI Appendix. The electrochemical, spectroelectrochemical, and electrogravi-
metric properties, and microstructural change upon wetting and under electro-
chemical biases of these materials were characterized using cyclic voltammetry
(CV), operando ultraviolet visible spectroscopy (UV-VIS), electrochemical quartz
crystal microbalance (EQCM), and grazing incident wide-angle X-ray spectroscopy
(GIWAXS). For detailed experimental methods, see S/ Appendix.

Theoretical Models and Methods.

Atomistic simulations. To model these systems, we perform atomistic Molecular
Dynamics (MD)simulations. In addition to simulating the synthesized polymers,
we simulated P80, P20, and P10 with glycol to alkyl ratios of 80:20, 20:80, and
10:90, respectively. P20 and P10 are simulated to gain insight into systems with
aminority polar fraction, while P80 is simulated to provide a comparative case for
P20 and also as it reflects a side-chain ratio used in other studies (27).

To ensure the random arrangement of alkylated repeat units is captured in
simulation, for each member of the copolymer series five individual 20-mers were
prepared with the alkyl repeat units arranged in different random orders. Each
one of these chains is then equilibrated in water for 30 ns to provide equilibrated
chains for subsequent simulations. Following equilibration of oligomers in water,
each member of the copolymer series is simulated as an ensemble of 100 chains
(20 of each random arrangement) in four ways; 1) In water with the water being
steadily removed, allowing the morphological changes at different polymer:water
mass ratios to be monitored; 2) As a dry amorphous phase after all the water has
been removed, allowing for observation of the solid-state morphological features;
3) As a dry amorphous phase with all partial charges set to neutral to observe
the effect of polarity in promoting the morphological features observed in the
dry amorphous phase; and 4) Films of the dry amorphous phase from stage (2)
placed in contact with water to observe the rate at which water enters the film
and its impact on the film morphology.

To investigate if the findings are more generally applicable for mixed conduct-
ing polymers, we also performed solvent evaporation MD simulations 1) and MD
simulations of the dry amorphous phase 2) on an electron-transporting (“n-type”)
mixed glycol and alkyl copolymer, x(gNDI-gT2):y(aNDI-gT2)(11) in ratios of 90:10
(nP90) and 80:20 (nP80) gNDI-gT2 to aNDI-gT2 units. This polymer series was
chosen because NDI-based n-type semiconductors are well studied in this field
(5, 11), and experimentally it has been observed in x(gNDI-gT2):y(aNDI-gT2)
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copolymers that continuously reduced swelling occurs as the ratio of gNDI-gT2
to aNDI-gT2 is reduced from 100:0 to 90:10 to 75:25, in a qualitatively similar
to the x(gT2):y(aT2) series but with a different dependence on the alkylated to
glycolated monomer ratio. Furthermore, x(gNDI-gT2):y(aNDI-gT2) copolymers
have a significantly different backbone chemistry from the x(gT2):y(aT2) p-type
polymers studied here, allowing us to test whether the microstructural features
studied here are common across disparate semiconducting polymers. More
detailed information on all MD simulations, including all procedural details,
can be found in S/ Appendix.

Generalization of polymer microstructure into networks. To characterize the
microstructure of the polymers in the MD simulations, we utilize a methodology
based on Graph Theory. We define a time-dependent weighted adjacency matrix,
W(t), with elements Ay, where i and j refer to individual polymer chains and
provide the basis for the matrix. Each element of W (t) is given by

A= 2 XS (1]

aei bej

where aand b count over the non-hydrogen atoms in polymers i and j respec-
tively, and S, is equal to 1 if atoms aand b lie within a cutoff distance (0.4 nm),
and 0 otherwise. Each value of A, (t) represents the number of nearest-neighbor
atom pairs betweenaand b, anorgives the edge weights of W(t).

