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ABSTRACT: This work demonstrates an effective and robust approach to regulate phase behaviors of a block copolymer by
programming local features into otherwise homogeneous linear chains. A library of sequence-defined, isomeric block copolymers
with globally the same composition but locally different side chain patterns were elaborately designed and prepared through an
iterative convergent growth method. The precise chemical structure and uniform chain length rule out all inherent molecular defects
associated with statistical distribution. The local features are found to exert surprisingly pronounced impacts on the self-assembly
process, which have yet to be well recognized. While other molecular parameters remain essentially the same, simply rearranging a
few methylene units among the alkyl side chains leads to strikingly different phase behaviors, bringing about (i) a rich diversity of
nanostructures across hexagonally packed cylinders, Frank—Kasper A1S phase, Frank—Kasper ¢ phase, dodecagonal quasicrystals,
and disordered state; (ii) a significant change of lattice dimension; and (jii) a substantial shift of order-to-disorder transition
temperature (up to 40 °C). Different from the commonly observed enthalpy-dominated cases, the frustration due to the divergence
between the native molecular geometry originating from side chain distribution and the local packing environment mandated by
lattice symmetry is believed to play a pivotal role. Engineering the local chain feature introduces another level of structural
complexity, opening up a new and effective pathway for modulating phase transition without changing the chemistry or composition.

Side Chain Distribution

B INTRODUCTION alter the free energy landscape, modulating phase behaviors
and affording access to complex phases otherwise unattainable

Packing frustration, which generally refers to a physical state in
(such as Frank—Kasper phases and quasicrystalline

which not all competing interactions are simultaneously

optimized, is ubiquitous in soft matter systems including phases).”~'* The key point is to establish a quantitative
colloids, liquid crystals, dendrimers, and polymers and provides relationship and understand underlying principles.

a generic concept to understand the underlying principles Thermodynamically, self-assembly of the block copolymer is
dictating symmetry selection and phase behaviors."”” For believed to be dictated by merely a small set of molecular
example, frustration exists across multiple length scales in block variables, including overall chain length (N), composition (f)
copolymers consisting of chemicall;r incompatible blocks, a describing the relative occupied volume, Flory—Huggins
canonical self-assembling paradigm.” At the molecular scale, interaction parameter () related to immiscibility between

frustration arises because the unlike blocks repel each other,
while the covalent bonding prevents a macroscopic separa-
tion.> At the mesoscopic scale, frustration occurs due to the
local preference to maintain the native shape of the assembled
motifs and the global constraint to uniformly fill the space
without voids.”® At an even larger scale, frustration could be
induced by external fields and/or spatial confinements.’
Delicate compromises among these opposite tendencies give
rise to thermodynamically stable molecular arrangements.
Rational manipulation of packing frustration could effectively

unlike components, and conformational asymmetry quantify-
ing the difference of the segment size of each block (& = b,%/
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Scheme 1. (a) Schematic Illustration of Segment Distribution of a Random Coil in the Unperturbed State (Left) and a
Stretched Chain Tethered on a Surface (or Interface, Right); (b) Bottlebrush Polymers with Different Local Features

Experience Varying Degrees of Packing Frustration

(a) (b) Increasing Packing Frustration
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Figure 1. (a) Chemical structure of CGA and LA monomers. (b—d) 0CGA-oLA diblock copolymers with side chain variation at two ends (b),

close to the interface (c), and in the distal region (d).

bp?)."*™"* Accordingly, packing frustration can be regulated by
tuning the interfacial tension using blocks with different
segregation strength,'® by adjusting the relative stretching
energy using blocks with dissimilar Kuhn lengths'’ ™" or
asymmetric architectures,”*™>* or by blending with block
copolymers or homopolymers to synergistically fill the
polyhedral Voronoi cells.”>*° Under the mean-field approx-
imation, each constituent block is generally treated as a
uniform chain with properties remaining invariant throughout
the backbone, while local molecular features are largely
averaged out and overlooked.”" In contrast, Nature sets its
sights on a much smaller length scale. Through precise
regulation of local monomer sequence and stereochemistry,
natural polymers are endowed with unparalleled structural and
functional complexity using a limited number of simple
building blocks. Introducing molecular features into otherwise
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homogeneous chains is thus expected to greatly expand the
parameter space for structural engineering.

Flexible linear polymers are generally abstracted as freely
jointed chains consisting of coarse-grained segments uniformly
distributed along the backbone. The unconstrained bond
orientation leads to random-coil conformation with a uniform
segment density. This unperturbed symmetry, however, is
broken once a polymer is tethered on a substrate (e.g., polymer
brushes) or localized to an interface (e.g,, block copolymers)
due to the existence of nonequivalent chain ends (free end vs
fixed end).”” With the increase in grafting density, tethered
chains are strongly stretched near the substrate/interface while
under relaxation at their free ends (Scheme la). Whereas a
constant overall density is maintained, the segment distribu-
tion, however, is significantly skewed toward the free end for
each individual chain. This feature is captured by the parabolic
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brush model, in which the segment distribution profile is
depicted as a “tree” with a narrow “trunk” tethered on the
interface and a broad “crown” at their free ends (Scheme 1a).>
Spatially pre-programming segment density distribution
conforming to a local packing environment into the primary
chemical structure would effectively mitigate packing frus-
tration (Scheme 1b). This design principle, however, has yet to
be well appreciated and exploited due to the lack of precise and
efficient methods to break the intrinsic symmetry of a linear
chain.

