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the operation of a range of bioelectronic 
devices,[1–3] such as organic electrochem-
ical transistors (OECTs),[4–6] batteries,[7] 
and supercapacitors.[6] They have inherent 
advantages over traditional organic semi-
conductors for these electrochemical 
applications,[4,8–10] in particular their ability 
to operate with an aqueous electrolyte.[11,12] 
Exchanging a traditional alkyl-based 
side chain for a glycol-based hydrophilic 
side chain has been widely adopted as a 
strategy for increasing uptake of water 
and ions in OMIECs, and subsequently 
increasing their capacitance.[5,7,13–15] 
Whilst polythiophenes bearing long alkyl 
side chains are often reported to pack 
with interdigitating side chains[16–22] and 
π-stacks that are either straight or lightly 
tilted[17,20,22–24] (see Figure  S1, Supporting 
Information for backbone packing motifs 
referred to in this study), little is known 
about glycolated OMIEC packing, despite 
the chain packing being critical to both 
electronic and ionic transport.[21,25–28]

Experimental studies have suggested that glycolated OMIECs 
adopt smaller π-stack distances than their alkylated counter-
parts.[5,29] As well as solid-state packing, structural characteri-
zation of OMIECs should account for their swelling behavior, 

Exchanging hydrophobic alkyl-based side chains to hydrophilic glycol-based 
side chains is a widely adopted method for improving mixed-transport device 
performance, despite the impact on solid-state packing and polymer-electrolyte 
interactions being poorly understood. Presented here is a molecular dynamics 
(MD) force field for modeling alkoxylated and glycolated polythiophenes. The 
force field is validated against known packing motifs for their monomer crystals. 
MD simulations, coupled with X-ray diffraction (XRD), show that alkoxylated 
polythiophenes will pack with a “tilted stack” and straight interdigitating side 
chains, whilst their glycolated counterpart will pack with a “deflected stack” and 
an s-bend side-chain configuration. MD simulations reveal water penetration 
pathways into the alkoxylated and glycolated crystals—through the π-stack and 
through the lamellar stack respectively. Finally, the two distinct ways triethylene 
glycol polymers can bind to cations are revealed, showing the formation of a 
metastable single bound state, or an energetically deep double bound state, both 
with a strong side-chain length dependence. The minimum energy pathways 
for the formation of the chelates are identified, showing the physical process 
through which cations can bind to one or two side chains of a glycolated poly-
thiophene, with consequences for ion transport in bithiophene semiconductors.
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1. Introduction

Mixed ionic–electronic conducting conjugated polymers 
(organic mixed ionic–electronic conductors, OMIECs) underpin 
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since electrochemical doping is known to cause volumetric 
swelling in these systems.[27,30] XRD studies have thus cor-
related doping with an increase in lamellar stack spacing for 
both alkylated and glycolated polymers,[31–37] implying electro-
lyte entry into the lamellar stack. However, as the majority of 
the polymer is noncrystalline, X-ray diffraction (XRD) alone is 
unable to characterize many features critical to charge trans-
port.[38–42] Furthermore, it is unable to determine the position 
of water and ions in the lattice beyond inferring it from the 
polymer structure. To obtain this level of detail it is necessary to 
use experimental methods such as solid-state nuclear magnetic 
resonance (ssNMR) crystallography,[43–45] or computational 
methods such as molecular dynamics (MD).