We proceed to expressW(t)as the sum of time-dependent indexed subgraphs
(hereafter referred to as "networks"), where the indices indicate the two chemical
groups in which atoms aand b reside. We identify three chemical groups, i) poly-
mer backbones, ii) glycol side chains, and iii) alkyl side chains. In the case of the
copolymers, this will give rise to three homonetworks, W, (t), Wy, (1), and W, (t)
describing the interpolymer interactions due to alkyl-to-alkyl, backbone-to-
backbone, and glycol-to-glycol contacts, respectively. There are also three distinct
heteronetworks (six total, but due to nodes being indistinct then W,, = W,,),
W, (1), Wyg(D), and W, (1), which describe networks mediated by contacts
between atoms belonging to differing chemical groups. An illustration of the
network generalization can be seen in Fig. 2.

To quantify the behavior of these networks, we use two dimensionless graph
metrics: the mean node degree, k(t), and the mean square node centrality, g2(t).
The k(t) measures how well connected the nodes (or polymers) are in the network,
while g2(t) measures how close the network is to the percolation limit. Details on
how k(t)and g2(t) are calculated can be found in S/ Appendix.

Metadynamics. To characterize the change in free energetics of oligomer-
oligomer interactions when exchanging glycol side chains for alkyl, metadynam-
ics simulations are performed on a pair of trimers of the glycolated monomer gT2
(i.e.two gT2-gT2-gT2 trimers) and on a pair of trimers where the alkylated mono-
meraT2 occupies the central repeat unit (two gT2-aT2-gT2 trimers). Metadynamics
is a variant of MD, which enhances the sampling of the system by depositing
gaussian-shaped energy kernels in a phase space defined by one or more collec-
tive degrees of freedom (CDOFs). We define two CDOFs to bias during our meta-
dynamics simulations: &, a measure of the number of heavy atoms between the
two trimers that are in proximity to each other, to monitor the intertrimer structure
and @, a function that counts the number of transdihedrals on the backbones of
the two trimers to monitor the intratrimer structure. The free energy landscape is
then expressed in terms of other CDOFs using a weighted histogram reweighting
procedure (36). Metadynamics attempts to fully explore the energetically relevant
phase space of a molecular system. We simulate pairs of trimers as the trimers
reproduce the local environment of the side chains while keeping the system
(two trimers and the solvent) phase space to a computationally accessible size.
More detailed information on simulation methods can be found in S/ Appendix.

Experimental Results.

Electrochemical and spectroelectrochemical properties. To understand the
charging characteristics of this polymer series, we first studied their electrochemi-
cal and spectroelectrochemical properties in an aqueous electrolyte. Fig. 1B shows
the first cycle of cyclic voltammetry (CV) measurements of thin films (~150 nm) of
the polymers cycled between —0.4Vand 0.5V vs.Ag/AgClin Ar-saturated 0.1 M
NaCl (aq.) solutions (See SI Appendix for experimental details and S/ Appendix,
Fig. S4 for multiple CV cycles). In the case of the fully alkylated PO, a purely
capacitive current-voltage character is observed, assigned to the formation of an
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W(z)

electrostatic double layer at the material surface. No significant redox features are
seen in the CV of PO when charging the polymer thin films to 0.5 V vs. Ag/AgCl,
indicating that the alkyl side chains do not allow ion penetration into the bulk.
Among the predominantly glycolated materials, P100 and P90 show similar redox
features, including oxidation onsets at ~—0.15 V, the first oxidation peak at ~0
Vand the second at ~0.25 V. As the fraction of glycol side chains decreases, the
intensity of the first oxidation peaks decreases. For P50, the second oxidation peak
shifts to higher potential (~0.35 V). We tentatively attribute the two oxidation
peaks to the formation of hole polarons and bipolarons. However, we note that
two distinct peaks can also result from polaron formation in the ordered and
disordered regions of the film (25, 37, 38). The decreasing intensity of the first
oxidation peak and shifting of the second one can be explained by the decreasing
hydrophilicity of the polymer films with decreasing glycol side-chain content.
Specifically, lower hydrophilicity leads to, first, a lower equilibrium ion concentra-
tion in the passive-swelled polymer thin film, which decreases the first oxidation
peak current, and second, a higher difference in anion chemical potential between
the electrolyte and the film, which requires a higher bias to drive extra anions into
the thin film to compensate holes, i.e. shifts the second oxidation peak to higher
biases. Finally, we observe that upon repeated cycling (S/Appendix, Fig. S4), while
each polymer film shows a reduced current density, P90 sees the smallest loss
in the redox peak currents, indicating a higher electrochemical stability than its
counterparts. S| Appendix, Fig. S7 shows the area under the CV curves for repeated
cycling, indicative of the total charge accumulated in the material. In the case of
P100, the area decreases under repeated cycling, indicating poor electrochemical
stability, while in P90 the total current does not decrease but actually increases
slightly upon repeated cycling.