Recently, it has been demonstrated that geometric features
can be encoded by sequential ring-opening metathesis
polymerization of macromonomers of different lengths,
yielding bottlebrush polymers with well-controlled side-chain
length gradients along the backbone.”*™*” The inherent
monomer sequence and chain-length heterogeneities associ-
ated with statistical growth, however, deteriorate the spatial
resolution and hamper quantitative investigations.””~*" Our
group has recently developed a concise and modular model
system for constructing discrete polymers with precisely
defined side chain patterns.*” A group of orthogonally
protected hydroxyglutaric acid derivatives bearing different
hydrocarbon pendants were designed. Iteratively connecting
these homologous monomers according to pre-designed
sequences generates discrete polymers with exact chemical
structure, uniform chain length, and programmable side-chain
gradients. In this study, we systematically investigate and
highlight the critical contribution of local features to the
formation and evolution of nanostructures. A library of
sequenced-defined block copolymers with globally the same
composition but locally different side chain distribution was
designed and prepared. Simply displacing a few methylene
units of the side chain leads to remarkably different phase
behaviors. The lattice symmetry, domain size, and phase
stability of the assembled structures can be effectively
regulated. The results explicitly demonstrate that the local
chain feature is a robust variable for rational structural
manipulation, offering rich potential in tailoring the self-
assembly process without changing the composition or
chemistry.

B RESULTS

Discrete polymers with precise chemical structure and uniform
chain length were designed and synthesized using a family of
orthogonally protected hydroxyglutaric acid derivatives (CGA,
where C stands for hydrocarbon side chains; Figure 1la),
following the divergent/convergent strategy reported in our
earlier studies.”” These homologous monomers share similar
chemical features, differing only in the size of the side
substituents. For convenience, they are abbreviated explicitly
according to the pendant alkyl ligands: HGA (H, 1-hexadecyl),
DGA (D, 1-dodecyl), and OGA (O, 1-octyl). These monomers
can be readily connected following the same chemistry. Briefly,
the tert-butyldimethylsilyl (TBDMS) and benzyl (Bn)
protecting groups can be selectively removed, and the activated
hydroxyl/carboxyl functional groups are then coupled through
esterification, generating a dimer with the same latent
functional groups (Scheme $2).”°7* Repeating the cycle
leads to discrete chains with precise monomer sequence and
exact chain length (Figures S1-S4).%

Given the same backbone chemistry, the monomer sequence
transcribes into diverse local side chain patterns, breaking the
intrinsic symmetry and generating distinct molecular geo-
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metries. In this study, we rationally designed different side
chain features by modularly connecting three types of
fragments (H,;, D,,, and O,3) in tandem (i.e,, D,, H,;D,,0,3,
0,;D,,H,,;, D,,H,,0,;, and D,,0,;H,,, where subscripts are
the number of repeat units; Schemes S3 and SS), under the
premise of constant overall composition (n = 1, + n, + n;, and
n, = ny). Among them, D, refers to a polymer chain with a
uniform contour along the backbone, while others have varying
side chain distributions (Figure 1b—d). Specifically, the
H,D,,0,; and O,;D,,H,,; series have monotonically decreas-
ing or increasing gradients, while D,,H,,0,; and D,,0,;H,,
series are nonmonotonic (Figure 1b,c). The relative fragment
size (ny, n,, and n3) can be further adjusted to finely trim the
local feature (Figure 1b). In total, nine isomeric bottlebrush
chains with exactly the same composition but varying side
chain distributions were prepared in this study (Table 1). The

Table 1. Molecular Characterization of the 0CGA Chains

sample MW,_“ MW,,.” b side chain?
Dy, 4399.15 4421.85 <1.001 uniform
HD,0¢ 4399.15 4422.63 <1.001 monotonically decreasing
H,D,0, 442110 <1.001
H,D,,0, 4422.86 <1001
O¢D,Hg¢ 4399.15 4423.65 <1.001 monotonically increasing
0,D¢H, 442211 <1.001
0,D,oH, 442212 <1.001
D¢H,0, 4399.15 4423.30 <1.001 nonmonotonic
D4O,H, 442330 <1.001

“Exact molecular weight, Da. “Molecular weight observed by MALDI-
ToF MS, [M + Na]*, Da. “Dispersity, determined by MALDI-ToF
MS. “Variation trend of side-chain length from TBDMS to Bn
terminal.

sequential fragment extension was fully confirmed by proton
nuclear magnetic resonance ("H NMR, Figures S1 and S3),
size exclusion chromatography (SEC, Figures S2a and S4a),
and matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-ToF MS, Figures S2b and S4b).
This convergent synthetic approach, in principle, enables the
production of discrete macromolecules with any axisymmetric
shapes. For clarity and consistency, we define the sequence
starting from the TBDMS terminal throughout the study
(Scheme S6).

Discrete diblock copolymers were modularly prepared by
coupling these 0CGA blocks with an oligo lactide (oLA) block
(Scheme S4). Despite seemingly similar chemical features, the
0CGA block and oLA block are incompatible and readily
undergo phase separation. The polarity of the CGA monomer
decreases as the length of the pendant hydrocarbon chain
increases. In other words, the longer the side chain, the
stronger the segregation strength with oLA block (i.e., yy, >
Xp/L > Xo /L).lg Meanwhile, the bulky side chain reduces the
normalized segment length (by < by < by < b), generating
substantial conformational mismatches when conjugated with
an oLA block (e, > ep,. > €o,1)-" In this study, more than
40 discrete diblock copolymers with varying local features were
prepared (i.e., D,-L,, H,D,,0,L,, O,D,,H,-L,,
D,,H,,0,5-L,, and D,,0,3H,,-L,; n = ny + ny + ny = 145 n,
=ny=0,2, 4, 6; m =24, 26,28, 30, 32; Scheme S7 and Table
2), covering a broad parameter space. For each sample, all the
resonances in the 'H NMR spectra can be assigned with
proper integrals (Figure SS), and the SEC profile shows
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Table 2. Structural Characterization of Discrete Diblock Polymer Isomers with Monotonic Side Chain Gradients