MD offers the means to simulate atomistic structure and 
dynamics for both ordered and amorphous polymers, as well as 
for liquids, but relies on careful force-field validation,[46–48] espe-
cially for π-conjugated systems.[49,50] Even with a validated force 
field, finding stable polymer crystal motifs with MD is chal-
lenging due to its limited sampling of the morphological phase 
space.[51–55] Therefore MD studies on the ordered phase of 
OMIECs have not attempted to identify packing structures but 
have ensured long-range order through use restraining poten-
tials and small simulation cells,[56] or constraining systems to 
two dimensions.[57] Some studies[57–59] have taken advantage of 
MD's ability to probe amorphous polymer phases to uncover 
phase transitions during doping, however, they use the Gen-
eral AMBER Force Field[47] that has not been validated for the 
systems under study and is primarily designed for modeling of 
non-conjugated systems.[60] Other studies use the same force 
field,[61,62] but reparameterize backbone dihedrals to accurately 
capture backbone torsional behavior, a necessary step to accu-
rately model the behavior of conjugated polymers.[60,63–65] Some 
of the latter work,[62] as well as studies in closely related fields 
using more advanced validated force fields,[66,67] have made 
progress on understanding electrolyte structure in polymer 
films, showing that hydrophilic side chains will coordinate with 
cations, with implications for the operation of both hole- and 
electron-transporting OMIECs.[68–72] MD studies to date how-
ever have not been used to calculate water placement in an 
ordered polymer lattice. Whilst MD studies have clearly shown 
the ability of cations to coordinate with glycol side chains, free-
energetic quantities cannot safely be inferred from popula-
tions obtained from a limited sample of the morphology. For 
MD studies of binding events in biological systems,[73–79] it is 
generally accepted that enhanced sampling methods such as 
metadynamics[80–83] must be used to sufficiently sample the 
morphological phase space, and we propose the same is true in 
polymer systems.

To understand the packing behaviors of glycolated OMIECs, 
we have taken the archetypal glycolated polythiophene, 
poly(3,3'-dialkoxy(triethyleneglycol)-bithiophene) (p(gT2)),[7] and 
synthesized an alkylated analogue for comparison, poly(3,3'-
dialkoxy(tetradecyl)-bithiophene) (p(aT2)). The oxygen atom at 
the side-chain attachment point is kept in the latter polymer, 
as it is known to strongly influence the backbone morphology 
and redox properties.[84] As a result, p(aT2) will be referred to as 
having “alkoxy” side chains.

To provide a means to validate a force field that can char-
acterize the packing of p(aT2) and p(gT2) (see Section  S2,  

Supporting Information for details on the force field), and to 
provide a starting point with which to find viable packing motifs 
for the polymers, monomer crystals of Sn-gT2 and Br-aT2 are 
synthesized, and their packing atomistically characterized with 
single crystal XRD.[85,86] We then proceed to investigate how 
the interaction with water, as well as water placement in the 
polymer lattice, depend on the chemistry of the side chain. 
Finally we observe and quantitatively characterize the ion–side-
chain interactions that are unique to glycol side chains that have 
been intuitively known and only qualitatively studied thus far.

2. Results

Force-field validation is achieved through good agreement 
between simulated XRD powder patterns and experimental 
single-crystal XRD patterns for the monomer crystals, shown 
in Figure 1. The simulated supercells contain between 250 and 
300 monomers and are stable throughout the MD simulation. 
They further show stability when annealed at 350 K, with the 
Br-aT2 crystal also stable after annealing at 400 K (Figure  S9, 
Supporting Information), corroborating the experimental 
observation that Br-aT2 crystals are easier to grow than Sn-gT2 
crystals. We see close agreement between experimental and 
simulated patterns, with almost all the peaks present in experi-
ment being present in our simulated pattern. Additionally, rela-
tive peak intensities and widths are well reproduced, showing 
not only is the structure maintained, but also the relative levels 
of disorder between the crystallographic planes are reproduced.

Utilizing packing behaviors observed in the monomer crys-
tals, we are able to hypothesize and test, in terms of stability, 
candidate crystal motifs for p(aT2) and p(gT2). For each can-
didate structure, a supercell of around 60 oligomers, each of  
20 repeat units, is simulated for 50 ns using our validated force 
field. For the structures that maintained their long-range order, 
simulated XRD powder patterns are calculated and compared 
with experiment. After testing a variety of potential structures for 
both alkoxylated and glycolated crystals, those shown in Figure 2 
both show stability in our simulations, and closely reproduce the 
experimentally measured XRD patterns. In the case of p(aT2), 
an unusually large lamellar stack of 24.6 Å   is observed experi-
mentally, incongruent with an ordered dry polymer crystal with 
a maximum side chain of length 18 Å. We therefore suggest that 
there is residual solvent in the p(aT2) crystal phase such as that 
seen for the alkylated conjugated polymer PFO,[87,88] or thermal 
disorder leading to the expansion of the lamellar stack, such as 
that observed in polythiophenes with aliphatic side chains.[89]

