SCIENCE ADVANCES | RESEARCH ARTICLE

MATERIALS SCIENCE

Study of self-assembly behavior and ionic conductivity
of conjugated liquid crystals with T-shaped

facial-polyphilic structure

Ziwei Liu't, Yangyang Sun?t, Ban Xuan Dong>*1, Shrayesh N. Patel*>, Paul F. Nealey***,

Fernando A. Escobedo?*, Christopher K. Ober'*

The unique self-assembly of liquid crystals (LCs), combined with their potential application as organic semicon-
ductors, has become a focus of recent research. Here, a joint experimental and computational study of the
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self-assembly and ionic conduction was carried out on a series of T-shaped conjugated LCs consisting of three
incompatible components. By extending the EOn side-chain length, several experimental evaluations con-
firmed a decrease of the order-disorder transition temperature, while coarse-grained simulations revealed a
structural evolution from a smectic phase to a columnar phase. lonic conductivity of these molecules was
achieved by adding Li salt, leading to a maximum conductivity of 1.1 x 10~ siemens per centimeter observed
at 120°C. All-atom simulations were performed to examine the Li-ion solvation environment and to evaluate
the intrachain and interchain Li-ion hopping mechanisms. The molecule with a long EOn side chain was found
to generate a densely distributed network of Li-ion solvation sites, which can facilitate effective interchain

hopping to promote ion transport.

INTRODUCTION

Conjugated liquid crystals (LCs) have attracted broad interest in the
field of organic semiconductors due to their tunable processibility
and mechanical flexibility compared to their inorganic counterparts
(1-5), leading to diverse applications in solar cells (6-9), light-
emitting diodes (10-13), and field effect transistors (14-16). The
unique feature of LC states combining overall structural order and
individual molecular fluidity enables molecules to align uniformly
over a large area with no grain boundaries (14, 17, 18), to self-heal
local packing defects (3), and to respond to external stimuli, such as
mechanical force, heat, light, and so on (19-22). Unlike intrinsic
molecular properties, the transport of charge carriers in organic
semiconductors mainly depends on their molecular packing (5, 23),
and the self-assembly of LC molecules is driven by the nanoscale
segregation of immiscible constituent segments. In a typical conju-
gated LC molecule, rigid rod-like (calamitic) or disk-like (discotic)
n-conjugated moieties can provide necessary shape anisotropy to
better align the molecule for the electron or hole transport, and
nonconducting alkyl groups can provide some flexibility to facilitate
the molecular assembly and to form insulating domains to alter the
shape of charge transport channels (2, 23). Recently, there has been
a growing interest in developing LC conductors that can transport
electrons and ions simultaneously by attaching ionic or polar groups
to m-conjugated moieties (24-28). Among different ion-conducting
chemistries, poly(ethylene oxide) (PEO) has garnered most atten-
tion due to its excellent solvating affinity with alkali metal cations,
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improved thermal stability, reduced flammability, and facile proces-
sibility (29-31).

To improve the performance of organic semiconductors, exten-
sive experimental efforts have been made to synthesize LC molecules
forming differently shaped transport pathways for charge carriers in-
cluding lamellae (32-34), columns (2, 35, 36), and networks (37, 38).
Given the molecular design versatility in organic chemistry, a rational
design strategy is desirable to construct intricate LC structures by
tailoring the molecular shape anisotropy and selecting proper func-
tional groups to tune intermolecular interactions (23, 39, 40). Mo-
lecular dynamic (MD) simulations can serve as a complementary
approach to time-consuming experimental synthesis and character-
ization, to rapidly explore the self-assembly behavior of candidate
LC molecules (41, 42). For electron transport, MD simulations can
facilitate the structure determination of a material to extract impor-
tant packing details like the molecular orientation and n-x stacking
(27, 28). Numerous theoretical and computational studies have shown
that the cation transport in PEO is intrinsically related to the seg-
mental motion through three principal mechanisms including in-
trachain hopping along a polymer chain, interchain hopping, and
codiffusion with short polymer chains (31, 43). However, it remains
unclear to what extent the knowledge gathered from well-studied
bulk PEO-based systems can be applied to conjugated LC systems
with dispersed, nanoscale-thick ion-conducting domains. MD sim-
ulations can provide mechanistic insights by directly examining the
ion solvation environment and evaluating the relative motions be-
tween ions and LCs.

Our previous studies showed that linear amphiphilic LC mole-
cules containing a rigid oligothiophene core attached with flexible
oligo(ethylene oxide) (EOn) segments at both ends only form the
smectic phase (26, 28). To increase the self-assembled structural
complexity and the resulting phase diversity, previous experimental
studies have resorted to incorporating multiple immiscible seg-
ments and modifying the molecular shape (39, 40). In this work, we
combine experimental and computational efforts to investigate the
self-assembly and the charge conduction in a series of T-shaped
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facial polyphilic LC molecules that engender higher phase complex-
ity. This is done by attaching hexyl groups at both ends of a rigid
pentathiophene (5T) core (forming the molecular backbone) and an
EOn segment on the central thiophene as a flexible side chain; the
resulting T-shaped molecules will be denoted 5T/di-hexyl/EOn or
5T/dC6/EOn for simplicity. Compared to conventional linear LCs,
T-shaped variants exhibit a distinctive molecular architecture that
enables intriguing properties through enhanced molecular anisot-
ropy and packing flexibility (40). Thermal properties of these com-
pounds were examined, showing a decreased mesophase transition
temperature for the molecule with a longer EOn side chain. MD
simulations and wide-angle x-ray scattering (WAXS) were per-
formed to reveal the structure evolution of 5T/dC6/EOn, which var-
ied with EOn segmental length from a smectic phase with complex
in-plane packing to a columnar phase. The ion transport in 5T/dC6/
EOn was measured in the presence of the ionic dopant, lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), at a doping ratio de-
fined as the molar fraction between Li-ions and EO units, r = [Li*]/
[EO]. The ionic conductivity of 5T/dC6/EOn was found to increase
with the EOn segmental length at a LiTFSI doping ratio of r = 0.05,
while the electronic conductivity was disrupted by the EOn clus-
ters and is not discussed here. In addition, the Li-ion solvation
environment in the ion-conducting domains was characterized by
MD simulations to provide a more detailed characterization of the
Li-ion transport mechanism.