MW (Da)”
6128.66

fra
0.248

sample

OgD,Hy Ly,
O,D¢H,-Lyy
DLy

H,DO,-Lyy
H¢D,04-Lsy
O¢D,HgLog
O,DH,-Lyg
02D IOHZ-LZG
DiyLys

H,D,00,-Lys
H,D40,Lyg
HeD,04 Lyg
O¢D,Hg-Lg
O,DgH, L
0,D)0H,-Lyg
Dyl

H,D,0,-Lys
H,D4O,Lyg
HeD,04 Lo
OgD,HyLyg
O,DgH,-Lso
O0,DygH; Ly
Dy4-Lso

H,D,00,-Lso
H,D40,Lyo
HD,0¢Lyy
OgD,He Ly,
O,D¢H,-Ls,
0,D,0H,-Ls,
DyyLs,

H,D,00,-Ls,
H,D¢O4Ls,
H¢D,04Ls,

6272.71 0.263

6416.75

0.278

6560.79

0.292

6704.83 0.305

phase® a (nm)“ D (nm)° Topt’
DIS

DIS

DIS

A1S 18.56° 11.51

HEX 9.26 35
DIS

DDQC

DDQC

o 37.09* X 19.62 11.98

A15 18.81° 11.67

HEX 9.33

HEX 9.41

c 34.85% X 18.37 11.24 36
c 36.50% X 19.24 11.77 40
c 36.51% X 19.28 11.78 50
AlS 19.24° 11.94 50
AlS 19.753 12.25 60
HEX 9.73

HEX 9.76 75
A15 17.99% 11.16 50
AlS 18.88° 11.71 55
A15 19.24° 11.94 55
Al5 20.513 12.72 60
HEX 9.82 70
HEX 9.92 85
HEX 9.96 85
A15 18.61° 11.53 60
AlS 19.85° 12.31 60
A15 20.01° 12.41 65
A15 21.04° 13.05 65
HEX 10.17 85
HEX 10.25 90
HEX 10.33 95

“Opverall exact molecular weight, Da. “Volume fraction of oLA block. “Phase, determined by SAXS. “Lattice dimensions: intercolumn distances of
HEX, or lattice parameters of A1S and o phases. “Average diameter of spherical motifs of A1S and o phases. See the Supporting Information for
detailed calculations. FOrder—disorder transition temperature (°C), determined by in situ SAXS.

unimodal and symmetric elution traces (Figures S9 and S10).
Moreover, MALDI-ToF MS displays a single peak with the
observed molecular weight in perfect accordance with the
calculated value, unambiguously validating the chemical
structure in atomic precision (Figures 2, S7, and S8).
Molecular information was summarized in Tables 2 and 3,
and detailed syntheses can be found in the Supporting
Information.

Compared with other generic molecular variables (e.g.,
volume fraction), the monomer sequence provides unparal-
leled opportunities to finely regulate the nanostructure and
properties. Even a slight local change may affect the overall
chain conformation and thus lead to distinct molecular
packings. In this study, with elaborately designed isomeric
block copolymers, the detailed effects of local sequence on the
phase behaviors were quantitatively highlighted with an
exceptionally high resolution (Tables 2 and 3). The side
chain variation occurs either at two ends (i.e., HDO-, DDD-,
and ODH-; Figure 1b), close to the interface (i.e, DHO-,
DDD-, and DOH-; Figure 1c), or in the distal region (i.e.,
ODH- and DOH-; HDO- and DHO-; Figure 1d) of the 0oCGA
block. Variation of the sequence generates only differences in
the side chain gradient, while other parameters remain
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essentially unchanged. The precise chemistry eliminates all
the defects and uncertainties associated with statistical
distribution, providing a delicate platform for fundamental
inquiries into the role of local chain features. Benefiting from
the absence of chain entanglement and low glass transition
temperature, ordered structures readily develop with a brief
thermal treatment, which were identified by small-angle X-ray
scattering (SAXS). The samples were first held at a high
temperature (120 °C) for 10 min to erase the thermal history,
and then, quenched to room temperature (ca. 25 °C). A
followed-up annealing process at an elevated temperature (40
°C) promotes the formation of the Frank—Kasper phases, a
fascinating family of low-symmetry spherical packings consist-
ing of multiple nonequivalent motifs of different shapes, sizes,
7OILAT=S3 The recent emergence of
these complex phases in block copolymer disrupts the long-
standing phase principles that body centered cubic is the most
prevalent spherical packing."'

We first focus on the discrete block copolymers with a D
fragment in the middle (ie., H,D,,0,5-L,, D,-L,, and
0,3D,,H,1-L,,). By tuning the number of H and O residuals
at two ends, a monotonic side chain gradient can be produced.
To maintain a constant composition, the H and O fragments

and coordination numbers.

https://doi.org/10.1021/jacs.2c10761
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[M+Na]* [M+Na]* [M+Na]*
Obs. =6296.71 Obs. = 6440.73 Obs. = 6728.77
H3D1¢0,-Ly6 H,D190,-Lyg HyD190-L3,
[M+Na]* [M+Na]* [M+Na]*
Obs. =6295.07 Obs. = 6438.52 Obs. = 6728.77
[M+Na]* [M+Na]* [M+Na]*
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Figure 2. MALDI-ToF MS of discrete 0CGA-0LA diblock copolymers with varying side chain distributions: m = 26 (a), 28 (b), and 32 (c).