The polymer XRD patterns derived from the MD simulations 
show peaks not seen in experiment that are associated with side-
chain order (thin lines in Figure 2). Due to the close agreement 
between experimentally derived and simulated patterns where 
side-chain contributions are omitted (full red and orange lines 
in Figure 2), and the close match between simulated and experi-
mental 2D GIWAXS patterns when side chains are excluded  
(Figures S13 and S14, Supporting Information), we conclude 
that the crystalline polymer phase shows some level of disorder 
amongst the side chains. Nevertheless, fitting the experimental 
peak widths to the peak order in the lamellar direction (Figures S15,  
Supporting Information) shows coherence over 4 and 8 lamellar 
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planes for p(aT2) and p(gT2) respectively, indicating sufficient 
side-chain ordering to maintain registration over multiple 
lamellae. Therefore peaks in experimental patterns, particularly 
at high q



 values, may still arise from side chains, or have addi-
tional intensity due to side-chain scattering.

The alkoxylated monomer and polymer crystals share simi-
larities, showing the same symmetry elements and side-chain 
structure. The π-stacking structure is similar, with both crystals  
adopting a “tilted stack,” and both crystals having straight 
interdigitating side chains. Stronger differences are observed 

Adv. Mater. 2022, 34, 2204258

Figure 1. A,B) Monomer crystal determination through experimentation, and MD force-field validation with Br-aT2 (A) and Sn-gT2 (B). Each panel 
contains the chemical display formula of the molecule, an illustration of the unit cell and supercell, and the experimentally determined X-ray diffraction 
pattern (black line), as well as the simulated X-ray pattern from MD (red line) and the simulated pattern generated from the experimentally determined 
packing motif (orange line), calculated using the Bragg equation and allowing for peak index allocation. Unit cell parameters are a = 4.17 Å, b = 9.30 Å, 
c = 23.80 Å, α = 91.8°, β = 91.5°, γ = 96.5°, P-1 symmetry for Br-aT2 and a = 7.00 Å, b = 14.02 Å, c = 18.01 Å, α = 90.00°, β = 97.71°, γ = 90.00°, P21/n 
symmetry for Sn-gT2.

Figure 2. Polymer crystal determination for A) p(aT2) and B) p(gT2). Each panel contains the chemical display formula, an illustration of the unit 
cell and supercell, XRD patterns obtained from MD (red),[90,91] and the simulated pattern generated from the proposed packing motif (orange line), 
calculated using the Bragg equation and allowing for peak index allocation (see Section 4.2.2 for XRD pattern simulation details), experimental in-plane 
pattern (black) and experimental out-of-plane pattern (gray). See Figure S13, Supporting Information for 2D experimental spectra. The thin red and 
orange lines indicate peaks associated with the side chains, whilst the thick lines indicate those associated with the backbones. Unit cell parameters 
are a = 22.4 Å, b = 5.3 Å, c = 7.6 Å, α = 69°, β = 88°, γ = 86°, P1 symmetry for p(aT2) and a = 18.6 Å, b = 8.2 Å, c = 7.7 Å, α = 90°, β = 70°, γ = 90°, Pc 
symmetry for p(gT2).
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between the glycolated monomer and polymer crystals. In 
the monomer, the side chains adopt a curled structure and 
no π-stacking is observed. For p(gT2), the side chains adopt 
a gentle s-bend configuration, and the backbones adopt a 
“deflected stack.” In both cases however, the side chains arrange 
themselves so that oxygen atoms are neighbored by hydrogen 
atoms on other side chains.