To compare the depth of charging at a certain bias, operando UV-VIS meas-
urements were performed simultaneously with CV. Fig. 1C shows the absorp-
tion change of the polymer thin films during the first CV oxidation process.
Wavelengths of 640 nm and 900 nm correspond to peak absorbance of the
polymers in the neutral state and polaronic state, respectively (full spectra are
shown in SIAppendix, Fig. S5). In line with the electrochemical results, the neutral
state absorbance of PO is nearly unchanged and the polaron absorption band
remained absent, meaning PO is not oxidized. For other polymers, their neutral
state absorbance starts to decrease and polaron absorbance starts to increase
from a bias of —0.15V, indicating similar oxidation onsets of the four polymers.
Uponincreasing the bias, the neutral and the polaronic state absorbance of P100
and P90 show similar intensity at the same applied bias, while higher biases
are needed to achieve the same change in absorbance in P75 and P50. When
charging the polymers over their second oxidation peak potential, the polaron
absorbance reduces suggesting that hole polarons convert to bipolarons (37).To
investigate the capacitive behavior of these materials, we performed galvanostatic
charging/discharging measurements to +0.5 V. Due to the different oxidation lev-
elsat+0.5Vshown by the CV, the polymer series shows monotonically decreasing
specific capacities with increasing alkyl side chains (Fig. 1D).

Morphological changes upon wetting and under application of a bias. T
investigate the effects of passive wetting on the morphology of the films, GIWAXS
was performed on P90, P75, and P50 films both before and after exposure to
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Fig. 2. lllustration of the decomposition of an atomistically
simulated polymer solid state phase into networks. The first
column shows a typical connection that could define a vertex
of that network, the middle column shows all of those types
of connections present in the polymer film, and the last
shows the whole network at a given time.

water for 15 min (see S/ Appendix for details). When comparing the GIWAXS
patterns for the dry copolymer materials with those of P100 and PO (14) we see
the mixed side-chain polymers are overall less crystalline (see S/ Appendix, Fig. S8
for 2D GIWAXS spectra and S/ Appendix, Fig. S10 for XRD lineouts), suggesting
that the presence of the alkyl chains in a predominantly glycol matrix disturbs the
crystalline packing. Upon wetting, all copolymers show a modest reduction in the
lamellar stack spacing, which may be attributed to water entering the lamellar
stack and leading to an increase in disorder amongst the side chains, causing
the side chain end-to-end length to shorten (14).

Toinvestigate the swelling properties of the polymer thin films under electro-
chemical biases, EQCM measurements are taken on all the synthesized materials
in Ar-saturated 0.1 M NaCl (Aq.) (Fig. 1E). We see a significant decrease in the
degree of swelling between P100 and P90, from 135% to 69% mass change
respectively, when switching the bias from —0.2 V (slightly before oxidation
onset) to 0.5 V vs. Ag/AgCl for 120 s (SI Appendix, Fig. S9). Further reduction
in swelling is seen for increasing fractions of alkyl side chains, until no appre-
ciable swelling is observed for PO. For all polymers with 75% or more glycol
side chains, gain in mass during the oxidation process is preceded by mass
loss (SI Appendix, Fig. S9). Since this behavior occurs reproducibly over several
cycles, we attribute it to the expulsion of cations from the polymer medium prior
to anion penetration (39).

To summarize the experimental characterization, the electrochemical and spec-
troelectrochemical properties of the x(gT2):y(aT2) copolymer series are broadly
similarfor the purely glycolated polymerand those with a minority fraction of alkyl
side chains. However, upon electrochemically biasing the copolymers with alkyl
side chains, they show significantly reduced swelling and increased electrochem-
ical stability compared to the purely glycolated polymer, P100. These changes
are particularly pronounced when comparing P90 to P100. To investigate why
the reduced swelling and increased electrochemical stability occur, we proceed
to carry out MD simulations of their amorphous phase.