Table 3. Structural Characterization of Discrete Diblock Polymer Isomers with Nonmonotonic Side Chain Gradients

sample MW (Da) fLAb phase® a (nm)d D (nm)® TODTf
D40, H, Ly 6272.71 0.263 DDQC
DLy c 37.09% X 19.62 11.98
DH,0,-Lys AlS 18.41° 11.42
D40, H,Lyg 6416.75 0.278 AlS 18.19° 11.28
Dy,-Lyg AlS 19.24° 11.94
D¢H,0,-Lyg HEX 9.13
D4O,H,-Ly, 6704.83 0.305 AlS 19.67° 12.20 60
D,y Ly, AlS 21.04° 13.05 65
D¢H,0,-Ly, HEX 9.69 80
0,D¢H,-Lyg 6272.71 0.263 DDQC
D4O,H, Ly DDQC
D¢H,0,Lyg AlS 18.41° 11.42
H,DgO,-Lys HEX 9.33
0,D¢H,-Lyg 6416.75 0.278 c 36.50% X 19.24 11.77 40
D40, H, Ly AlS 18.19° 11.28
DgH,0,-Lyg HEX 9.13
H,DgO,-Lyg HEX 9.73
0,D¢H,Ls, 6704.83 0.305 AlS 19.85° 12.31 60
D¢O,H, L, AlS 19.67° 12.20 60
D¢H,0,-Ls, HEX 9.69 80
H,D¢O,-Ls, HEX 10.25 90

“Overall exact molecular weight, Da. bVolume fraction of oLA block. “Phase, determined by SAXS. 9Lattice dimensions: intercolumn distances of
HEX, or lattice parameters of A1S and o phases. “Average diameter of spherical motifs of A1S and o phases. See the Supporting Information for
detailed calculations. FOrder—disorder transition temperature (°C), determined by in situ SAXS.
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keep the same length (n; = n; = 0, 2, 4, 6). As n, increases, the
gradient gradually becomes steep (Figure 1b). Despite the
subtle chemical structure variation, distinct molecular packings
were observed in these isomers (Figure 3). Take a set of
isomers with m = 26 as an example (i.e., HsD,O4-Lys, HyDcO,-
Lys HyD1gOr-Las DiyLag ODioHy-Lys OuDgHy-Lys and
O¢D,H-Lyg; Figure 3b). As a reference, Dy4-L,s with uniform
side chains (n; = n; = 0) show signature diffractions with
dozens of peaks which perfectly match the pattern of a Frank—
Kasper o lattice (a = b = 37.09 nm, ¢ = 19.62 nm; see Figure
S11b for detailed index).*” For comparison, sample H,D,,0,-
L,, of which two butylene units are displaced from the
monomers in the vicinity of the interface to those at the
terminal side, forms a complex Frank—Kasper A1S structure (a
= b = ¢ = 18.81 nm; Figure S11a). Further swapping the side
chains (H;D¢O,-L,s and H¢D,04L,s) even triggers a
transition to the cylindrical phase (HEX; note that the volume
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fraction is unchanged). In the opposite direction, O,D;H,-Lyg
and O,D4H,-L,4 with positive gradients adopt the dodecagonal
quasicrystal (DDQC) packing, while O¢D,Hg-L,¢ enters the
disordered region. Though DDQC is generally considered as a
metastable state and would eventually transform to a ¢ or A1S
phase,* the stability of the quasicrystal phase in these two
cases is significantly enhanced. These DDQC lattices persisted
even after annealing at an elevated temperature (40 °C) for
more than a few days (O,D;oH,-L,s and O,DgH,-L,g), while a
swift transition to Frank—Kasper phases took place within
several minutes in the counterparts (D;4-L,s and H,D;,0,-L,g;
Figure S12).

The contribution of the local feature under different
compositions was studied in parallel (Figure 3). As the
number of repeat units of oLA block increases, AlS phase
appears in the reference diblock copolymers (D;4-Lyg, Dy4-Ls,
and D,,-Lj,), following a commonly observed phase
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progression (Figure 3c—e, gray curves). For each set of
isomers, similar structural transitions were recorded as the
molecular geometry varies (Figure 4a and Table 2). In general,
accommodating the OGA monomer with a shorter side chain
close to the interface prompts a transition toward the phase
with decreased interfacial curvature (i.e., HEX), while ¢ phase
emerges in the opposite direction (with HGA at the interface).
Meanwhile, the side chain gradient also significantly changes
the dimension of the lattice, which can be clearly revealed by
comparing the isomers adopting the same packing (Figure 4b).
The lattice size shrinks as the number of the HGA monomers
increases at the junction side, while adding the OGA monomer
leads to an opposite change. For example, compared with D4
Ly (a = 20.51 nm) and Dy4-Ly, (a = 21.04 nm), the AlS
lattice of the positively distributed isomers continues to
decrease, with more than 10% shrinkage for O¢D,Hg-Ly (a =
17.99 nm) and O¢D,H¢-L;, (a = 18.61 nm). On the other
hand, the intercolumnar distance of the HEX phase gradually
expands, as more and more OGA residuals accumulate at the
junction point. The structural information was summarized in
a phase portrait (Figure 4a). Simply relocating a few methylene
units is sufficient to effectively change the phase behaviors,
traversing a rich array of nanostructures (HEX — AlS - ¢ —
DDQC — Dis, along perpendicular direction). On the other
hand, a substantial change of volume fraction is required to
cover this phase region (along the horizontal direction). The
results explicitly demonstrated that the local chain feature is a
much more effective parameter compared to the compositional
variation that is commonly implemented for structural
manipulation.””>*