When comparing the alkoxylated with the glycolated crystals, 
we see many differences in packing behavior. First, changing 
the side chain changes all parameters of the unit cell for both 
the monomer and polymer crystals. Second, the π-stacking 
characteristics are markedly different. In the case of p(aT2) 
the backbones adopt the “tilted stack” while p(gT2) adopts a 
“deflected stack.” The (0  1 0) planes would indicate π-stacking 
separations of 5.2 and 4.0 Å for p(aT2) and p(gT2) respectively. 
Due to thermal disorder and crystal features such as a relatively 
acute α angle in the p(aT2) crystal, or the non-cofaciality of 
neighboring backbones in the p(gT2) crystal, the minimum dis-
tance between neighboring backbones can be as low as 3.4 and 
3.3 Å respectively. In biological systems, this has been shown to 
be an important variable in modeling charge transfer rates.[41,42] 
Using this measure, as with the π-stacking distances, p(gT2) 
backbones are shown to pack more closely together.

Interesting features are found in the experimental XRD pat-
terns which can be interpreted with knowledge of the packing 
motifs. In the case of p(gT2), the strong in-plane peak at 
q


0.85=  Å−1 can be seen to arise from the (0 0 1) plane in the 
backbone direction, however due to the polymer film showing 
a level of mixed crystallite orientation (evident by some (1 0 0) 
scattering in the in-plane direction), it is possible that this peak 
has added intensity from the (1  1  0) peak. At q-values beyond 

q
 = 1.2 Å−1, peak allocation becomes difficult due to the high 
number of peaks in the structure factors and the possibility 
that side chains have sufficient order to scatter in this region, 
as discussed previously. However, a mixed-index peak is seen 
in p(gT2) at q

 = 1.12Å−1 (arising from the (1 1 1) plane), which 
is strongly associated with the side chains. The absence of this 
peak in the experimental patterns, as well as simulation when 
side chains are omitted, again suggests disorder amongst the 
side chains of p(gT2). Furthermore, both simulated scattering 
intensities show that side chain ordering will have a significant 
effect on the intensity of the (0 0 1) family of planes, which are 
often strongly associated with the polymer backbones.

The polymer geometries provide a means to estimate the 
strength of electronic coupling between the conjugated back-
bones, which will strongly influence the rate of charge trans-
port within crystalline regions of polymer films. Since both 
crystal structures have at least C2 symmetry, π-stack transfer 
integrals can be approximated via the energy-splitting-in-dimer 
method.[25,92] The p(aT2) transfer integrals are found to be 
0.011 eV, and 0.059 eV for HOMO–HOMO and LUMO–LUMO 
couplings respectively when calculated for a pair of  dimers 
using B3LYP functional and 6-311(g,p) basis set. For p(gT2), 
the HOMO–HOMO and LUMO–LUMO coupling transfer inte-
grals are found to be 0.058 and 0.141 eV respectively.

To elucidate the effect of water exposure on the crystal struc-
ture, we immerse both alkoxylated and glycolated crystallites in 
water, the results of which are seen in Figure 3. In the case of 
the glycolated oligomers, water disrupts the crystalline packing, 
and in the case of Sn-gT2, the crystallite has begun to dissolve 
by the end of the simulation. For p(gT2), exposure to water 
causes the side chains to become less ordered, and their end 

Adv. Mater. 2022, 34, 2204258

Figure 3. Structural response of crystallites upon exposure to water. A) Illustrations of the crystallites as viewed on the x–y plane after initial equilibra-
tion in MD (left column) and after 50 ns of simulation time (right column). The transparent surface indicates the solvent accessible surface areas of 
the crystallites. B) Cross-sections through the polymer crystallites, showing where and how the water enters, indicated by the blue surface. Side chains 
made partially transparent for clarity. C) Free energy of solvation of alkoxylated and glycolated oligomers presented in this study, calculated using MD 
(see Section S4.2.3, Supporting Information).
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to end lengths shorten and generally adopt a curled structure, 
causing a reduction in the lamellar stack spacing. Alongside 
this, upon wetting of p(gT2), the “deflected stack” becomes 
more deflected, but overall the π-stack maintains structural 
order with a larger π-stack spacing of 6.0 nm (see Figure S17, 
Supporting Information). For Br-aT2 we see the monomers on 
the edge of the crystallite rearrange themselves so as to form 
a capsule, and reduce the area of the energetically unfavorable 
Br-aT2–water interface. In the center of the capsule the mon-
omers are still arranged in a crystalline fashion, maintaining 
their side-chain interdigitation. In the case of p(aT2), the crys-
tallite is undisturbed after wetting, with order being maintained 
in both the side chain and in the π-stack, and structural rear-
rangements of side chains only occurring on the surface of the 
crystallite. The relative effect of water on the crystals is quantita-
tively understood from the solvation free energies (Figure 3C), 
where hydrophilic species typically have three times or more 
the solvation free energy of their hydrophobic counterparts.

