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ABSTRACT: We investigated the temperature-dependent
phase behavior and interaction parameter of polyethylene-
based multiblock copolymers with pendant ionic groups. These
step-growth polymers contain short polyester blocks with a
single Li+SO3

− group strictly alternating with polyethylene
blocks of x-carbons (PESxLi, x = 12, 18, 23). At room
temperature, these polymers exhibit layered morphologies with
semicrystalline polyethylene blocks. Upon heating above the
melting point (∼130 °C), PES18Li shows two order-to-order
transitions involving Ia3 d gyroid and hexagonal morphologies.
For PES12Li, an order-to-disorder transition accompanies the melting of the polyethylene blocks. Notably, a Flory−Huggins
interaction parameter was determined from the disordered morphologies of PES12Li using mean-field theory: χ(T) = 77.4/T +
2.95 (T in Kelvin) and χ(25 °C) ≈ 3.21. This ultrahigh χ indicates that the polar ionic and nonpolar polyethylene segments are
highly incompatible and affords well-ordered morphologies even when the combined length of the alternating blocks is just
18−29 backbone atoms. This combination of ultrahigh χ and short multiblocks produces sub-3-nm domain spacings that
facilitate the control of block copolymer self-assembly for various fields of study, including nanopatterning.
KEYWORDS: multiblock copolymer, high-χ block copolymer, ion-containing polymer, self-assembly, phase diagram, nanopatterning

Utilization of self-assembled materials is an essential
technology for producing nanostructured materials
such as nanowires,1,2 nanodots,3,4 and nanoporous

films.5−7 Nanostructured materials made by using self-
assembled templates of various shapes and length scales
exhibit a wide variety of material properties that enable new
applications for semiconductors,8,9 metamaterials,10,11 and 2D
materials.12−14 Among the various templating materials, block
copolymers have emerged as exceptionally versatile materials,
as they can self-assemble into ordered nanostructures with sub-
10-nm feature sizes.15 More recently, many studies have
contributed to developing the block copolymers with smaller
feature sizes particularly focused on transferring nanopatterns
for microelectronic devices.16,17 Synthetically, the underlying
mechanism of controlling the domain spacing (d) of block
copolymers is a well-known scaling to the Flory−Huggins
interaction parameter (χ) and degree of polymerization (N).18

For linear and symmetric diblock copolymers, d exhibits
weaker χ-dependency (e.g., d ∼ χ1/6N2/3 for strongly segregated
systems) than the segregation strength (e.g., χN).18−21 Note
that we use χ to indicate an effective χ for clarity. Thus, N
should be decreased to produce smaller d, while χ should be
increased to retain sufficiently strong microphase separation.

Therefore, block copolymers with high χ and low N are a
common strategy to reduce and control the feature size of
block copolymers.
A variety of high-χ block copolymers have been designed by

the addition of chemically incompatible functionalities to
either of the blocks. Such incompatibility often arises from the
difference of hydrophilicity (or hydrophobicity) between the
blocks. For example, with the addition of a hydroxyl group to
one styrene block, a poly(4-hydroxystyrene-b-styrene) diblock
copolymer self-assembles into a layered morphology with d =
11.8 nm and χ (170 °C) ≈ 0.12.22 With the addition of one
more hydroxyl group, poly(3,4-dihydroxystyrene-b-styrene)
exhibits a layered morphology with d = 5.9 nm and χ(170
°C) ≈ 0.46.23 Similarly, introducing hydrophobic function-
alities increases the incompatibility between the blocks, such as
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silicon-containing24−26 and fluoroalkyl groups.27,28 Specifically,
poly(3-hydroxystyrene-b-dimethylsiloxane)24 shows a layered
morphology with d = 7.4 nm and χ(170 °C) ≈ 0.39, and
poly(3-hydroxystyrene-b-pentadecafluorooctyl methacrylate)27

has d = 9.8 nm for layers and χ(170 °C) ≈ 0.48. These χ
parameters are obtained from the X-ray scattering intensity of
disordered diblock copolymer melts and mean-field theory and
are scaled to the common reference volume of 118 Å3.16 Note
that the conventional poly(styrene-b-methyl methacrylate)
diblock copolymer has a relatively low χ(170 °C) ≈ 0.038,
limiting the minimum feature size to ∼20 nm.29