Molecular Dynamics Simulations Results.
Network formation in the amorphous phase. We begin our theoretical work by
simulating ensembles of P100, P90, P80, P75, P20, P10, and PO. Each ensem-
ble comprises 100 chains (each containing 20 repeat units), each of which was
equilibrated in water for 30 ns before being placed in a (25 nm)® simulation
cell alongside 200,000 water molecules. The water molecules were removed at
a rate of 40,000 molecules every 10 ns until no water was left. The subsequent
dry amorphous phase was simulated for a further 100 ns. We monitored the
formation and structure of the polymer networks during the removal of the water.
The networks are a generalization of the interpolymer structure, where nodes in
the network represent polymers in the simulation and edges represent physical
contacts between certain chemical groups of the polymers. For example, an edge
inaWg,(t) network represents a physical contact between two glycol side chains
on different polymers.

At a polymer:water mass ratio of 0.27, the majority of networks in all the
materials are already percolating (S/ Appendix, Fig. S11), the exceptions being
forW,,(t)in P90, Wy, (H)in P10 and Wy, (1) P20. As the water is removed, we see
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thata percolating W, (t) network in P90 forms 50 ns into the simulation (Fig. 3),
ata polymer:water mass ratio of 1.35. Interestingly, in P10 the minority network
Wy, (idoes not form a fully percolating network, even when all solvent has been
removed. Instead, it enters a state of transient percolation whereby the network
oscillates around the percolation limit (S/ Appendix, Fig. $13). Aside from W, (t)
in P10, all networks percolate in the dry polymer phase (S/ Appendix, Fig. $12).
Broadly, this can be attributed to the large molecular surface area/volume ratio
of a polymer, allowing it to contact many other polymers. The effect of having
high molecular area/volume ratio is particularly dominant if the chemical groups
involved in the network connections are present in large quantities, for example
W, (t)in P100. However, in cases where the chemical groups are only presentas
asmall fraction of the mass of the material (for example W, (t)in P90, where the
alkyl side chains only represent 8% of the systems mass), then the observation
that the alkyl side chains link up sufficiently to form a percolating network is
unexpected when considering the statistical likelihood of them doing so in the
absence of enthalpicinteractions. Itis noteworthy that the ratio of 90:10 glycol to
alkyl side chains is both the ratio at which the percolating W, (t) forms as well as
the ratio at which we experimentally see a distinct drop in the materials’ tendency
to swell during electrochemical biasing (Fig. 1£).

To understand whether the network formation is a general phenomenon to
conjugated glycol:alkyl copolymers, we simulate two n-type polymers, nP90 and
nP80, whose backbones comprise alternating NDI and gT2 (triethylene glycol)
groups, and the side chains on the NDI unit are either alkyl (octyl, decyl) or glycol
(heptakis ethylene glycol) (see S/ Appendix, Fig. S14A for chemical formula). It
has been reported that inhibited swelling in these materials does not occur at a
glycol:alkyl unit ratio of 90:10, but does at a ratio of 75:25(11). We observe that
a percolating W, (t) network is not present in nP90, however in nP80 the W,, ()
network shows transient percolation characteristics. Given that these observations
are made ata glycol:alkyl unit ratio of 80:20, that connectivities of these networks
are likely underestimates due to connections being lost at the simulation cell
boundaries and the limited time the networks have to form in simulation, we
expect that at a glycol:alkyl ratio of 75:25 there is a percolating W, (t) network

9° (t) (A.U))

presentin the amorphous phase of this polymer system. We have thus correlated
the formation of percolating W, (t) networks and inhibited swelling in two dis-
parate conducting polymer materials.