Besides the phase structure and the lattice dimension, the
side chain distribution also shows a profound influence on
phase stability. The order-to-disorder transition temperature
(Topr) is found to be closely related to the local molecular
features. Direct evidence comes from the sample set with m =
24 (Figure 3a). While D ,-L,, and the isomers with positive
side chain gradient (O,D¢H,-L,, and O¢D,HgL,,) remain
disordered, the corresponding negatively distributed isomers
(H,D¢O4-L,, and H¢D,04L,,) assemble into long-range
ordered nanostructures under the same condition (A1S and
HEX). To acquire more details, temperature-dependent in situ
SAXS experiments were performed to measure the transition
temperature (Figures S14—S16). Take the samples with m =
32 as an example (Figure S14). For each sample, the scattering
peaks progressively broadened upon heating, and ended up

493

with a transition to the disordered state. The transition,
however, occurs at quite different temperatures (e.g., 95 °C for
H6D206'L32) 65 °C for D14'L32; and 60 °C for 06D2H6-L32,
Figure 4b). Similar behaviors were observed in other sets of
isomers (Figures S15 and S16). It is also interesting to note
that variation of transition temperature is more evident in the
sample with negative gradients (HDO-L) than the positive
counterparts (ODH-L, Figure S17).

This phenomenon is, however, counter intuitive. The
segregation strength between oLA and oCGA blocks
progressively decreases as the alkyl pendant shortens (i.e.,
Xu/L > Xp/L > Xosu), which has been demonstrated in our
previous study.” It is natural to infer that the isomers with
HGA monomers at the diblock joint point should have a
higher Topr, and vice versa. The experimental results,
however, reveal an opposite tendency, indicating that the
phase stability is determined not only by the enthalpic term to
minimize interfacial free energy. Chain conformation and the
packing frustration play an indispensable role in the self-
assembly process (will be discussed later).

To demonstrate the robustness of the monomer/fragment
sequence manipulation, we further investigated the isomeric
block copolymers with nonmonotonic side chain distributions.
By placing a Dg fragment at the TBDMS terminal (..,
D¢H,0,-L,, D,,-L,, and DO,H,-L,, m = 26, 28, and 32), the
contribution of a local variation to the phase behaviors was
highlighted (Table 3). Compared with the above discussed
isomeric species (ie, H;D4O,-L,, and O,D¢H,-L,,), the side
chain variation of this set of samples has been narrowed to the
interfacial side, with a much steeper gradient (Figure 1c). Not
surprisingly, distinct nanostructures form as the molecular
contour varies (Figure S). For example, compared with Dy4-Lyg
(o phase), D¢gH,0,-L,s with a negative local gradient adopts
the A1S packing, while D4O,H,-L,4 was trapped in the DDQC
phase (Figure Sa). Similarly, a transition from AlS to HEX
phase, as well as an appreciable difference in lattice dimension,
were recorded at other compositions (m = 28 and 32, Figure
5b,c).

On the other hand, one may expect that the effect would
attenuate or even vanish when side chain variation occurs
distant from the interface. To assess this local effect, we
compared another set of elaborately designed molecules (i.e.,
D¢H,0,-L,, and H,D,0,L,; DsO,H,-L, and O,D;H,L,).
The isomers have the same fragment (O, or H,) close to the
junction point as a buffer region, with a local variation at the
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Figure 6. SAXS profiles of the geometric isomers with an O, fragment (green) or H, fragment (orange) at the interface: m = 26 (a), 28 (b), and 32
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far side (Figure 1d and Table 3). It is, however, interesting to
recognize that the side chain variation still exerts an
appreciable influence on the phase behaviors. Different lattice
dimensions or even distinct phase structures were clearly
revealed by SAXS profiles (Figure 6). For example, there is a
transition from HEX (H,D¢O4-L,;) to the AlS phase
(DgH,0,4-Lyg), and from AlS (DsO4H, L) to o phase
(O,D¢H4Lyg) occurring in the molecular pairs with a local
sequence reversal. These results highlight the contribution of
the seemingly minor change, demonstrating that the subtle
variation of the local feature matters.

B DISCUSSION

Despite the complex molecular architecture and expanded
parameter space, the phase behavior of these block copolymers
must comply with the general thermodynamic principles, in
which lattice selection is determined by two competing free
energy terms, that is, the enthalpic gain (AH) due to the
decrease of interfacial contact and the entropic penalty (AS)
associated with unfavored chain stretching and localization of
the junction point to the interface.”” Nevertheless, different
from most theoretical and experimental studies concerning
simple homogeneous chains, both contributions herein are
intimately related to the detailed side chain distribution. Given
the same composition and backbone chemistry, a local
variation would be sufficient to interrupt the free energy
landscape, resulting in distinct phase structure, lattice
dimension, and phase stability. Though the effect has long
been recognized, the inherent imperfections of the primary
chemical structure of synthetic polymers, however, overshadow
the minute chemical differences. The discrete block copoly-
mers with precisely controlled side chain patterns thus provide
an elegant platform to scrutinize the detailed contributions.
Upon phase segregation, the junction points are forced to
localize into an interface to minimize unfavored contact, and
the tethered blocks resemble generic features of polymer
brushes grafted on a substrate.”” Chains are stretched near the
interface, while become relaxed at the free ends (Scheme 1a).
A segment (or repeat unit) at distance z from the A/B
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interface experiences a parabolic potential, U(z) = K(h* — z%),
where £ is the thickness of the grafted layer.”” The osmotic
pressure within the layer, and thus the energy cost to place a
chain unit at a specific position, decreases as z increases.
Consequently, introducing local chain features in different
regions is expected to generate substantial differences in chain
conformation (and thus conformational entropy, Scheme 1b).
The translational entropy loss, on the other hand, is nearly
identical for all the isomers. It should be noted that the block
copolymers in this study are not in the strong segregation limit,
and there must exist some deviations from the strict parabolic
brush model. Nevertheless, this explicit model can still be
applied to qualitatively depict the segmental distribution and
the concomitant packing frustration.