RESULTS

Synthesis of 5T/dC6/EOn

T-shaped polyphilic LC molecules, 5T/dC6/EOn, were synthesized
by twofold Suzuki coupling reaction using Pd(PPhs), as catalyst, as
illustrated in fig. S1 of the Supplementary Materials. Subject to our
purchased reagents, the chemical formula of 5T/dC6/EO3 and 5T/
dC6/EO4 refers to the exact number of EO units in each molecule,
while 5T/dC6/EO10 is an estimated formula, since 5T/dC6/EO10
was synthesized using a mixture of EOn chains with the average
number of EO units per chain being n = 10. The polydisperse EOn
side chains in the synthesized 5T/dEO6/EO10 system play a limited
role in the assembled structure as confirmed by our preliminary
simulations, where similar columnar phases were formed by different
monodisperse 5T/dC6/EOn systems ranging from n = 8 to n = 12.
Also related to reagents, 5T/dC6/EO4 and 5T/dC6/EO10 contain an
extra carbon spacer between the 5T core and the EOn side chain.
The compounds of 5T/dC6/EO3 and 5T/dC6/EO4 are yellow pow-
ders at room temperature, while 5T/dC6/EO10 remains dark red
liquid. All products are characterized by 'H and °C nuclear mag-
netic resonance (NMR) spectroscopy. Detailed synthetic procedures
are shown in section S1.2.

Thermal properties of 5T/dC6/EOn

For 5T/dC6/EOn compounds, their thermal properties were char-
acterized by differential scanning calorimetry (DSC), and their opti-
cal textures exhibiting LC phases were obtained by polarized optical
microscopy (POM) at room temperature. DSC traces in Fig. 1A show
the first cooling scan and the second heating scan obtained for all
samples in their pristine states with transition temperatures and
transition enthalpies listed next to the transition peaks. Here, given
the polydisperse nature of 5T/dC6/EO10, we use joules per gram
as the unit of the transition enthalpy. More detailed information is
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displayed in table S1. The thermal decomposition temperatures of
selected 5T/dC6/EOn are shown in fig. S2. Both samples of 5T/dC6/
EO3 and 5T/dC6/EO4 exhibit stable LC mesophases at room tem-
perature. 5T/dC6/EO3 shows a clear exothermic phase transition at
31°C in the cooling process and an endothermic phase transition at
48°C in the heating process. 5T/dC6/EO4 with one more EO unit
shows a phase transition at a lower temperature (20°C during cool-
ing and 35°C during heating). 5T/dC6/EO10 with a relatively long
EOn side chain does not show any LC mesophase around room
temperature, and its phase transition takes place at —36°C during
cooling process and at 4°C during heating process with broader
peaks likely related to nonuniform EOn side chains. We notice that
extending the EOn side chain from # = 3 to n = 10 reduces the
order-disorder transition temperature of 5T/dC6/EOn between the
LC state and isotropic state of each molecule. As we have discussed
in our previous work (44) on linear structured LC 4T/PEOn, in
nanosegregated two-domain LC in which one domain is highly or-
dered (thiophene) and the other domain is less ordered and liquid-
like (PEO), the length of PEO chains determines the material’s
melting behavior. With the increasing length of PEO chains, the as-
sociated increase in conformational entropy drives a tendency to-
ward disorder that overtakes the cohesive energy, keeping the ordered
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Fig. 1. Thermal and optical properties of 5T/dC6/EOn. (A) DSC traces of pristine
states of 5T/dC6/EOn measured at a scanning rate of 10°C/min. For each product,
the top trend is the first cooling cycle, and the bottom trend is the second heating
cycle. Order-disorder transition temperatures are listed near transition peaks for
each molecule with transition enthalpies in parenthesis. (B) POM images measured
in the pristine bulk phase at room temperature of 5T/dC6/EO3 and (C) 5T/dC6/EO4.
Scale bars, 100 pm. a.u., arbitrary units.
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packing of the 4T domains. A similar theory can also be applied to
the three-component system 5T/dC6/EOn, where conjugated oligo-
thiophene forms the rigid skeleton and EOn segments introduce
flexibility to the system. Therefore, increasing the length of EOn seg-
ments consequently leads to decreased phase transition tempera-
tures. The transition enthalpy of each molecule follows the same
monotonic decreasing trend as the length of EOn segments increas-
es and the molecule becomes more flexible and mobile, which ren-
ders the LC structure less stable. In summary, extending the EOn
side chain reduces the transition temperature and enthalpy of 5T/
dC6/EOn between LC and isotropic states.

Following the same method in our previous work (26), POM im-
ages were taken at 20°C for the bulk materials of LC compounds
except for 5T/dC6/EO10, since its order-disorder phase transition
takes place below room temperature. In addition to the birefringent
batonnet textures usually found in traditional LC structures (Fig. 1,
B and C), more crystalline features, such as the needle-shaped char-
acter, were detected for 5T/dC6/EO3 due to potential local crystal-
linity of EOn side chains and 5T-conjugated moieties (Fig. 1B). This
material is therefore believed to be highly ordered LCs (45) or defect-
rich “condis” crystals (46) in which the loss/lack of positional mobil-
ity can be attributed to short flexible spacer length and low-efficiency
packing of alkyl chains.

Molecular packing of 5T/dC6/EOn

The self-assembly of 5T/dC6/EOn molecules was simulated using
the coarse-grained (CG) model (Fig. 2A and figs. S3 and S4) through
a regular quenching process, where ordered structures were formed
at lower temperatures (see fig. S5 in section S3). For 5T/dC6/EO3
and 5T/dC6/EO4 with a shorter EOn side chain, a lamella phase
with complex in-layer packing self-assembled, where alkyl segments
form one layer and the 5T and EOn segments together form another
adjacent layer (Fig. 2B). Moreover, in the latter two-component lay-
er, EOn segments are grouped into small clusters interspersed within
the well-aligned stacks of 5T segments. As for 5T/dC6/EO10 which
has a longer EOn side chain, a columnar phase was self-assembled,
where the more rigid molecular backbones (5T with alkyl groups)
form a continuous domain to delineate the shell of each cylinder
while the EO10 segments aggregate into many isolated domains that
fill the space inside each cylinder (Fig. 2C).