Role of environment in network connectivity. For the p-type materials (P100
to P0), we proceed to simulate the dry amorphous phase with all partial charges
set to neutral. By comparing the response of the networks with and without par-
tial charges we can directly probe the role of enthalpic interactions in the free
energy of the networks (entropy is unaffected by the removal of partial charges).
Upon removing partial charges from the simulations, our first observation is that
networks mediated by groups that are in a minority by mass fall significantly in
their average node connectivity (S/ Appendix, Fig. S15). This is most notable for
the W,,,(t) network in P90 and W, (t) in P10, which lose 40% and 60% of their
interpolymer contacts, respectively. Interestingly we also note that the % drop in
network connectivity (S Appendix, Fig. 516) for the W, (t) and W, (t) networks
decrease monotonically with the amount of alkyl side chain (in the case of W, (t))
orglycol side chain (in the case of Wy, (1)) present in the material. If we considera
single alkyl side chain in a glycol:alkyl copolymer then, the more that side chain
isinisolation (i.e., the lower the fraction of alkyl side chains in the material), the
bigger the role the partial charges in the side-chain environment appear to have
in driving the alkyl side chains to connect together. The parallel effect is true for
asingle glycol side chain where the more the glycol side chainisinisolation (i.e.,
the higher the alkyl fraction), the greater the role that its own partial charges have
in driving it to connect with other glycol side chains. Due to these observations,
we posit that the enthalpic driving forces causing the network edges to form are
driven by the difference between the polarity of the side chains and the polarity
of their environment.

Effect of water exposure on networks. With the effect of side-chain environ-
ment in mind, we proceed to simulate films of the p-type materials in water,
calculate the rate at which the films swell when passively exposed to water,
and observe the effect of the water on the networks. The films are obtained by
taking the dry amorphous phase topologies and expanding the Z axis of the
simulation cell to accommodate between 30,000 and 40,000 water molecules

50

100 150

Time [ns]

t =50ns

£

} ﬁ

Fig.3. Mean square centrality for W, (t) in P90 during the solvent evaporation (indicated in blue between 0 and 60 ns), and in the solid state of the amorphous
phase, with a white background between 60 ns and 160 ns. Illustrations of the W,, (t) in P90 networks before the percolation limit (0 ns), at the percolation limit
(50 ns) and after surpassing the percolation limit (150 ns). Nodes sized according to their centrality.
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in addition to the polymer assembly. When considering the periodicity of the
system, the subsequent topologies resemble films approximately 11nm thick,
with layers of water about 10nm thick between them. These topologies are
simulated for 1.2 ps.

We quantify the rate of mass change of the polymer films in simulation by
defining a boundary between the film and the solvent. At each time in the simu-
lation, we calculate the total mass (polymer and water) inside the film boundaries
(SIAppendix). While the changes in film thickness and mass of the films is small
over the 1.2-ps simulations (just 0.8-nm change in thickness for P100), it is
sufficient to determine a rate of change of mass. Our initial observation is that
the trend in the rate of change of mass (shown in Fig. 44) closely resembles
the experimentally measured mass change under bias. In simulation we see a
50% decrease in rate of mass change from (2.2 = 0.1) x 107% pug pm ™2 ps™'
to (1.1 0.1) x 107 ug pm 2 ps™" when comparing P100 and P90, with the
rate of mass change decreasing for higher alkyl contents. P75 is an outlier to
the trend, showing a larger rate of mass gain than P80. The deviation from the
trend for P75 may be due to a particular surface morphology arising from the
poor sampling of the phase space of MD, or error arising from not sufficiently
sampling the randomness of the distribution of alkylated and glycolated units.
When looking at the simulations of the films in water by eye, the alkyl side chains
in P90 are noticeably more clustered after the 1.2 us simulation compared to
before (Fig. 4B).

Upon following the network connectivities for these films, interesting dynam-
ics are observed (demonstrated in Fig. 4C for P90). In all the films containing
alkyl side chains, the networks involving alkyl side chains (except for the Wi, (t)
networks) increase in their average node degree, while those involving glycol
side-chain contacts decrease in their average node degree (S/ Appendix, Fig. S17).

The behavior of the networks involving glycol side chains is consistent with water
entering the glycolated regions of the amorphous films and creating a solvation
shell around the glycol side chains, inhibiting contact between them and with
other chemical groups. In doing so, the polarity of the environment in which
the alkyl side chains reside is increased due to water having a higher dielectric
constantthan glycol side chains (40, 41). As we have seen in the simulations with
partial charges removed, reducing the polarity of an alkyl side chain’s environ-
ment has the effect of weakening the W, (t)and W, () networks. It is natural then
to observe that the ingress of water into the glycolated phase has the opposite
effect - itincreases the polarity of the alkyl side chain’s environment, driving the
alkyl side chains to aggregate and subsequently strengthening the W,,(t) and
W, (t) networks.