Due to asymmetric composition, the minority oLA block
aggregates to form spherical or cylindrical cores dispersed in
the 0CGA matrix (Figure 4c); the latter can be viewed as being
tethered on a convex surface. A chain-end exclusion zone in
the vicinity of the convex surface is proposed, in which no free
end exists due to overcrowding.33 In this sense, the
contribution of the segments away from the junction point is
largely screened, and the interfacial energy is dominated by the
monomer pairs directly bonded at the interface (AH ~ yAS,
where y ~ y'/? is the interfacial tension). As discussed above,
the segregation strength between oLA and oCGA blocks
progressively decreases as the alkyl pendant shortens (i.e., yi1
> X¥pL > XosL), leading to a reduced driving force for phase
separation. Compared with the D-L block copolymer, the
isomers with HGA fragment at the junction point (ODH-L)
should have strong segregation strength to prompt phase
separation (and thus a higher Tqpy is expected); the situation
is reversed for the counterparts with OGA in contact with the
oLA block (i.e, HDO-L). On the other hand, the elastic
deformation depends on the overall side chain arrangement
along the backbone. A segment density distribution conform-
ing to a local packing environment (mandated by the lattice
symmetry) would effectively alleviate the packing frustration
and vice versa. Compared with the reference D-L block
copolymer, moving a few methylene segments from the distal
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side (free end) to the interfacial area (i.e, ODH-L) requires
extra energy to overcome the osmotic pressure associated with
the parabolic potential, and thus destabilizes the phase
structure. The larger the pressure, the higher the packing
frustration encounters. These two competing tendencies
cannot be met simultaneously, and the compromises between
the enthalpic and entropic terms determine the phase
behaviors.

Experimentally, the isomers with a positive gradient (ODH-
L) show a lower Topr compared with the corresponding D-L
block copolymer (Figure S17). On the other hand, the
negatively distributed counterparts (HDO-L) are more stable
with a higher transition temperature, despite a relatively weak
apparent chemical incompatibility. The counter-intuitive
results indicate that the entropic contribution plays a
dominating role in these geometric isomers. The extra cost
of moving chain segments from the distal side to the interface
overwhelms the enthalpic gain. Meanwhile, the side chain
distribution also has appreciable influences on the grafting
density. The bulky HGA fragments experience severe steric
hindrance in the vicinity of the interface, demanding a larger
inter-chain distance to accommodate the excess side chain
units. As more HGA residuals accumulate at the junction
region, the interfacial area per chain expands, leading to a
reduced dimension along the radial direction (Figure 4b).
Following the same reasoning, a larger lattice size is expected
in the HDO-L counterparts. The experimental observations are
in general consistent with the argument.

The emergence of the unconventional spherical phases is
believed to be prompted by a large conformational asymmetry,
which quantifies the relative stiffness of the dissimilar blocks (&
= b,?/by*, where b, and by are the statistic segment length of
the minority and majority components).'”*" A high conforma-
tional mismatch (and thus a stiffer matrix) leads to strong
coupling between the shape of the core/corona interface and
the shape of the polyhedral Voronoi cell, driving the formation
of Frank—Kasper phases.” A geometric argument proposed by
Bates and co-workers indicates Frank—Kasper phases are
desired due to a higher average sphericity.”* The followed
SCFT calculations substantiate the argument and provide
deeper insights into the underlying mechanisms.”'">> Ve
interestingly, the nonuniform side chain brings another level of
complexity to the seemingly straightforward scenario. For the
blocks with varied local features, the conformational
asymmetry is not a simple average over the entire block but
rather depends on the spatial distribution. Increasing side-
chain length leads to a decreased normalized statistical length b
(bo > by > by)."* The corona layer is no longer homogeneous
throughout the thickness but has softer and stiffer regions. A
block with a monotonically increasing or decreasing side chain
distribution can be considered as a spring with a gradual spring
constant. Conjugating the minority oLA block onto the tight or
loose end leads to the divergent capability to transfer the shape
of Voronoi cell to the interface and thus distinct phase
structures. While no explicit theory is available, it is reasonable
to infer that the fragment close to the junction point
contributes more to the deformation of the A/B interface,
and the contribution gradually decreases as the fragment
locating far from the interface. Following this argument, the
effective conformational asymmetry increases following an
order of HgD,04L,, H,D(O,L, H,D;,0,L,, DL,
0,D,(H,-L,, O,DH,-L,, and O4D,H¢-L,, despite the same
composition. This sequence is in accordance with the
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experimental observations that a larger effective conforma-
tional asymmetry prefers the Frank—Kasper phases (Figure
4a). Considering the delicate molecular packing, a compre-
hensive understanding may require intensive numerical
calculation or simulation efforts. Given that the discrete
copolymers are too short to behave similar to a Gaussian chain,
the freely jointed chain might be a better model to capture the
salient features.