Since well-aligned 5T segments are often found in CG configura-
tions, it is of interest to further examine the packing structure of
thiophene rings in a model vested with the necessary atomistic de-
tails. Thus, a representative atomistic configuration of 5T/dC6/EO3
was initially generated from its CG self-assembled structure and
then thermally equilibrated using the all-atom (AA) force field. The
calculated diffraction pattern is an effective representation to exam-
ine the periodic order embedded in the AA configuration. The graz-
ing incidence wide-angle x-ray scattering (GIWAXS) pattern was
adopted for a convenient comparison with the experimental results
measured in the thin films of 5T/dC6/EOn. A detailed analysis of
this framework has been well-documented in our previous study
(28). Usually, the GIWAXS pattern is plotted over the space spanned
by q.and g to reveal structural information in the direction parallel
(in-plane, radially along r) and perpendicular (out-of-plane, along
the z axis) to the film, respectively.

In the simulations, a diffraction pattern is calculated by setting
the lamella stacking direction in an AA configuration as the out-of-
plane z direction (Fig. 3A), which is consistent with the experimental

Liuetal, Sci. Adv. 11, eadt8303 (2025) 16 May 2025

A 5T/dC6/EO3 5T/dC6/EO10
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@ EO bead
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Fig. 2. Self-assembly of 5T/dC6/EOn in simulations. (A) CG model of a single
molecule. A TH bead represents a thiophene ring, an EO bead represents one eth-
ylene oxide unit, and an AK bead represents a propyl alkyl group. (B) 5T/dC6/EO3
forming lamellar phase from the out-of-plane (left) and in-plane (right) directions.
For clarity, only a two-component layer with 5T and EO3 is shown in the right snap-
shot. (C) 5T/dC6/EO10 forming columnar phase from a cross-sectional (left) and
longitudinal (right) directions. EO10 segments in the right snapshot are drawn with
thinner lines to more clearly show the alignment of 5T segments.

setup. Several relationships can be established between peaks in a
diffraction pattern and packing features in an AA configuration
using Miller indices (integers h, k, and 1), which define a set of paral-
lel planes with equal interplanar spacing to represent different peri-
odic types. Here, the in-plane Miller indices refer to h and k, the
out-of-plane index refers to [, and negative integers are written
with an underbar. For the simulated pattern shown in Fig. 3A, peaks
along the edge of g, = 0 are related to the formation of a lamellar
structure. The peak with an intermediate intensity at g, ~ 0.34 A~
reveals that those isolated EOn clusters are arranged in a certain pe-
riodic manner. Strong peaks between g, ~ 1.32 A~ and g, ~ 1.39 A™!
pertain to the packing structure of 5T segments, which can be la-
beled with in-plane Miller indices of {11 L}, {20 L}, and {11 L} to
confirm a two-dimensional centered lattice within a lamella (fig. S6).
{11 L} and {11 L} peaks with different g, values indicate a paral-
lelogrammatic unit cell rather than a rectangular one (28), which can
be attributed to the disruption and deformation of the regular pack-
ing of 5T segments by EOn clusters. Also, 5T segments from differ-
ent layers aligning in the same direction contribute to the strong
peak intensities.

In the experiments, GIWAXS patterns were measured at room
temperature only for the thin film of 5T/dC6/EO3 and 5T/dC6/EO4
due to the much lower order-disorder transition temperature of 5T/
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Fig. 3. Molecular packing of 5T/dC6/EOn. (A) Snapshot of packing morphology of 5T/dC6/EO3 in the all-atom (AA) model representation and the corresponding simu-
lated GIWAXS pattern. Intensities are shown on a linear scale and Miller indices are provided for some diffraction peaks. (B and C) Experimental GIWAXS patterns of the
thin film of 5T/dC6/EO3 and 5T/dC6/EO4 at room temperature. (D to F) Temperature-dependent WAXS patterns of pristine LC films of 5T/dC6/EO3, 5T/dC6/EO4, and 5T/

dC6/EO10, respectively.

dC6/EO10. The film thickness is around 60 to 80 nm. The diffraction
peaks in Fig. 3 (B and C) appear qualitatively similar, which can be
divided into three parts based on our simulation analysis: the nar-
row diffraction peaks of (00 %) in the out-of-plane direction indicat-
ing a lamellar structure parallel to the substrate, the relatively weak
peaks at g, ~ 0.5 A™! representing EOn clusters in each layer, and
elongated peaks at larger g, values indicative of n-x stacking between
adjacent 5T units, which played a key role in forming the highly or-
dered smectic phase.

The temperature-dependent WAXS was conducted for 5T/dC6/
EOn during the heating process (Fig. 3, D to F). Both 5T/dC6/EO3
and 5T/dC6/EO4 were measured between 0° and 100°C, below their
decomposition temperatures (see fig. S2 in section S1.4), while the
5T/dC6/EO10 film was measured in a lower temperature range
from —70° to 20°C. For 5T/dC6/EO3 and 5T/dC6/EO4, two groups
of sharp diffraction peaks, including g < 0.5 A™" representing a la-
mellar structure and q ~ 1.5 A™! representing the n-1 stacking
among thiophene rings, are observed starting from room tempera-
ture. For 5T/dC6/EO10, its diffraction pattern shows relatively weak
lamella-related peaks compared to the n-stacking peaks, indicating
a different morphology of EOn percolation into the alkyl-thiophene
domains. As the temperature increases, all samples undergo an
order-disorder transition, indicated by the sudden broadening of
diffraction peaks in the vicinity of 80°C for 5T/dC6/EO3, 50°C for
5T/dC6/EO4, and 0°C for 5T/dC6/EO10, which are in good agree-
ment with the DSC results in Fig. 1A. Above the phase transition
temperature, 5T/dC6/EO3 and 5T/dC6/EO4 still maintain some
remnants of the lamellar structure with the n-n stacking fully dis-
rupted by mobile EOn side chains, while 5T/dC6/EO10 becomes
completely disordered.
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lonic conductivity of 5T/dC6/EOn