Free energetics of polymer interactions. To quantify the oligomer and side-chain
interactions, metadynamics simulations are performed on either two gT2-gT2-gT2
trimers or two gT2-aT2-gT2 trimers in water, the result of which can be seen in
Fig. 5. Fig. 5A shows the free energy of the systems as a function of the intertrimer
separation, measured from their geometric centers. We see that the two fully
glycolated trimers will aggregate with a free energy of (=29.1 = 0.1) kJ/mol,
while the two partially alkylated trimers will aggregate with a free energy of
(—47.3 = 0.3) kJ/mol, as shown in Fig. 54. These values reflect the observations
that both P100 and P90 are insoluble in water when in the neutral state, and that
P90 experiences less passive and active swelling than P100.

To understand the impact of exchanging glycol side chains for alkyl side chains
on the interoligomer structure, we monitor the fraction of states in our metady-
namics simulations with the two trimer backbones in contact and the fraction of
states observed with the side chains on the central monomer in contact, as shown
inFig. 5B.In the case of the partially alkylated trimers, we see that (97.6 = 0.1)%
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Fig. 4. Characterization of the film expansion for the simulated materials. (A) Rate of change of mass of the films after exposure to water, (B) lllustration of
the P90 film immediately after exposure to water, and after 1.2 us of water exposure. (C) The change in the average node degree during the 1.2 us simulation
for W, (t), W, (1), and ng (1), showing the water entering the film and disrupting the glycol-glycol contacts, while the alkyl-alkyl and alkyl-backbone contacts

strengthen.
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Fig. 5.

Free energy characterization of the interaction between two trimers either with all glycol side chains, or with the central repeat unit functionalized with

alkyl side chains. (A) The FES as a function of the distance between the geometric centers of the oligomers, (B) the fraction of states for each oligomer pair where
the side chains on the central oligomer are in contact with each other (Top) or the backbones on the two oligomers are in contact with each other (Bottom),
(C) the FES for the inner and outer dihedrals of the oligomer with examples of the dihedral structures at different points on the FES and (D) a sample of low
energy states for each of the oligomer pairs. Glycol side chains not shown for clarity but indicated with their solvent accessible surface area in blue.

of the bound states between the two oligomers have their alkyl side chains in
contact, with an overall free energy associated with alkyl-alkyl side-chain contact
in these systems of (—11.6 = 0.7) kJ/mol as shown in S/ Appendix, Fig. 522.
When we compare this to the population of states with the equivalent glycolated
side chains in contact, we see only (48.2 = 0.1)% of the states have those side
chains in contact, indicating a free energy of (0.17 = 0.02) kJ/mol associated
with glycol side chains making contact. Interestingly, we also see that the partially
alkylated trimers have fewer states with their backbones in contact compared to
the glycolated trimers [(85.9 = 0.1)% and (98.2 = 0.1)%], suggesting that the
alkyl side chains have the effect of partially blocking backbone-backbone contact.
This likely occurs as the alkyl side chains will aggregate with the apolar backbones
to avoid the polar water, but also the alkyl side chains are longer than the glycol
side chains (14 nonhydrogen atoms compared to 11 for the glycol side chains),
meaning they have a larger excluded volume.

When observing the effect on the intraoligomer torsions (Fig. 5C) we see
primarily that exchanging the central glycol side chains for alkyl side chains has
the effect of stabilizing the cis configuration of the inner dihedral (the dihedral
between the head-to-head side chains), while the outer dihedral (the dihedral
between the repeat units) still favors the transconformation but with the free
energy barrierassociated with switching between cis and trans being significantly
increased. Given the following observations, the structures shown in Fig. 50 can
be considered typical structures for glycolated and partially alkylated polymer
segments in an aqueous environment. Both the fully glycolated trimer pairand
the partially alkylated trimer pair are characterized by being aggregated. In the
case of the partially alkylated trimers, their alkyl side chains are almost always
in contact, but also have the effect of twisting the inner dihedral and partially
blocking backbone-backbone contact.