The arguments were further substantiated by the isomers
having nonmonotonic side chain gradients (Figures S and 6).
A more straightforward case is the isomers with the same
fragment (O, or H,) close to the junction point. Despite the
existence of a buffer layer, the variation of side chain still exerts
an indispensable impact on the phase behaviors, following a
similar tendency discussed above. For example, the sample
D¢H,O,4-L, with a relatively larger effective conformational
asymmetry adopts the A1S packing, while the isomer H,D4O,-
L, forms a HEX structure (Figure 6a). Moreover, H,D4O,-Ls,
has a higher Topr (90 °C) compared with DgH,0,-L;, (80
°C). Note that these isomers have the same y value (yy, or
Xos), and the observed differences must originate from
varying degrees of packing frustration.

B CONCLUSIONS

In summary, this work quantitatively scrutinized the influence
of local chain features on the phase behaviors using a library of
discrete isomeric block copolymers with precise chemical
structures and diverse side chain patterns. The phase behaviors
are strikingly susceptible to the side chain distribution. A subtle
variation is sufficient to interrupt the free energy landscape,
resulting in distinct phase structure, lattice dimension, and
phase stability. A rich diversity of nanostructures, including
cylinders, A15 phase, ¢ phase, dodecagonal quasicrystals, and
disordered state, can be sequentially accessed simply by
continuously moving a few methylene units toward the
junction side. The packing frustration due to the divergence
between the native molecular geometry and the local packing
environment dominates the underlying molecular arrangement.
Engineering the local chain feature introduces another level of
structural complexity, opening up unlimited possibilities for the
rational regulation of hierarchical structures.
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1 Materials and methods
1.1 Chemicals and Solvents

The following chemicals were used as received: D,L-glutamic acid (Adamas, > 98%), 1-hexadecanol (Greagent, >
98%), 1-dodecanol (Adamas, > 98%), l-octanol (Adamas, > 98%), acetic acid (Greagent, > 99.5%),
dcamphorsulfonic acid (TCI, 99%), benzyl alcohol (BnOH, TCI, 99%), meso-lactide (TCI, 85%), benzyl bromide
(BnBr, Adamas, 99%), boron trifluoride etherate (BF3-Et;O, TCI, 98%), tert-butyldimethylsilyl chloride
(TBDMSCI, TCI, 98%), imidazole (TCI, 99%), potassium carbonate (K.COs;, Greagent, 99.5%), cesium
carbonate (Cs2CO3, Adamas, 99.9%), palladium on carbon (Pd/C, 10 wt%, Sigma-Aldrich), sodium sulfate
(Naz2SO4, 99+%, General-Reagent), N,N'-diisopropylcarbodiimide (DIC, Adamas, 98%), 1,4-dioxane (Greagent, >
99.7%), tetrahydrofuran (THF, > 99.5%, Greagent), dichloromethane (CH2Clz, > 99.5%, Greagent), petroleum
ether (PE, boiling range 60 °C to 90 °C, Greagent), ethyl acetate (EA, > 99.5%, Greagent), dimethylformamide
(DMF, > 99.5%, Greagent), toluene (99%, Guangzhou chemical reagent factory). Anhydrous solvents, including
toluene, dimethylformamide (DMF), and dichloromethane (CH>Cl»), were obtained with an INERT Pure Solv
System (Inert Corporation, USA). 4-(Dimethylamino) pyridinium-4-toluenesulfonate (DPTS) was synthesized
according to literature.! The CGA monomers were prepared from a-hydroxyglutaric acid following the same

procedure as described in our earlier study.
1.2 Instruments and Characterization Methods

Automated column chromatography was performed on SepaBean™ machine T (SanTai Technologies, China)

with an automated variable wavelength UV-VIS detector (200-400 nm).

Preparative gel permeation chromatography was conducted on a LaboACE LC-5060 (Japan Analytical Industry
Co., Ltd) instrument equipped with two JAIGEL-HR columns (2HR and 2.5HR) in series, a double flow type RI-

700 LA detector, and a UV-4ch 800 LA detector. THF was used as eluent with a flowrate of 10 mL/min.

Nuclear magnetic resonance (NMR). All '"H NMR spectra were acquired in a JEOL JNM-ECZR 500 MHz
spectrometer with CDCl; (Cambridge) as a deuterated solvent. The residual proton impurities at 6 7.26 ppm were

referenced to CDCls.



Size exclusion chromatography (SEC). SEC analyses were measured at 40 °C on a Tosoh HLC-8320 instrument
equipped with three TSK gel columns (SuperH2000, SuperH3000, and SuperH4000 in series), a double-flow type
RI detector, and a UV-8320 UV detector, using THF as eluent. The flow rate was 0.6 mL/min. Data acquisition
was performed using EcoSEC software, and molecular weights and molecular weight distributions were

calibrated with polystyrene standards (Polymer Laboratories).

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF). MALDI-ToF mass spectroscopy
(MS) was acquired on a MALDI SYNAPT G2-Si Mass Spectrometry (Waters). Trans-2-[3-(4-tert-butyl-phenyl)-
2-methyl-2-propenylidene]-malononitrile (DCTB, Sigma-Aldrich, > 98%) was used as the matrix and prepared
in methanol at a concentration of 20 mg/mL. The cationized agent sodium trifluoroacetate was prepared in
methanol at a 10 mg/mL concentration. The matrix and cationized salt solutions were mixed in a 10/1 (v/v) ratio.
All samples were dissolved in THF with a concentration of 10 mg/mL. During sample preparation, 0.5 pL of the
matrix/salt mixture was deposited on microtiter plate wells. After the spots dried, 0.5 pL of sample solution (ca.
10 mg/mL in THF) was deposited on the top of a dry matrix/salt spot and added another 0.5 puL of the matrix/salt
mixture. After evaporation of the solvent, the target plate was loaded for data collection. The instrument was
calibrated prior to measurement with external PS at the molecular weight under consideration. The attenuation of
the laser was adjusted to minimize undesired polymer fragmentation and maximize the sensitivity. MassLynx

Analysis software was applied to analyze data.