A multiblock architecture, such as an (AB)n linear
multiblock copolymer, is a promising candidate for designing
high-χ and low-N polymers due to their ability to microphase
separate into ordered microstructures and tunability of physical
properties.30,31 In strictly alternating (AB)n multiblock
copolymers, an increasing number of repeating subunits (n)
results in smaller domain spacings than AB diblock
copolymers.32−34 This is due to the reduced chain-end effects
in multiblock copolymers relative to diblock copolymers. Also,
the multiblock architecture is critical for preparing high-χ and
low-N polymers, because the thermal and mechanical proper-
ties of diblock copolymers are significantly compromised at
very low N.35−37 Therefore, (AB)n linear multiblock
copolymers are promising as a route to achieving sub-10-nm
domain spacings with thermal and mechanical stability.
However, microphase separation of (AB)n symmetric linear

multiblock copolymers requires a higher segregation strength
with increasing n, as χN > 10.5 for n = 1 (equivalent to diblock
copolymers) and χN > 15.1 for n > 20.38 Note that the N of an
(AB)n multiblock copolymer corresponds to the degree of
polymerization of the AB subunit. As n reaches ∼20, the phase
behavior is dictated by the χ and N as the influence of n

becomes negligible.38−40 Similarly, the domain spacing of the
multiblock copolymer is independent of n at large n.33

Therefore, χN > 15.1 is required for high-χ and low-N
polymers with (AB)n multiblock architectures to exhibit strong
microphase segregation.
Ion-containing polymer systems are a promising strategy for

preparing high-χ multiblock copolymers, because the presence
of ionic groups effectively increases the segregation strength
between the blocks.16,41−44 For example, our previous studies
examined the phase behaviors of polyethylene-based sodium
sulfosuccinate (PESxNa) multiblock copolymers, which
contain short polar blocks with pendant Na+SO3

− groups
and nonpolar polyethylene blocks of x carbons (x = 10−
48).45−47 Notably, these ion-containing multiblock copolymers
microphase separate into ordered morphologies such as
lamellar, gyroid, and hexagonally packed cylinder morpholo-
gies, and the smallest domain spacing is ∼2.2 nm in the
lamellar and hexagonal morphologies of PES10Na. These
results suggest that the nonpolar polyethylene blocks are highly
incompatible with the polar ionic blocks, indicating a high χ in
these PESxNa polymers. However, the χ of PESxNa was
experimentally inaccessible due to the absence of disordered
morphologies below the polymer degradation temperature.
This study of PESxLi multiblock copolymers (x = 12, 18,

23) demonstrates sub-3-nm ordered microstructures and an
ultrahigh Flory−Huggins interaction parameter (χ). These
polymers are strictly alternating multiblock copolymers
synthesized from the step-growth polymerization of short
polar and nonpolar polyethylene blocks. For PES18Li, various
order-to-order transitions between layered, gyroid, and
hexagonally packed cylinder morphologies are observed, and
the domain spacings of layered and hexagonal morphologies
are 3.2 and 2.3 nm, respectively. In addition, PES12Li has a

Figure 1. In situ X-ray scattering of PES12Li and PES18Li at selected temperatures upon heating. At q < 0.8 Å−1, LAY, DIS, GYR, and HEX
represent layered, disordered, gyroid, and hexagonally packed cylinder morphologies of ionic aggregates. The peak at q ≈ 1.5 Å−1 indicates
the crystalline polyethylene backbone below Tm.
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layer spacing of 2.5 nm and an accessible order-to-disorder
transition. The random phase approximation was applied to
the disordered PES12Li using a reference volume of 118 Å3 to
determine χ(T) = 77.4/T + 2.95. This ultrahigh χ for the
PES12Li multiblock copolymer is consistent with the strong
segregation of short ionic blocks and ordered morphologies
with sub-3-nm domain spacings and demonstrates an approach
for designing high-χ and low-N copolymers.