The ionic conductivity of 5T/dC6/EOn thin films doped with LiT-
FSI was measured by electrochemical impedance spectroscopy (EIS)
using interdigitated gold electrode (IDE) devices (47, 48) at a salt
concentration of r = [LiT]/[EO] = 0.05 over a temperature range
from 0° to 140°C through a heating process. Because of the geome-
try of IDE, the ionic conductivity reported in our work is in-plane
conductivity or conductivity in the direction parallel to the sub-
strate. As shown in Fig. 4A, the ionic conductivity of all samples
increases with the temperature, and longer EOn side chains can bet-
ter promote the ionic conductivity. For 5T/dC6/EO3 and 5T/dCé/
EO4, their ionic conductivities exhibit a two-stage increase with the
temperature due to their order-disorder transition. Here, we would
like to note that for the 5T/dC6/EO4 thin-film samples, we were
only able to measure conductivity during the first heating cycle due
to dewetting issues that occurred at higher temperatures. Therefore,
it is possible that the fabricated samples for the first heating cycle
were not at equilibrium at low temperature, and the observation of
multiple transitions at low temperature is process dependent. At
room temperature, EO3 or EO4 side chains form many small ion-
conducting clusters dispersed in the alkyl-thiophene domains ac-
cording to our simulations, and lack of sufficient molecular mobility
makes it rather difficult for ions to travel from one cluster to anoth-
er, resulting in quite low conductivities. When these systems reach
the transition temperature, highly ordered LC structures begin to
fall apart, and the EO side chains become more and more mobile
and easily rearrange to facilitate ion transport, leading to a notable
conductivity increase. For example, 5T/dC6/EO4 achieves the max-
imum observed conductivity around 1.5 x 10™* $/cm at 130°C. For
5T/dC6/EO10, only a disordered structure was observed with no
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Fig. 4. lonic conductivity of 5T/dC6/EOn. (A) Temperature-dependent ionic conductivities of 5T/dC6/EOn doped with LiTFSI at a ratio of r = 0.05 measured in experi-
ments. (B) Li-ion transport in 5T/dC6/EOn at 400 K and r = 0.05 illustrated by MSD curves in simulations. (C) Apparent power-law exponents of MSD curves.

phase transition during measurement; thus, the ionic conductivity
increases gradually with temperature, reaching the maximum value
of 1.1 x 107> S/cm at 120°C, which is even superior to those nanose-
gregated ionic LCs (49, 50). The electronic conductivity of oligothio-
phene in this case, however, is largely disrupted by EOn domains.

Our AA simulations were performed to focus on the impact of
the length of EOn segments on Li-ion transport, given the impor-
tance of Li-ions as effective charge carriers in processes involving
energy conversion and storage for many applications. At our simu-
lated ion concentration of r = 0.05, TESI-ions are expected to show
a minimal presence in the Li-ion solvation structure and the Li-ion
transport to be largely determined by the interaction between Li-
ions and 5T/dC6/EOn molecules (51). Incorporating only Li-ions to
5T/dC6/EOn under an electric field allows us to capture the main
aspect of the Li-ion transport without simulating the LiTFSI disso-
ciation, and to more efficiently sample the rare but important Li-ion
hopping events among EOn segments. In addition, our AA simula-
tions were mainly performed at 400 K, which was consistent with
the experimental condition showing a higher conductivity in the
disordered molecular structure. Our preliminary results at 300 K
(fig. S7) show much slower Li-ion transport due to the reduced dy-
namics of 5T/dC6/EOn molecules and the isolated EOn clusters in
the ordered structures. On the basis of the lamellar structures of 5T/
dC6/EO3 and 5T/dC6/EO4 verified by our CG simulations, EOn
clusters are dispersed among well-aligned, stationary 5T segments,
and the Li-ions are largely trapped within each cluster, considering
the lack of structural rearrangement of 5T segments required for
Li-ions to travel between different clusters. In contrast, simulations
at 400 K allow us to timely observe the transition behavior of Li-ions
when traveling around different EOn segments, which is imperative
to understand the complex Li-EOn interaction dynamics.

To capture the relative motion of Li-ions with respect to 5T/dC6/
EOn molecules, a modified simulation trajectory was generated by
subtracting the center of mass of all 5T/dC6/EOn molecules in each

frame. Accordingly, the mean-squared displacement (MSD) is cal-
culated for such a trajectory using multiple time origins

+A’E Z % 2 |ri(1,'+A'c)—r,('r)|2 (1)

Ttraj

MSD(At) =

where 7 is a set of consecutive integers to label successive frames
with equal time interval of 8¢ in a trajectory, At is the frame interval
corresponding to the time of At = AT-8¢, Ty is the total number of
frames in a trajectory, r;(t) is the position vector of atom i in frame
7, and N is the number of atoms. Since a charged Li-ion under an
electric field is expected to yield a linear response behavior (Ohm’s
law) (52), reaching the regime of MSD ~ #*, the apparent power-law
exponent, v, was calculated by tracking MSD versus #* at different
times. As shown in Fig. 4 (B and C) and fig. S8, although the Li-ion
does not reach the linear-response regime within our computational
time, it is already evident from the trends that the Li-ion exhibits the
fastest diffusion in 5T/dC6/EO10. In addition, Li-ion diffusion in
5T/dC6/EO3 is slower than that in 5T/dC6/EO4 at short and inter-
mediate times but is faster at long times with larger time-dependent
power-law exponents. For the same ion-doping ratio of r = 0.05, the
number density of Li-ion in 5T/dC6/EOn varies with the length of
EOn segment. For comparison, a normalized ionic conductivity
(Ajon) is then approximated by the product of the Li-ion density
(pion) and apparent Li-ion diffusivity (D,pp) evaluated with the Einstein
relation at 60 ns (Table 1). Overall, ion-doped 5T/dC6/EO10 shows
the highest conductivity due to the fastest diffusion and highest
density of Li-ions. Compared to 5T/dC6/EO4, ion-doped 5T/dCé6/
EO3 has lower Li-ion density but faster Li-ion diffusion, leading
to an overall ionic conductivity which is slightly higher. Here, our
simulated conductivity trend for 5T/dC6/EO3 and 5T/dC6/EO4
is inconsistent with the experimental data, likely related to our lim-
ited computation times and simulation setup without TFSI-ions.
Notwithstanding this shortcoming, our subsequent analysis of the

Table 1. Normalized ionic conductivity in 5T/dC6/EOn at 400 K.