Water is seen to penetrate into both polymer crystallites, with 
about four times more water entering the glycolated crystallite in 
the 50 ns simulation, as seen in Figure 3B. In the case of p(gT2) the 
water enters the lamellar stack, residing amongst the hydrophilic 
side chains. Upon inspection it is seen that the water molecules 
typically sit with their hydrogens coordinating with glycol oxygen 
atoms, indicating hydrogen bonding occurring in the lamellar 
stack. Similar behavior has been observed for poly(ethylene 
oxide) solutions[93] and in biological environments.[94–96] For  

p(aT2), the water resides close to the backbone, furthest from 
the hydrophobic side chains. Simulations of bulk wet crys-
tals (see Figure  S18, Supporting Information) corroborate this 
observation, showing water droplet formation around the back-
bone for p(aT2), with each droplet containing around 30 water 
molecules. These simulations also show that water in crystal-
line p(gT2) is able to diffuse four times more quickly than in 
crystalline p(aT2), and both these diffusion rates are two orders 
of magnitude smaller than the self-diffusion of water.[97]

It has been observed experimentally that upon charging of 
a hole-transporting OMIEC, mass uptake is preceded by mass 
expulsion, implying the presence of cations in the bulk before 
doping.[69,70] Therefore the impact of ions on the structure of 
hole-transporting conjugated polymers should be understood. 
In order to test the ability of our simulations to correctly repro-
duce polymer–ion interactions, we first attempted to model the 
complexes formed between sodium or potassium cations and 
crown-ether bearing bithiophenes, for which solved crystal 
structures had previously been obtained. We used this as a test 
of our force field to correctly model cation chelation in similar 
materials (Figure S10, Supporting Information).[98] In all cases, 
our simulations are able to reproduce the experimentally deter-
mined crystal structures. We therefore proceeded to simulate 
p(aT2) and p(gT2) crystallites immersed in aqueous 0.2 m NaCl. 
The simulations suggest that cations, in the presence of glycol 
side chains, are becoming localized in space for periods of time, 
leading to small areas of high cation density (Figure  4A). On 

Adv. Mater. 2022, 34, 2204258

Figure 4. A) Density plots over the 50 ns production run of Na ions in the p(gT2) crystallite simulation, with the polymer crystallite shown in the center 
of the box. Darker areas indicate higher cation density. B) The free energy surface of the cation as a function of its distance from a glycol side chain on 
one side of the polymer (R1), and its distance to a side chain on the other side of the polymer (R2), with the solvated state shown. The black lines show 
the minimum energy pathways from the solvated state to the single bound state (ζsingle) and double bound state (ζdouble). The inset shows an area of 
the FES containing the single bound state, double bound state, and a locally stable transition state. C) The free-energy profiles for the transition from 
the solvated state to the single and double bound states along their optimal path, with illustrations of the bound and transition state configurations.
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inspection we see that this is due to cation–side-chain chela-
tion, such as those found for the crown-ether bithiophenes.[98] 
No such trapping effect is seen for anions, or for cations with 
the p(aT2) crystal.