RESULTS AND DISCUSSION

High-χ and low-N block copolymers are typically synthesized
by anionic polymerization to tightly control the block
molecular weights and thus the self-assembled morphologies.
In contrast, the PESxLi multiblock copolymers have broader
molecular weight distributions, because they are synthesized
via step-growth polymerization, which affords a wider range of
monomeric units than anionic polymerization. The polydisper-
sity indexes of PES12Li and PES18Li are nominally ∼1.43 and
∼1.24, respectively (Figure S1). Importantly, the polar and
nonpolar monomeric units in PESxLi are chemically precise
and strictly alternating and thus produce well-defined self-
assembled morphologies. The number of repeating units (n) of
the PESxLi multiblock copolymers was determined by the end
group analysis of 1H NMR signals (Figures S2 and S3): n = 55
for PES12Li and n = 17 for PES18Li. Note that the value of n
is proportional to the total molecular weights of PESxLi
polymers and remains constant during the cation exchange of
the polymers.47

In situ X-ray scattering experiments at selected temperatures
show various morphologies of PES12Li and PES18Li (Figure
1). The X-ray scattering data at all measured temperatures for
heating and cooling and differential scanning calorimetry
(DSC) results are provided in the Supporting Information
(Figures S4 and S5). At 40 °C, PES12Li and PES18Li exhibit
layered (LAY) ionic aggregate morphologies as indicated by
the peak ratio (q/q*) of 1:2 at q < 0.8 Å−1. These LAY
morphologies coexist with the [100] plane of hexagonally
packed crystalline polyethylene, as evidenced by a peak at q ≈
1.5 Å−1. Note that homopolyethylene forms orthorhombic
crystals at ambient condition,48 while the short polyethylene
blocks alternating with polar ionic blocks of PESxLi form
hexagonal crystals. The domain spacing of these layered
morphologies (dL) increases with the polyethylene block
lengths, and dL = 2π/q* = 2.5 and 3.2 nm for PES12Li and
PES18Li, respectively.
Heating above the melting temperature leads to a broad

amorphous halo centered at q ≈ 1.5 Å−1 for both polymers,
and the LAY morphologies transition into a disordered
morphology (DIS) for PES12Li and gyroid (GYR) morphol-
ogy for PES18Li. For PES12Li, the q* peak transitions into a
broad single peak at q ≈ 0.3 Å−1 and indicates an order-to-
disorder transition. In contrast, PES18Li exhibits an order-to-
order transition from a LAY to a GYR morphology, which is
assigned by the observed peak ratios (q/q*) of
√6:√8:√20:√22:√24:√26. A further increase of temper-
ature in PES18Li produces a transition from GYR to
hexagonally packed cylinder (HEX) morphology, as indicated
by the observed peak ratio of 1:√3:2. These peaks are not
overlapping with the local minimum of the corresponding
cylinder form factor. At 180 °C, the lattice parameter of the
HEX morphology of PES18Li is 2.7 nm. Notably, ordered
morphologies in these polymers form sub-3-nm domain

spacings with relatively short lengths of polar ionic and
nonpolar polyethylene blocks.
Upon in situ cooling, X-ray scattering shows that PES12Li

maintains DIS morphologies to 40 °C, while PES18Li shows
the HEX−GYR transition and then the GYR morphologies
persist until 40 °C (Figures S4 and S5). The absence of
recrystallization in these polymers is attributed mainly to the
strong polar interactions that slow the crystallization kinetics.
Similar behavior was previously observed with the sodium
sulfonate multiblock copolymers (PESxNa) in our previous
studies.45 The morphological transitions characterized by X-ray
scattering experiments are consistent with the thermal
transitions observed in the DSC (Figures S4 and S5).
Figure 2 shows the heating morphology map of PESxLi as a

function of temperature and volume fraction of polar blocks

( f p). The value of f p is calculated from the ratio of van der
Waals volume of the blocks. The PES23Li data were previously
reported.46 With increasing temperatures, LAY−GYR−HEX
order-to-order transitions are observed for PES23Li and
PES18Li at the f p of 0.27 and 0.31, respectively. Due to the
degradation of the polymers, a DIS morphology of PES18Li
and PES23Li was inaccessible. In contrast, PES12Li ( f p =
0.41) exhibits an order-to-disorder transition (LAY−DIS) with
increasing temperature. This morphology map directly
compares the effect of block lengths and temperature on the
segregation strength (χN) since χ ∼ 1/T and N ∼ 1/fp. Here,
the segregation strength decreases with higher T or higher f p,
leading to the DIS morphologies in PES12Li.
For PES12Li, a wide LAY−DIS transition window at 80−