System Dapp(60 ns)/(A%-ns™") Pion/NM Ajon (normalized)
5T/dC6/EO3 1.25 0.139 1.00
5T/dC6/EO4 0.83 0.172 0.82
5T/dC6/EO10 2.10 0312 3.77

Liuetal, Sci. Adv. 11, eadt8303 (2025) 16 May 2025
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Li-ion solvation environment can still be instructive for revealing
the transport mechanism and to further establish material design
strategies.

To characterize the interaction between Li-ion and oxygen, the
pair radial distribution function (RDF) is calculated by the ratio be-
tween local and bulk number density of oxygen atoms around Li-
ions, po(r) and po

{po(r)) \%4
Po NLiNO<i;j; (r I rJ”)> @

where r is a given separation distance, r; and r; are the position vec-
tor of a Li-ion and an oxygen atom, () is the Dirac delta function,
||-+|| denotes the Euclidean distance, (X(r)) denotes the ensemble
average of a radially varying property given by X(r), V is the volume
of the simulation box, Ni; and Ng are the numbers of Li-ions and
oxygen atoms in the system. In practice, rather than the delta func-
tion, po(r) is computed from a histogram using a spherical shell at a
radial distance r and thickness dr. In addition, the cumulative RDF
(CRDF) directly shows the cumulative number of oxygen atoms
within a distance from the Li-ion.

A Li-ion is solvated by roughly six coordinating oxygens from
the same or different EO segments/molecules

The Li-ion solvation shell is formed by the group of oxygen atoms
within the first peak of RDE, and the shell radius is determined by
the minimum between the first two peaks. In 5T/dC6/EOn, solva-
tion shells show similar features consisting roughly of six oxygen
atoms according to CRDF with a radius around 3.4 A (Fig. 5, A and B).
Different solvation motifs were distinguished on the basis of three
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numbers: the number of oxygen atoms, EO segments, and 5T/dCé/
EOn molecules participating in the solvation shell. Here, a solvating
segment is defined as a set of contiguous EO units from the same
molecule. Figure 5C shows the frequency of different motifs ob-
served in simulations. In 5T/dC6/EO3 and 5T/dC6/EO4, the pri-
mary motif is 6-2-2, where a Li-ion is coordinated by six oxygen atoms
coming from two EOn segments adopting a crisscross conformation
(Fig. 5D). In 5T/dC6/EQO10, other than the 6-2-2 motif, 6-1-1 and
7-1-1 motifs also occur with appreciable frequencies, where a Li-ion
is coordinated by a single segment with six or seven contiguous EO
units adopting a helical conformation (Fig. 5E and fig. S9). Oxygen
atoms not within any Li-ion shell are denoted as “free” for our ensu-
ing discussion. A small peak observed in the RDFs of 5T/dC6/EO4
and 5T/dC6/EO10 at 4.25 A (Fig. 5A) likely corresponds to nearby
free oxygen atoms within those EOn segments coordinating Li-ions;
this is not observed for 5T/dC6/EO3 where all three oxygen atoms
from a solvating segment are often needed to coordinate a Li-ion,
leaving no nearby free oxygen. The peak in RDF at 6.15 A (Fig. 5A)
can be associated with free oxygen atoms from other nonsolvating
molecules, and the slope of CRDF beyond 5 A basically reflects the
average oxygen density in 5T/dC6/EOn.

Chanages in solvation shell over time reveal roles of inter- and
intrachain hopping events

The Li-ion transport mechanism is investigated by tracking the
changes of the Li-ion solvation shell with time. Here, each oxygen
atom in the system is labeled consecutively with a unique index.
Given a Li-ion i at a time ¢, SH(?) is defined as a list of oxygen indi-
ces within its solvation shell. When comparing constituent oxygen
atoms of a solvation shell at two different times, we can classify three
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Fig. 5. Li-ion solvation shell in 5T/dC6/EOn. (A) Radial distribution function and (B) related cumulative function of oxygen atoms around Li-ions. (C) Frequency of ob-
served Li-ion solvation motifs. (D and E) Snapshots of representative Li-ion solvation motifs. Li-ions are colored in white, carbon atoms in gray, oxygen atoms in red, and
sulfur atoms in yellow. For clarity, hydrogen atoms are omitted, and 5T/dC6 backbones are cropped and shown partially transparent.
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oxygen categories: atom leaving, staying in, and entering the shell as
shown in Fig. 6A. Furthermore, the time autocorrelation function of
the Li-ion solvation shell (TACF-SH) (30, 31, 51, 53, 54) is calculated
and normalized for different oxygen categories using multiple time
origins. The TACF-SH of “staying” oxygen atoms is calculated to quan-
tify the solvation/residence time of oxygen with Li-ion

TACF—SH,_ (At)=

where t and 7 are used to label time and frame in a simulation trajec-
tory as mentioned in Eq. 1, N is the intersection operator, |--| is the
cardinality (number of elements) of a set, and Ny; is the number of
Li-ions in the system. TACF-SHj,y takes on a value from 1 for no
change to 0 for complete change in the solvation shell. Overall, oxygen
atoms in 5T/dC6/EO4 coordinate Li-ions for much longer time with
a flat decay in TACF-SHtay than the other two systems (Fig. 6B).
Closer inspection also reveals that both 5T/dC6/EO4 and 5T/dC6/
EO10 exhibit a two-stage decay in TACF-SHjy, where a fast decay
with a steep slope occurs at small times followed by a slow decay,
while 5T/dC6/EO3 is dominated by a single-slope decay.