PNAS 2023 Vol.120 No.35 e2306272120

Discussion

The markedly different free energetics of fully and partially glyco-
lated trimers in water reveals differences both in the interchain and
intrachain structures for fully glycolated and partially alkylated
polymers in an aqueous environment. In partially alkylated poly-
mers, the alkyl side chains experience a free energetic driving force
to pair with other hydrophobic groups (such as other alkyl side
chains), increasing the free energy of aggregation between the pol-
ymers. However, the desire for alkyl side chains to pair with hydro-
phobic groups also causes them to pack between backbones on
neighboring chains (such as the structure seen on the left in Fig. 5D).
This may explain why we observe a reduced k(t) in the Wy, (t) network
in P90 compared to in P100 (S Appendix, Fig. S17), and why par-
tially alkylating polythiophenes have been reported to be detrimen-
tal for charge transport (27). Furthermore, we observe a switch from
a planar trans dihedral to a nonplanar dihedral when exchanging
two head-to-head glycol side chains for alkyl side chains. This is
most likely so as to bring the two head-to-head alkyl side chains
into close proximity with each other, reducing their interface with
the water. The free energy associated with the self-aggregation of
the head-to-head alkyl side chains on a T2 unit is evidently enough
to overcome the backbone planarizing potentials arising from plac-
ing oxygen atoms at the side chain attachment point (42).

The behavior of glycolated and partially alkylated trimers in
water is consistent with the formation of highly connected W,,(t)
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and W,;(t) networks in P90 in the solid state, as observed in our
MD calculations. This may be expected since P90 presents a rel-
atively polar effective medium to the alkyl chains. The tendency
of alkyl side chains to aggregate in the solid state, as well as the
observation that the polymers form a percolating network due to
subsequently aggregated alkyl side chains, means we can consider
the partially alkylated materials as being physically cross-linked.
Such physical cross-linking has been observed in biopolymers such
as alginates (43), collagen (44), gelatine (45), and agar (46), where
the physical cross-links occur due to strong ionic interactions. The
behavior seen here for majority glycol copolymers, where apolar
units connect within a polar matrix, is more akin to the behavior
of mesoscale structures such as vesicles and micelles (47). In hydro-
gels, physical cross-links with have been correlated with self-healing
properties (48, 49) leading to so called “smart gels.” In such sys-
tems, the physical cross-links have low energy barriers to formation
meaning that, when broken, they can readily reform on relevant
time scales. We see the same qualitative behavior with alkyl-alkyl
aggregation in a polar medium—they have a strong negative free
energy of formation with a low energy barrier to formation of (4.8
+ 0.2) kJ/mol as shown in ST Appendix, Fig. S22.

The network behaviors observed here can be considered as a
balancing of the enthalpic (AH) and entropic (AS) contributions
to the free energy associated with interpolymer contacts (AG) in
each of the networks according to

AG=AH-TAS,

where T is the temperature. During the solvent evaporation pro-
cedure (for example W,, (t) formation shown in Fig. 3) the networks
form as —TAS becomes progressively more negative. The increase
in entropy associated with edge formation during solvent evapo-
ration occurs primarily due to the reducing volume of space in
which the polymers reside and the increasing proximity of alkyl
side chains as the water is removed. Alternatively, one can consider
the increase in entropy of edge formation during the solvent evap-
oration to be a result of the total fraction of microstates associated
with an edge increasing as the water is removed and the polymers
come into closer proximity.

In the dry solid state, if the alkyl side chains are in the minority
AH is very negative for a W,,(t) network due to the significantly
different polarity of the alkyl side chains and their environment
(mostly polar glycol side chains). When alkyl side chains are in
the majority, —TAS is very negative due to most microstates having
alkyl side chains in contact. Therefore, the observation that these
networks tend to percolate at all alkyl fractions is explained by the
networks being enthalpically driven at one extreme when the
mediating chemical group is in the minority (for example W,,(t)
in P90), and entropically driven at the other when it is in the
majority (for example W,,(t) in P10).