100 °C is associated with the melting temperature (Tm ≈ 73
°C) and order-to-disorder transition temperature (TODT ≈ 112
°C); see Figure 3S(b) for DSC results. At 80−90 °C, an
amorphous polyethylene backbone leads to the poorly defined
LAY morphologies. Following an isothermal anneal at 90 °C
for 20 h, the amorphous LAY morphology is evident with a
weak second-order peak (Figure S6). The interlayer distance
with amorphous polyethylene blocks is just 2.1 nm compared

Figure 2. Morphology map of PESxLi polymers as a function of
temperature and fp, the volume fraction of the polar block. The
morphologies are determined from the heating cycle of in situ X-
ray scattering experiments. The morphology transitions are shown
as purple (LAY−GYR), olive (GYR−HEX), and light blue (LAY−
DIS). The PES23Li data are obtained from ref 46.
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to the crystalline polyethylene (2.5 nm at 40 °C). The LAY
morphologies below Tm possess crystalline polyethylene
blocks, while at 90 °C the melting of polyethylene reduces
the backbone ordering and the interlayer spacing between the
ionic aggregate layers. At a higher temperature, an order-to-
disorder transition at ∼110 °C is identified with a non-
Lorentzian, broad single peak in X-ray scattering at q ≈ 0.3
Å−1. Therefore, the morphology map for a given in situ X-ray
scattering experiment observes a relatively wide range of LAY−
DIS transitions in PES12Li.
The effective Flory−Huggins interaction parameter (χ) of

PESxLi is calculated using a random phase approximation of
(AB)n multiblock copolymers with a volume-based degree of
polymerization and reference volume of 118 Å3.38 The X-ray
scattering intensity from the disordered (AB)n multiblock

copolymers are defined as I q( ) C
i q1 / ( ) 2

=
χ− at n → ∞, where

C is a constant and i(q) is the intensity per repeating unit. The
quantity i(q) is

i q N f f

f f f f

( ) (1 )

2
(1 )

2(1 e )(1 e )
(1 ) (1 e )

v
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2
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2
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2
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2
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2

p p

Ä

Ç
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= −

×
−

− − −
− −

λ λ

λ

− − −

−

(1)

where λ = q2Rg
2, and Rg is the radius of gyration of the

repeating unit. The i(q) asymptotically converges as n
approaches 20. Therefore, the scattering intensities of
disordered PES12Li (n ≈ 55 from the NMR end-group
analysis) at 120 to 170 °C are fit with eq 1 and the fitting
variables of C, χ, and Rg

2. The volume-based degree of
polymerization (Nv) is calculated from the common reference
volume of 118 Å3, molecular weight (170 g/mol) and density
(0.81 g/cm3) of melt polyethylene block, and f p. The scattering
profiles and fitting parameters at measured temperatures are
provided in Figure S7 and Table S1, respectively.
Figure 3a shows the scattering intensity of disordered

PES12Li at 160 °C (dots) and the best fit of eq 1 (line). The
quality of fitting at a wide range of q indicates that the mean-
field theory accurately calculates the value of χ from disordered