The TACEF-SH of “entering” oxygen atoms is calculated to exam-
ine different ion hopping events

stay
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where \ is the set difference operator. TACF-SHep, takes on a value
from 0 for no change to 1 for complete change in the solvation shell.
The entering atoms can be divided into two groups associated with
either intrachain or interchain hopping as shown in Fig. 6C based
on whether they are from the same EOn segment of “leaving” and
“staying” atoms. In 5T/dC6/EQO3, interchain hopping contributes
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to almost all changes of the solvation shell, which is consistent with
the single-slope decay of TACF-SHt,y. In 5T/dC6/EO4, while intra-
chain hopping makes the primary contribution to the fast decay
in TACF-SHy,y at short times, the slow interchain hopping results in
very limited changes to the solvation shell at long times. Li-ions in
5T/dC6/EO3 show faster interchain hopping than 5T/dC6/EO4, which
is consistent with the higher Li-ion mobility in the former as quanti-
fied by the MSD data. For the dominant Li-ion solvation motif of
6-2-2 in 5T/dC6/EO3 (Fig. 5C), a Li-ion is coordinated by two EO3
segments with all six oxygens, effectively precluding intrachain hop-
ping. For the 6-2-2 motif in 5T/dC6/EO4, a Li-ion is coordinated by
two EO4 segments, leaving two free oxygen atoms outside the solva-
tion shell to facilitate the intrachain hopping, and these two oxygen
atoms appear to establish an extra barrier for the Li-ion to escape
from its existing solvation environment through proper interchain
hopping. Furthermore, two EO4 segments can shield a Li-ion more
thoroughly than two EO3 segments, and TFSI-ions are expected to
move more freely in 5T/dC6/EO4 than in 5T/dC6/EO3, which like-
ly accounts for the discrepancy between experimental and computa-
tional conductivity data. The higher ionic conductivity of 5T/dCé6/
EO4 observed in experiments could reflect the motion of TFSI-ions.
In 5T/dC6/EO10, intrachain hopping mainly contributes to the ini-
tial fast decay of TACF-SHyay, while interchain hopping plays a ma-
jor role in the decorrelation of the solvation shell composition over
the longer time scales relevant to ionic transport. Among the three
5T/dC6/EOn systems, Li-ions in 5T/dC6/EO10 show the fastest in-
terchain hopping, consistent with their highest Li-ion mobility. Ex-
amples of ion hopping are shown in figs. S10 and S11 from section
S4.2 with complementary details.

Potential Li-ion solvation sites in 5T/dC6/EO10 are more
densely distributed and in closer proximity

Apart from the local solvation environment of Li-ion, it is of great
interest to examine the overall long-range spatial structure of ion-
conducting domains formed by EOn segments. The concept of sol-
vation sites (55-57) has been developed to identify possible locations
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Fig. 6. Dynamics of Li-ion solvation shell in 5T/dC6/EOn. (A) Categorization of oxygen atoms in the solvation shell according to their dynamic behavior. (B) TACF-SH for
oxygen atoms staying in the shell. (C) TACF-SH for oxygen atoms related to Li-ion hopping. Curves for Li-ion hopping types are depicted by different line styles and mo-

lecular systems by different colors.
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in the conduction domains capable of fully coordinating Li-ions,
which can serve as a useful, albeit approximate metric to quantify
the abundance of such sites and the ease of potential Li-ion hopping
events among them. To be consistent with the prevalent solvation
motifs found in Fig. 5, the solvation site is defined as the centroid of
a set of six or more oxygen atoms if each of which is also within a
threshold distance around the centroid; this threshold distance (7ge)
is set to be the radius of Li-ion solvation shell determined by RDE
Tste = 3.4 A. An algorithm to identify possible solvation sites in a
simulated configuration is presented in section $4.3.

Among the three 5T/dC6/EOn systems, solvation sites were found
to be more densely distributed in the system with a higher volume
fraction of EOn segments, i.e., the n = 10 case (Fig. 7A). To give an
approximate visualization of available hopping events, any pair of sites
closer than a limiting hopping distance of 3 A (57) is connected by an
edge. This precise choice of limiting hopping distance is not essential
to sort out the trends in our ensuing results, but it is a convenient value

that follows the analysis of a prior study (57), as being able to capture
the rapidly increasing barrier to hopping with intersite distance. The
average nearest-neighbor distance for solvation sites is calculated as

1
N,

site

<rﬂn> = (5)

min(r)

where N is the number of solvation sites identified in a simu-
lated configuration, r;; is the distance between two sites i and j, and
(~-) denotes the ensemble average over a trajectory. Our simulations
show that the edge density in 5T/dC6/EO3 is less than the corre-
sponding bulk site density (Table 2) indicating limited connection
among sites. In contrast, in both 5T/dC6/EO4 and 5T/dC6/EO10, the
edge site density is higher, indicating better-connected site networks.
Results in Table 2 indicate that (r,,) in 5T/dC6/EO4 and 5T/dC6/
EO10 are comparable but distinctly smaller than (r,,) in 5T/dCé6/

Table 2. Characterization of solvation sites in 5T/dC6/EOn.

System Psite/“m_3 pedge/nm_3 ("ml)/A
5T/dC6/EO3 0.041 10.88
5T/dC6/EQ4 0.677 223
5T/dC6/EO10 0.951 1.482 2.05
0.04 . 5T/dC6/EO3 D Oxygen atom categories:
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Fig. 7. Distribution of solvation sites in 5T/dC6/EOn. (A) Representative snapshots of solvation sites in the 5T/dC6/EOn. Sites are depicted by blue spheres, and edges
between sites within 3 A are depicted by blue bonds. EOn segments are shown in the transparent representation with carbon in white and oxygen in red. (B) Distribution
of the nearest-neighbor distances for individual solvation sites, where the average value is marked by a dotted line. (C) Cumulative RDFs between solvation sites.
(D) Categorization of oxygen atoms based on their associated solvation sites. (E) Radial autocorrelation function of solvation site (RACF-ST) for oxygen atoms related to
potential hopping events. Curves for hopping types are depicted by different line styles and molecular systems by different colors.
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EO3. Distributions of 1, (Fig. 7B) reveal that a considerable portion
of sites in 5T/dC6/EO3 are separated from their neighbors by at least
10 A, while sites in 5T/dC6/EO4 and 5T/dC6/EO10 are often within
4 A of a neighbor site. Furthermore, the site-site CRDF of 5T/dC6/
EO3 (Fig. 7C) shows that sites only find at most one neighbor with a
long plateau region up to 9.7 A, suggesting the presence of many iso-
lated sites. In contrast, the CRDFs of 5T/dC6/EO4 and 5T/dC6/EO10
show that local clusters contain three to four sites with a radius of
around 2.5 A, with the following plateau region serving as a metric of
the cluster-to-cluster distance. Site clusters in 5T/dC6/EO10 are more
densely distributed with the smallest intercluster distance.
Solvation intersite lengths can be associated with ion
hopping times
To connect solvation site networks with potential ion hopping
events, different sites are first classified on the basis of their associ-
ated oxygen atoms. Given a configuration 7, ST;(t) denotes a list of
oxygen indices linked to site i. When comparing sites i and j, their
associated atoms can be divided into three categories: overlap (if
shared by at least two sites), unique to site i, and unique to site j
(Fig. 7D). To estimate the transport length of ion hopping, the
radial autocorrelation function of solvation site (RACF-ST) is calcu-
lated and normalized for “unique” atoms