To deepen our understanding of how cations could insert 
themselves into a crystalline lattice, we quantitatively study 
cation-glycol chelation using Metadynamics,[99–101] as shown in 
Figure  4B. A free energy surface (FES) is calculated as a func-
tion of the distance of the ion from a side chain on each thio-
phene unit (R1 and R2) within the bithiophene repeat unit (see 
Section S4.2.7, Supporting Information for more details on Meta-
dynamics simulations). In the free energy landscape four notable 
states are identified. The first being the solvated state at high R1 
and R2. Two shallow local minima are observed at R1 = 0.1 nm or 
R2 = 0.1 nm, corresponding to single bound metastable states to 
a single side chain with binding energy of −0.01 ± 0.07 kJ mol−1. 
Finally a stable state is seen at R1 = 0.1nm and R2 = 0.1nm, corre-
sponding to the ion being double bound to both side chains with 
energy of −13.3 ± 0.2 kJ mol−1.

Shown in Figure  4C are minimum energy transition path-
ways from the solvated state to the bound states along reaction 
coordinates ζsingle and ζdouble. We see that for the formation of 
the double bound state, a larger energy barrier must be over-
come compared to the single bound state (18.5 ± 0.4 kJ mol−1 
compared to 11.5 ± 0.4 kJ mol−1), which can be attributed to the 
requirement for the backbone to twist and the entropic penalty 
associated with fitting a second side chain around an ion. We 
also simulated the interactions between glycol side chains and 
the anion, and no notable states were seen (Figure  S25, Sup-
porting Information). Finally, a strong dependence of binding 
energy is seen with side-chain length (Figure S19, Supporting 
Information), in particular between triethylene and tetraeth-
ylene glycol whereby the single bound state goes from meta-
stable to stable, and the double bound state goes from stable 
to unstable.

3. Discussion

Whilst simulations do not show ions entering the crystallites on 
the sub 100 ns time scale, metadynamics suggests potential ionic 
structure and dynamics. In the case of polythiophenes with tail-
to-tail side-chain attachment, like those studied here, the double 
bound state requires the twisting of the backbone. This makes 
them unlikely to form in the crystalline phase due to the stabi-
lizing π–π interactions and steric factors making the backbone 
twist energy barrier prohibitively large. As the single bound states 
are only metastable and have an energy barrier within the range 
of thermal energies, ion–glycol chelations would represent no sig-
nificant ion transport trap in the crystalline phase for triethylene 
glycol. However, in the case of tetraethylene glycol, the single 
bound state is much deeper (see Figure S19, Supporting Informa-
tion), and so cation trapping in the crystalline phase of tetraeth-
ylene glycol polymers is possible. Whilst we would expect both 
anions and cations to be in the polymer bulk after water exposure, 
cations would experience trapping, the strength of which would 
depend on the side-chain length as demonstrated here.

Comparison of the structural response of Sn-gT2 and p(gT2) 
upon wetting has revealed the importance of the π–π interactions  

in stabilizing the crystal structure of hydrophilic OMIECs. 
Whilst the driving forces for formation of the p(gT2) crystallite 
are both π–π interactions and electrostatics, for Sn-gT2 it is only 
the latter due to the absence of π-stacking. The dipole interac-
tions are rapidly screened when water is present, thus leading 
to the rapid dissolution of the Sn-gT2 crystallite, and likely also 
leading to molecular-weight dependence of stability of the struc-
ture in water. Once the water has entered the lamellar stack 
for p(gT2), it is surprising that the backbones retain their long 
range order, whilst the side chains adopt a relatively amorphous 
structure with the intercalated water. Such structure could be 
described as a crystalline gel, where the crystalline backbones 
form the interconnecting element, and side chains and water 
form the gel phase.[102] The move to an amorphous morphology 
of the side chains causes a reduction in the lamellar stack, and 
an increase in the π-stack distance. For the hydrophobic crystal-
lite we see some diffusion of water into the crystal. This is pos-
sibly enhanced by the use of alkoxy side chains rather than alkyl. 
Furthermore, if the water enters the p(aT2) crystallite along the 
backbone, we might expect water entry to be suppressed if the 
crystallite is surrounded by amorphous bulk polymer, as these 
narrow channels would become fully or partially blocked.