Figure 3. (a) Scattering intensity of disordered PES12Li at 160 °C (dots) and the best fit of eq 1 (line). (b) Scattering intensity (dots) and eq
1 (line) every 10 °C from 120 to 170 °C. Fitting parameters are provided in Table S1. (c) 1/Imax vs 1/T plots, where Imax is the absolute
scattering intensity at q*. The red line shows the linear relationship between 1/Imax and 1/T above the mean-field temperature (TMF). (d) χ
vs 1/T plots and its linear fit above the TMF. The value of χ is determined from the fitting shown in (b).
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PES12Li. Although the mean-field theory applies to Gaussian
conformation, many studies have suggested that the random
phase approximation can reasonably approximate the χ-
parameter with the value of N as low as 10.16 Figure 3b
highlights the maximum scattering intensity (Imax) and peak
center (q*) as a function of temperature. With decreasing
temperatures, q* decreases and Imax increases, typical of phase
behavior in disordered polymer melts.49 Figure 3c plots 1/Imax
vs 1/T to identify the mean-field temperature (TMF) above
which the fluctuation effect is negligible. The linear relation-
ship between 1/Imax and 1/T above TMF ≈ 150 °C indicates
that the disordered phases are consistent with the mean-field
calculation. A nonlinear relationship near the order-to-disorder
transition temperature is due to the fluctuation effects in
disordered polymer melts.49−51 Therefore, the χ vs 1/T plot
gives the χ(T) ∼ 77.4/T + 2.95 (T in Kelvin) relationship
above TMF (Figure 3d).
This χ(T) relationship indicates that PES12Li exhibits larger

enthalpic and entropic contributions to the free energy of
mixing than other high-χ diblock copolymers.24,52 In these
PESxLi polymers, a large enthalpic contribution is attributed to
the strong attraction between the charged ionic blocks. A large
entropic contribution originates from the stretching energy of
short blocks. From this equation, χ at 25 °C is 3.21. In
addition, the LAY morphology of PES12Li corresponds to a
lattice parameter of 2.5 nm and a feature size (thickness of an
ionic layer) of just 1.0 nm. Thus, we demonstrate the ultrahigh
χ and sub-3-nm domain spacings of PESxLi multiblock
copolymers with pendant ionic groups.
The ultrahigh χ of PESxLi is one of the largest χ values

reported for block copolymers16 and explains the self-assembly
of short blocks with sub-3-nm domain spacings. While triblock

architectures have reported high χ values, the explored domain
spacings and ordered morphologies were limited. For example,
polylactide-poly(dimethylsiloxane)-polylactide triblock copoly-
mers report χ(150 °C) ≈ 1.06, while the system identifies the
smallest layer spacing of ∼20 nm.53 This may arise from the
approximation of χ from the domain spacings, d ∼ N2/3χ1/6.
Poly(ethylene oxide)-b-perfluoropolyether-b-poly(ethylene
oxide) triblock copolymer reported χ(30 °C) ≈ 3.01, although
no ordered morphologies were observed due to the high
volume asymmetry and χN < (χN)ODT.

54 In contrast, PESxLi
polymers show both ultrahigh χ and ordered morphologies at
sub-3-nm domain spacing.
Various salt-containing block copolymers have been

extensively investigated both theoretically55−58 and exper-
imentally.59−62 In these salt/copolymer systems, the value of χ
depends on the salt concentration and solvation energy.63 For
example, poly(styrene-b-ethylene oxide) with lithium bis-
(trifluoromethane-sulfonyl)imide (LiTFSI) systems observe
an increase of χ with salt concentration.60 In contrast, the χ of
PESxLi polymers solely depends on the molecular interactions
of the polar and nonpolar blocks. Thus, the current
experimental results of the PESxLi system should not be
directly compared to the salt/copolymer systems.
The obtained χ and Rg values from the random phase

approximation are further examined to validate the results. The
segregation strength of PES12Li at the TODT ≈ 112 °C is χNv
≈ 15.8, which is close to the theoretical segregation limit of
(χN)ODT ≈ 15.1 for symmetric multiblock copolymers.39 A
somewhat higher (χN)ODT of PES12Li is consistent with the
asymmetric volume fraction ( f p ≈ 0.41). At 180 °C, the
segregation strength of PES18Li is χNv ≈ 20.0, which is
consistent with a HEX morphology, i.e., being self-assembled