RACF—- STumque(r) =

1 1 ST;(O\ST(%) (6)
Ttraj Z { Nsite Zr?#:atx l ST](T) ’ it rij <7

where Ty, is the number of configurations used to identify solvation
sites, and r;; is the distance between sites i and j. Taking a site i as the
reference, the ratio of unique atoms is calculated for any site j with-
in a distance from site i, and the site with the maximum ratio is cho-
sen for RACF-ST to give a lower limit for the transport length (fig.
S$12). RACF-STnique takes on a value from 0 for no change to 1 for
complete change of site-associated atoms. Also, unique atoms of site
j can be divided into two groups related to intrachain and interchain
hopping depending on whether they are from the same EOn seg-
ments as atoms of site i (Fig. 7E). In 5T/dC6/EO3, interchain hopping
would be the primary mechanism for a Li-ion to jump from site to
site, with a Li-ion needing to travel at least 9.7 A up to 20.3 A to
change its coordinating oxygen atoms. In 5T/dC6/EO4, a Li-ion can
jump to neighboring sites only within 2 A through intrachain hop-
ping; however, it needs to travel around 11.3 to 18.2 A to substan-
tially alter its surrounding oxygen atoms through interchain hopping.
In 5T/dC6/EO10, the transport length for intrachain hopping is less
than 3.7 A, and the length for interchain hopping is about 7.3 to
15.4 A, smaller than that for the other two systems. Comparing TACF
of Li-ion solvation shell with RACF of solvation site, the lack of intra-
chain hopping in 5T/dC6/EO3 is related to a large portion of isolated
sites, while fast intrachain hopping in 5T/dC6/EO4 and 5T/dC6/
EO10 arises from the small transport length around 3 A to available
nearby sites. Interchain hopping, which can completely alter the com-
position of the Li-ion solvation shell, usually occurs at longer times
given the larger transport length between solvation sites with quite
different oxygen compositions, and faster interchain hopping usually
correlates with smaller transport lengths. In summary, the highest ionic
conductivity of 5T/dC6/EO10 observed in both experiments and sim-
ulations can be attributed to the fastest interchain hopping associated
with the smallest transport length between solvation sites. Moreover,
in our simulations, Li-ions exhibit enhanced mobility in 5T/dC6/EO3

Liuetal, Sci. Adv. 11, eadt8303 (2025) 16 May 2025

compared to 5T/dC6/EO4, which is also related to the rate of inter-
chain hopping and the required transport length.

DISCUSSION

We conducted an integrated approach of experiments and simulations
to study the self-assembly and ionic conductivity of a series of synthe-
sized T-shaped polyphilic LC molecules, 5T/dC5/EOn. The thermal
behavior of these compounds confirmed that the order-disorder transi-
tion temperature decreases as the length of the EOn side chain increases.
CG simulations helped reveal molecular packing details in the ordered
structures, namely, that the molecule with a short EOn side-chain forms
a lamellar phase with many small EOn clusters dispersed in thiophene
domains, while the molecule with a long EOn side chain forms a colum-
nar phase containing multiple continuous EOn domains.

EIS measurements on 5T/dC6/EOn films showed that longer
EOn side chains can promote ion transport with the highest conduc-
tivity of 1.1 x 10> S/cm observed for 5T/dC6/EO10 at 120°C. The
Li-ion solvation shell was characterized by atomistic simulations to
understand the transport mechanism. Our simulations reveal that
the Li-ion transport in the molecule with a short EOn side chain ex-
hibited a lack of necessary intrachain hopping and relatively slow in-
terchain hopping, leading to a long coordinating time of the oxygen
atom with the Li-ion. The improved ion-conducting performance in
5T/dC6/EO10 is largely related to a balanced combination of intra-
chain hopping at short times followed by interchain hopping at long
times. Solvation site networks were constructed in the ion-conducting
EOn domains to identify potential hopping events. For 5T/dC6/EO3
and 5T/dC6/EO4, the large proportion of isolated solvation sites or
small site clusters implies a long travel distance for interchain hop-
ping, while for 5T/dC6/EO10, the densely distributed site clusters are
expected to lower the activation barrier to enact frequent interchain
hopping events. In summary, our simulations reveal a correlation be-
tween molecular design, mesophase morphology, domain size, and
connectivity of ion-conducting domains with Li-ion transport mech-
anisms; the nonmonotonic trends in ionic conductivity with the length
n of the EOn segments highlights the nontrivial coupling of EO do-
main geometry and intra- versus interchain Li-ion hopping events.

In terms of molecular design, our results proved that the combi-
nation of the T-shaped facial polyphilic molecules with a charge-
conducting functionality can induce complex mesophases with
confined charge transport channels. Furthermore, our simulations
indicate that a suitable length of the EOn segment in 5T/dC6/EOn
can be favorable to Li-ion transport. For example, one 5T/dC6/EO10
molecule can properly surround a Li-ion using six oxygen atoms, with
the four extra oxygen atoms providing adequate molecular flexibility
to facilitate the conformational rearrangements entailed by ion hop-
ping and to serve as a bridge to connect to other free EO10 segments.
By contrast, two 5T/dC6/EO4 molecules can thoroughly coordinate
a Li-ion using six oxygen atoms, with the two extra oxygen atoms hin-
dering interchain hopping due to their limited flexibility.