Swelling, on the other hand, has the effect of increasing the
overall polarity of the bulk, while also applying a separating force
on the physical cross-links as the material expands to accommo-
date the ingress of water and ions. Both of these effects will depend
on the level of electrolyte penetration into the polymer phase. We
further note that given the ions do not significantly affect the
polarity of the aqueous electrolyte, nor preclude the penetration
of water into the bulk, the observations made for films in water
are likely to hold upon the use of electrolytes with different ions
and ion concentrations.

Whether the film holds or loses its structural integrity will be
a balance between the following considerations: Is there a sufficient
quantity of apolar side chains such that a percolating network can
form in the solid state? If so, will those contacts be strong enough,
or strengthen enough in response to electrolyte ingress, so as to
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be able to counteract the potential associated with excessive swell-
ing? The final consideration need also apply under the electro-
chemical doping of the polymers. Given that excess charges on
electrochemically doped polymers reside on the backbones, which
do not participate in the W,,(t) network, the formation of W,,(t)
will likely still occur when the polymer is electrochemically doped.
However, the electrochemical doping will increase the ingress of
electrolyte, influencing the balance of forces (interpolymer,
polymer-electrolyte) for any given alkyl:glycol side-chain ratio.
The point at which the structural resilience is obtained using
copolymers as discussed here will depend on several factors includ-
ing backbone chemistry, the length, and structure of side chains,
as well as fraction of alkylated monomers. The experimental and
simulated results here and in literature show that for polythio-
phenes such as these, as well as some n-types such as gNDI-T2
(11), the balance is struck for polymers with 10% or more alkyl
side chains. For some n-types such as gNDI-gT2, 25% or more
alkyl side chains are required to form resilient W,, (t) networks (11).

Conclusion

In this study we have synthesized, characterized, and modeled a
series of mixed transport polymers based on the archetypal p-type
polymer p(g3T2). In the series, we alter the ratio of glycol side
chains to alkyl side chains to improve the materials’ electrochem-
ical stability. We experimentally characterized the materials and
find that upon exchanging 10% of the glycol side chains for alkyl
the swelling of the material is much reduced, the electrochemical
stability is significantly improved, and the charging/discharging
characteristics are mostly unchanged.

Upon modeling these materials, we have found that alkyl side
chains have a strong tendency to aggregate when in a polar envi-
ronment, resulting in the formation of alkyl-alkyl physical
cross-links between polymers. The alkyl-alkyl physical cross-links
allow for the formation of a supramolecular polymer network that
is resistant to water ingress into the bulk, resulting in reduced swell-
ing and the preservation of the film microstructure. Metadynamics
results highlight the strength of these physical cross-links, while
also suggesting that the alkyl side chains can lead to local changes
to the polymer backbone that may be detrimental for electronic
charge transport. As well as correlating the presence of this network
to the reduced tendency to swell in these archetypal p-types, we
have shown that the same relationship applies in an n-type polymer
series of different backbone structure.

To maximize the number of physical cross-links that each
polymer can form it would be desirable to synthesize polymers
with high molecular weights. Furthermore, to maximize the
interaction between alkyl side chains between polymers it would
be desirable to use long, non-branched alkyl side chains, as we
do in this study. Additionally, to maximize the strength of the
physical cross-links, chemical designs could be applied to max-
imize the difference in the polarity of the mediating side chains
and its environment. As many of the results found for alkyl side
chains in a predominantly polar material shows analogous
behavior when considering glycol side chains in a predomi-
nantly apolar material, the same design principles could be used
for copolymers with majority alkyl side chains and an apolar
electrolyte. A further direction for future study is the impact
of side chain—induced changes in backbone conformation or
connectivity on electronic transport properties. Identification
of such microstructural features, the driving forces behind their
formation, and their impacts on functional properties, will con-
tinue to help towards the development of stable mixed transport
electronic devices.

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2306272120#supplementary-materials

Downloaded from https://www.pnas.org by IMPERIAL COLLEGE LONDON SUBSCRIPTIONS & E ACCESS on December 12, 2023 from | P address 155.198.10.117.

Data, Materials, and Software Availability. Molecular Dynamics force field
parameters (https://github.com/nicholas9182/ForceField_for_Conjugated_
Polymers) (28); Some simulation files used for the MD data (https://zenodo.
org/record/8058747) (50); Study data available upon request with the corre-
sponding author and is not available online due to its size.
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