Figure 4. Phase boundaries (lines) of (AB)17 multiblock copolymers as determined from the SCFT calculation. Phase behavior of PES12Li
(brown), PES18Li (purple), and PES23Li (orange) as a function of χN and fp, specifically. Symbol shapes indicate the experimentally
observed morphologies of the PESxLi melts: GYR (★), HEX (●), LAY (▲), and DIS (◇).
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into the ordered morphologies. Regarding the value of Rg, the
radius of gyration of repeating unit in disordered PES12Li is
∼8.2 Å at all measured temperatures (Table S1). In
comparison, a Monte Carlo simulation approximates the
radius of gyration of 18-carbon polyethylene chains as 5.3
Å.64 Here, the larger radius of gyration in the PES12Li polymer
is attributed to the rigid polar ionic blocks and bulky Li+SO3

−

that increases the radial distance between the repeating units.
Thus, the results obtained from the random phase approx-
imation for multiblock copolymers are consistent with the
physical properties of PESxLi polymers.
In Figure 4, experimentally observed phase transitions of

PESxLi polymers are displayed in the χN versus f p diagram,
along with the order-to-order transition (OOT) and order-to-
disorder transition (ODT) boundaries numerically calculated
from the self-consistent field theory (SCFT). The calculations
used the open-source of polymer self-consistent field (PSCF)
code; details of running the PSCF code and explanations of the
methodology are provided elsewhere.65 Here, we identify the
equilibrium morphologies of LAY, GYR, and HEX as a
function of χN and f p for (AB)17 multiblock copolymers (see
the Supporting Information). These phase boundaries are
consistent with previously reported results for (AB)n multi-
blocks to within f p < 0.005 due to our use of finite n = 17.66

Note that we omitted other equilibrium morphologies, such as
a sphere (bcc) and O70 (Fddd), because they were not
observed in PESxLi polymers. Unsurprisingly, the experimental
OOTs and ODT of PESxLi polymers do not match the
theoretical calculations. Specifically, the GYR−HEX (PES23Li
and PES18Li) and LAY−DIS (PES12Li) transitions are shifted
to lower f p as compared to the theoretical phase boundaries.
Also, the magnitude of this boundary shift increases with a
higher volume asymmetry of the blocks, i.e., lower f p.
Therefore, Figure 4 shows that the SCFT calculations for
conformationally symmetric and Gaussian chain of neutral
multiblock copolymers are inconsistent with the equilibrium
morphologies experimentally observed in PESxLi ion-contain-
ing multiblock copolymers.
These discrepancies between the phase boundaries of

PESxLi polymers and the SCFT can likely be attributed to
the presence of charged species on the polymer backbone. A
hybrid self-consistent field theory and liquid state integral
equation theory (SCFT-LS) demonstrates that the presence of
charged blocks significantly skews the phase boundaries as a
function of charge fraction and Coulombic interaction

strengths.41 The SCFT-LS predicts the shift of phase
boundaries toward a lower volume fraction of the charged
blocks, which is consistent with the shift observed for PESxLi
polymers (Figure 4). Also, dissipative particle dynamics
(DPD) simulations show the shift of phase boundaries with
an increasing charge fraction.43 Therefore, the SCFT-LS
theory and DPD simulations applied to charged multiblock
architecture might provide additional insights regarding the
role of charges on the phase behaviors of PESxLi polymers.
In addition, asymmetry of statistical lengths of the blocks

can shift the phase boundaries of block copolymers compared
to the conformationally symmetric block copolymers. The
SCFT calculations of conformationally symmetric and
asymmetric neutral diblock copolymers show that the phase
boundaries shift toward a lower volume fraction of the shorter
statistical block length.67 Finally, low-N polymer chains shift
the phase boundaries upward compared to the longer polymers
with Gaussian chain conformations. This low-N effect is mainly
due to the entropic penalty of short chains and is demonstrated
by the modified SCFT model for discrete chains.68 Since these
physical attributes were studied with neutral block copolymers,
it is now important to understand the asymmetric statistical
lengths and low-N effects within charged block copolymers.
Scheme 1 highlights a design strategy for generating sub-3-