It is remarkable that for the systems studied, the ordered, liquid
crystalline morphologies of our 5T/dC6/EOn molecules did not
prove to be the most advantageous for ionic conductivity, and one
could question whether a different ordered phase may have been
more effective. Here, we note that similar three-block T-shaped
molecular designs exhibit remarkable phase diversity, extending
beyond lamellar, columnar, and honeycomb phases (40-42). The
complex T-shaped molecular architecture, with its inherent shape
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anisotropy and structural versatility, facilitates the stabilization of
network phases across a wide range of conditions. Moreover, at
intermediate temperatures, these systems form disordered network
morphologies rather than fully isotropic phases, where different con-
stituent chemical blocks nanosegregate into interconnected domains
percolating throughout the entire sample. The three-dimensional
percolating domains in these network morphologies, maintained
across ordered and disordered states over wide temperature ranges,
could provide enhanced ion/electron conduction due to their inher-
ent resilience against the detrimental effects of grain boundaries and
structural defects (which often compromise conductivity in typical
ordered LC morphologies). In this sense, they may embody a para-
digm shift in what the target ion/electron-conducting morphology
should be when designing small mesogenic molecules. While we
chose to focus on the relation between varying structures and ionic
conductivity, more work is needed to understand the relation be-
tween structure and electronic conductivity. Despite the diminished
electronic transport of our molecules due to EOn clustering, future
refinements of this T-shaped molecular design (e.g., targeting net-
work transport pathways) have significant potential for developing
materials with strong mixed ionic/electronic conductivity. For ex-
ample, future work can aim to achieve self-assembled structures
that optimally balance long-range positional order with localized
disorder (i.e., imparting “plastic crystalline” properties), where long-
range order can establish continuous pathways for efficient elec-
tronic conduction, while localized disorder enables limited yet
sufficient structural rearrangement to facilitate ion hopping between
molecules (58).

MATERIALS AND METHODS

Materials and synthesis

All reagents and solvents were purchased from AK Scientific, Sigma-
Aldrich, Thermo Fisher Scientific, and Honeywell, which were used as
received unless otherwise noted. Anhydrous tetrahydrofuran (THF)
was freshly distilled from sodium and benzophenone before use. N-
bromosuccinimide was recrystallized in water and stored in refrigera-
tor before use. The synthetic procedure and characterization of 5T/
dC6/EOn are provided in section S1.2.

Nuclear magnetic resonance

'H and C NMR spectra were recorded on a Varian INOVA 400
and a MERCURY 300 spectrometers. Chemical shifts were quoted
relative to the residual protons of the deuterated solvents CDCl;
(6 =7.26 for 'H and & = 77.36 for >C). The multiplicity was charac-
terized by the following abbreviations: singlet (s), doublet (d), triplet
(t), quartet (q), and multiplet (m).

Preparation of 5T/dC6/EOn-LiTFSI blend samples

Solutions of 5T/dC6/EOn and LiTFSI (Sigma- Aldrich, battery grade)
were prepared separately by dissolving the materials in anhydrous
THF at a concentration of 10 mg-ml™" each and fully shaken using a
vortexer before mixing. 5T/dC6/EOn and LiTFSI solutions were
then mixed at the appropriate ratios to achieve the concentrations
r = [Li*]/[EO] = 0.05. DSC and POM images were taken on bulk
5T/dC6/EOn-LiTFSI complexes prepared by slow evaporation of the
mixed 5T/dC6/EOn-LiTFSI solution at 80°C followed by drying un-
der vacuum for 24 hours at 80°C.

Liuetal, Sci. Adv. 11, eadt8303 (2025) 16 May 2025

Differential scanning calorimetry

DSC measurements were performed on a Q 2000 from TA Instru-
ments at a scanning rate of 10°C/min within a temperature range
from —90° to 200°C. The phase transition temperatures were deter-
mined as the peak positions in the DSC traces due to broadness of
the transition peaks.

Polarized optical microscope
An Olympus BX51 equipped with a Mettler FP 82 HT hot stage was
used for visual observation of optical textures at different temperatures.

Temperature-dependent WAXS

T-dependent WAXS was performed with SAXSLAB (XENOCS)’s
GANESHA equipped with a T-95 Linkam stage at the University
of Chicago X-ray Facility. Measurement details are provided in
section S1.3.

Grazing-incidence wide-angle x-ray scattering

GIWAXS were performed at beamline 8-ID-E of the Advanced
Photon Source, Argonne National Laboratory with 10.86 keV (A =
1.1416 A) synchrotron radiation. Measurement details are provided
in section S1.3.

Simulation method

To timely observe the self-assembly of oligomeric LCs given our
accessible computational resources, a CG model of 5T/dC6/EOn
was used to generate representative realization of their complex
mesophases. However, to study ionic conduction, an AA model
(26, 59) of 5T/dC6/EOn was implemented to provide necessary at-
omistic details that capture the relevant energetic and steric barriers
to ionic mobility; the AA model configurations were obtained by
first inverse mapping from well-equilibrated CG ones and then allow-
ing them to thermally equilibrate. The solvation environment of
Li-ions was examined to understand their transport in the conduc-
tion domains of EOn side chains, whose morphologies were further
characterized by the solvation-site network approach. Force field pa-
rameters and simulation details are provided in section S2 with figs.
S3 and S4. All the simulations were performed using Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) simula-
tion package (60, 61) with Graphics Processing Unit (GPU) accelera-
tion (62, 63), and Visual Molecular Dynamics (VMD) (64) was used
for visualizations.

Conductivity measurement

EIS conductivity measurements were performed on samples fabri-
cated on top of nanofabricated IDE devices using a Gamry 600+ Po-
tentiostat inside a nitrogen-filled glovebox. Before EIS measurement,
the excess amount of materials on the electrode pads was scraped
away to make electrical connection to the sample. The electrical con-
nection was made using two-probe manipulators (Semiprobe Inc.).
The EIS characterization was performed from 1 MHz to 0.1 Hz with
an oscillatory peak potential of 100 mV. EIS measurement was car-
ried out at different temperatures controlled by a benchtop heater
controller (Omega Engineering Inc.). The collected impedance data
were then fit to appropriate equivalent circuits to extract the sample
ionic resistance Rjon and then ionic conductivity. More details can be
found in our previous publication (65).
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