Whilst in the solid state  some hydrophobic conjugated poly-
mers with short side chains have been shown to adopt lightly 
“tilted stacks”,[103–106] the majority of polythiophenes have been 
shown to adopt “straight stacks”.[23,24,43,107–109] It is interesting 
therefore, that the exchange from an alkyl to an alkoxy side chain 
induces a significant tilt in the π-stack. This is possibly due to 
the electrostatic repulsion of the oxygen atoms in the alkoxy side 
chain, as well as the increased rotational freedom around the 
base of the side chain associated with exchanging CH2 groups 
for oxygen.[29] Transitioning to a glycol side chain causes the 
backbones to adopt a “deflected stack”. We note that the glycol 
crystal more closely resembles an ionic lattice, such that nega-
tively charged atoms are placed in the lamellar stack opposite 
positively charged ones. The added strain applied to the system 
to satisfy this requirement is likely influencing the resulting 
backbone stacking motif. Whilst in the monomer crystal the 
hydrophilic side chains adopt a curled structure, in the polymer 
they adopt a gentle s-bend configuration. We expect the mon-
omer end caps to play a role in determining the overall monomer 
packing behaviors, for example the bulky Sn(Me)3 end caps lower 
the effective side-chain attachment density of the monomers and 
over-all hydrophilicity of the medium. However, the choice of 
monomer end-cap should not affect the packing of the polymer. 
These factors may lead to observed differences in side-chain con-
formation between Sn-gT2 monomer and p(gT2) polymer.

The change in backbone packing when exchanging alkoxy 
for glycol side chains leads to a higher inter-backbone elec-
tronic transfer integral. Given that charge transport is likely 
dominated by intermolecular charge transfer,[110] we would 
propose that, if the impact of side-chain type on electrostatic 
interactions can be neglected, a perfect dry glycolated crystal is 
better suited to electronic charge transport than an alkoxylated 
one. However, our simulations do not sample the crystalline 
imperfections shown by the broad peaks in the XRD pattern, 
nor the presence of any residual solvents that may be leading to 
an enlarged lamellar stack. Both of these are likely to influence 
electronic charge transport in these systems.

Adv. Mater. 2022, 34, 2204258
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Glycol side chains have been used extensively to improve 
OMIEC device performance, despite issues remaining around 
device stabilities during electrochemical cycling. Already design 
strategies have been proposed to negate these side effects, and 
usually revolve around altering side-chain lengths,[61,111] attach-
ment positions,[112] or combining hydrophobic and hydrophilic 
moieties.[5,56] [113,114] In all these cases the amorphous phase, as 
well as the crystalline phase, is likely to be important in main-
taining structural integrity of films. Our force field opens up 
the opportunity to atomistically characterize structural packing 
and probe the short range order and interactions in the amor-
phous phase when these chemical designs are applied.

4. Conclusion

We have atomistically characterized the polymer packing of 
archetypal alkoxy and glycolated polythiophene polymers. We 
uncovered the changes in packing behaviors to accommodate the 
side chains of different chemistries, in particular the adoption of 
either a “straight stack,” “tilted stack,” or a more densely packed 
“deflected stack” depending on the oxygen content of the side 
chains. These behaviors indicate the glycolated polymers pack 
more effectively for optimizing charge transport in the solid state. 
We have subsequently observed the response of the polymer to 
water exposure, as well as the placement of water in the polymer 
lattices—around the backbone for alkoxy systems, and in the 
lamellar stack for glycol systems. We have shown the important 
effects of π–π interactions in stabilizing the polymer lattice, dem-
onstrating that enhancing the π-stacking in systems is critical to 
ensuring their stability in aqueous environments, with implica-
tions for optimizing polymer molecular weights. Finally, meta-
dynamics has revealed that triethylene glycol side chains are the 
optimum length for ensuring no cation trapping in the crystalline 
phase of OMIECs, whilst tetraethylene glycol is more suited to 
applications where cation trapping is desirable. Studies on these 
materials using atomistic and quantitative molecular simulations 
coupled with experimental characterization, as followed here, is 
valuable for guiding future polymer OMIEC design.
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