nm features by using ultrahigh-χ and low-N multiblock
copolymers. To overcome the limitation of conventional low-
χ and high-N diblock copolymers (e.g., poly(styrene-b-methyl
methacrylate)), many studies have focused on designing high-χ
and low-N diblock copolymers. For poly(styrene-b-acrylic
acid) diblock copolymers, χ(25 °C) ≈ 0.885 is obtained with a
minimum layer spacing of 6.9 nm.52 Notably, PESxLi
multiblock copolymers containing highly incompatible polar
ionic and nonpolar polyethylene blocks exhibit an ultrahigh χ
(25 °C) ≈ 3.21 and sub-3-nm domain spacings. Here,
ultrahigh χ produces phase separation in short blocks, while
a multiblock architecture further reduces domain spacings. For
example, SCFT calculations show that the layer spacing of
(AB)17 multiblock copolymers drops 68% relative to the layer
spacing of AB diblock copolymers (Figure S8).
In summary, the PESxLi multiblock copolymers achieve sub-

3-nm domain spacings via three design criteria. (1) Highly
incompatible polar ionic and nonpolar blocks segregate even
when the alternating blocks contain just 18−29 backbone
atoms. (2) The increased number of repeating subunits (n),
namely, a multiblock architecture, (AB)n, reduces the domain

Scheme 1. Experimentally obtained Flory−Huggins interaction parameters (χ) and the minimum domain spacings (dmin) for
various block copolymer architectures. The low-χ and high-N diblock copolymers are represented by the poly(styrene-b-
methyl methacrylate).29 The values for high-χ and low-N diblock copolymers are obtained from the poly(styrene-b-acrylic
acid).52 The PESxLi polymers indicate the ultrahigh-χ and low-N multiblock copolymers. All χ parameters are determined
from the scattering intensity of disordered melts using mean-field theory and are shown for the values at 25 °C and reference
volume of 118 Å3.
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spacing relative to an AB diblock architecture. (3) Step-growth
polymerization is advantageous for designing high-χ and low-N
multiblock polymers with exceptional control over the block
lengths. Note that when n > 20, the domain spacing is
insensitive to the total polymer molecular weight and
molecular weight dispersity. Moreover, the application of
alternating multiblock copolymers synthesized via step-growth
polymers for nanolithography significantly expands the range
of chemical species to provide patterning contrast. Thus, this
study of PESxLi polymers provides an initial step toward
designing ultrahigh-χ and low-N multiblock copolymers for
nanopatterning.

CONCLUSION
We demonstrate ordered morphologies with sub-3-nm domain
spacings in a multiblock copolymer with an ultrahigh Flory−
Huggins interaction parameter (χ) and short block lengths
(N). As a function of temperature, PES18Li exhibits layered,
gyroid, and hexagonal morphologies with sub-3-nm domain
spacings, while PES12Li shows a layer-to-disorder transition at
∼110 °C. The value of χ is determined from the disordered
morphologies of PES12Li using mean-field theory with the
reference volume of 118 Å3: χ(T) = 77.4/T + 2.95 (T in
Kelvin). This yields χ(25 °C) ≈ 3.21, which is one of the
largest values reported for block copolymers. The experimental
phase transitions of PESxLi are inconsistent with the self-
consistent field theory, presumably due to the presence of ionic
groups and the short blocks. Clearly, more work is needed to
develop the theoretical predictions of phase behavior in
strongly phase-separated multiblock copolymers, particularly
when the polymer has pendant ionic groups. Theoretical
understanding combined with various polymer chemistries via
step-growth polymerization will advance the ability to design
and tune self-assembled nanoscale morphologies.
Such ordered phases at sub-3-nm length scales open various

lines of inquiry for nanotechnology. For example, these or
similar step-grown multiblock copolymers should be explored
for nanolithography building upon the strategies developed for
diblock copolymers. By directly employing suitable functional
groups or by a chemical amplification step, these multiblock
copolymer thin films self-assembled in nanostructures should
be pattern-transferable. Alternatively, the ordered morpholo-
gies in these multiblock copolymers may provide an
opportunity to study the optical properties in sub-3-nm
nanostructures, including controlling the refractive index in
multilayered materials or designing metamaterials (e.g., gyroid
optical metastructures). Finally, these precisely segmented
multiblock copolymers could also be used to template 2D
materials, nanoparticles, or nanoporous materials.

METHODS
Synthesis of Materials. All reactions described were performed

under an inert gas atmosphere using standard glovebox and Schlenk
techniques. LiCl was supplied by Merck. Dialysis tubes by SpectraPor
were supplied by Carl Roth and used for purification of the polymers
(3.5 kDa pore size, 54 mm broadness). To obtain the PESxLi
materials, the corresponding PESxNBu4 polymers with tetra-n-
butylammonium counterions (NBu4) were synthesized according to
a previously reported procedure.47

For PES12Li, the polymer PES12NBu4 (2 g) was dissolved in an
aqueous LiCl solution (2 M, 50 mL) and methanol (50 mL). The
solution was dialyzed for 3 days (5 L of deionized water bath,
exchange water 3×/day). The solvent was removed by lyophilization,
and NMR measurement ensured the absence of tetra-n-butylammo-

nium counterions. The process was repeated until no tetra-n-
butylammonium remained. PES12Li was obtained in 80% yield
(0.98 g).

For PES18Li, the polymer PES18NBu4 (3.1 g) was dissolved in an
aqueous LiCl solution (2 M, 100 mL). The polymer started to
precipitate as a white solid after vigorous stirring. The precipitate was
filtered off and washed with deionized water until no precipitate
formed from the filtrate by the addition of AgNO3 in water (0.01 M).
The polymer was washed with acetone to facilitate the drying process.
The polymer was dried in a vacuum drying oven at 3 mbar for 3 days
and was obtained in 65% yield (1.36 g).

Gel Permeation Chromatography (GPC). The polydispersity
indexes of PES12Li and PES18Li were determined by GPC using
dimethylformamide (DMF) eluent. The GPC system is equipped
with a Waters 1515 isocratic pump, a Waters 2707 autosampler, a
Waters 2414 differential refractive index detector, and three Polymer
Standards Service GRAM columns (two 1000 Å porosity columns and
one 30 Å porosity column with 10 μm particle size). The DMF eluent
contained 0.1 wt % LiBr, and the flow rate was 1 mL/min. The
polystyrene standards over a range of 1000 to 1 000 000 g/mol were
used for the calibration.

Nuclear Magnetic Resonance (NMR) Spectroscopy. The
characterization of the soluble intermediate products by NMR
spectroscopy was performed in dimethyl sulfoxide-d6 as solvent at
110 °C. A Bruker Avance III HD 400 spectrometer with a TBO probe
with Z-gradient was used. 1H chemical shifts were referenced to the
solvent signal (residual proton signal). Multiplicities are reported as
follows: s (singlet), d (doublet), t (triplet), m (multiplet), v (virtual),
and combinations thereof. MestreNova software by Mestrelab
Research S.L. was used for the evaluation of NMR data. Deuterated
solvents used for NMR spectroscopy were supplied by Eurisotop.

X-ray Scattering Experiments. X-ray scattering experiments
were performed in the Dual-source and Environmental X-ray
Scattering (DEXS) facility at the University of Pennsylvania. The
DEXS facility is equipped with a PILATUS 1 M detector for small-
angle scattering, a PILATUS 100 K detector for wide-angle scattering,
and a GeniX3D beam source (8 keV, Cu Kα, λ = 1.54 Å). Dried
polymer samples (24 h, Tm + 20 °C, vacuum) were sealed in 1.0 mm
diameter glass capillaries, and 2D scattering data were collected every
10 °C for 10 min, after 15 min equilibration. The heating and cooling
rates were 10 °C/min. The scattering data were isotropic and
integrated into I(q) plots. Small- and wide-angle plots were arbitrarily
shifted in I(q) to display the scattering data at 0.1 Å−1 < q < 1.8 Å−1.
The absolute scattering intensities of disordered PES12Li were
determined by using a glassy carbon standard. The absolute scattering
data were collected every 10 °C for 10 min after 15 min equilibration,
and scattering profiles were identical for heating and cooling.

Differential Scanning Calorimetry (DSC). DSC experiments
were performed with a TA Instruments DSC Q2000. The freeze-dried
polymer samples were dried at 150 °C under vacuum prior to
performing DSC measurements. Samples were measured at a 3 °C/
min ramping rate under a nitrogen atmosphere.
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