Small angle X-ray scattering (SAXS). SAXS data were collected on Shanghai Synchrotron Radiation (SSRF),
beamline BL16B1. The incident X-ray wavelength (1) was 0.124 nm (photon energy: 10 keV; photo flux: 1 X
10'! phs/s). The beam size was less than 0.4 x 0.5 mm?. Scattered X-rays were captured on a 2-dimensional Pilatus
detector. The scattering vector (¢q) was calibrated using a standard of silver behenate with the primary reflection
peak at 1.076 nm™'. Different annealing protocols have been applied. In general, samples were heated to above
the order-to-disorder transition temperature (120 °C) on a Linkam hot stage for 10 minutes to erase thermal history,
and then quenched to room temperature (ca. 25 °C). A followed-up annealing process at an elevated temperature
(40 °C for 2 h) facilitate the formation of ordered structure. /n-situ experiments were carried out with a Linkam
hot stage mounted onto the SAXS apparatus. Samples were sealed with aluminum foil for good thermal

conductivity. The heating rate was 10 °C/min. Samples were equilibrated for 3 minutes at each temperature before



collecting data.

2 Syntheses

2.1 Discrete oLA and 0CGA fragments
2.1.1  Syntheses of discrete oLA

All the LA oligomers share the same protecting groups (TBDMS and benzyl) and can be readily connected on
demand via the iterative convergent growth. Discrete oLA (L., m = 24, 26, 28, 30, and 32) were synthesized

according to the literature (Scheme S1).?

0._0 0 (o)
BnOH, D-Camphorsulfonic Acid Jﬁ(o TBDMSCI, Imidazole J\”/O
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Scheme S1. Synthetic route of orthogonally protected LA monomer (upper) and iterative growth of discrete

oLA (lower).
2.1.2  Syntheses of discrete 0oCGA fragments

All the CGA monomers share the same protecting groups (TBDMS and benzyl) and can be readily connected on

demand via the iterative convergent growth. The syntheses of 0CGA follow our previous work (Scheme S2).3
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Scheme S2. Synthetic route of orthogonally protected CGA monomer (upper, a, 1-octanol for cOGA, 1-

dodecanol for oDGA, and 1-hexadecanol for oHGA) and iterative growth of discrete oCGA (lower).

2.2 Discrete oCGA polymeric isomers with diverse side chain distributions

The syntheses of discrete oCGA polymeric isomers followed our previous work, briefly described here.® All the

oCGA fragments share the same protecting groups (fert-butyldimethylsilyl, TBDMS, and benzyl, Bn). The

protecting groups were selectively removed, and the activated hydroxyl/carboxyl functional groups were coupled

through esterification, generating dimers with the same latent functional groups. Repeating the cycle in a

particular order led to discrete isomers with designed chain lengths. Take HsD20s and O¢D:2Hs as an example

(Scheme S3). Other isomers were obtained following the same procedure.
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Scheme S3. Synthetic route of discrete 0oCGA polymeric isomers, HsD2Os (a) and OsD2Hgs (b).

2.2.1  HgD:06

General procedure for the syntheses of TBDMS-0CGA ,-COOH: Take the TBDMS-Hs-COOH as an example.

TBDMS-He-Bn (1.00 g, 0.43 mmol, 1.0 eq) was dissolved in ethyl acetate (60 mL). Then, Palladium (5% on
carbon, 20 mg, 0.01 eq of Pd) was added. The mixture was stirred at room temperature under a hydrogen
atmosphere for 12 h. The black suspension was filtered through a thick layer of kieselguhr, and the filter cake

was washed with EA (3 x 50 mL). After solvent removal, the product (TBDMS-Hs-COOH) was obtained in high

purity as a colorless oil (0.88 g, 92% yield) and used directly.



General procedure for the syntheses of OH-0oCGA ,,-Bn: Take the HO-D2-Bn as an example. TBDMS-D»-Bn (14.5

g, 17.70 mmol, 1.0 eq) was dissolved in 150 mL of anhydrous CH>Cl, with an ice bath. BF3-etherate (15.0 mL,
88.5 mmol, 5 eq) was then slowly dropped into the solvent above. The mixture was allowed to return to room
temperature and was further stirred for 2 h. After TLC showed the reaction was complete, the reaction was
quenched by pouring into a saturated aqueous solution of NaHCO3 (200 mL). The resulting organic phase was
washed with deionized water (3 x 150 mL) and dried with anhydrous Na>SOs. After solvent removal, the crude
product was purified by automated column chromatography using PE/EA (95/5 to 85/15, v/v) as eluent, giving

the pure product HO-D>-Bn (10.30 g, 97% yield) as a colorless oil.

Synthesis of H¢D>. HO-D»-Bn (0.22 g, 0.31 mmol, 1.0 eq), TBDMS-Hs-COOH (0.88 g, 0.39 mmol, 1.25 eq), and
DPTS (0.018 g, 0.06 mmol, 0.2 eq) were dissolved in 20 mL dried DCM. DIC (0.5 mL) was then slowly dropped
into the above solution with an ice bath. The mixture was stirred at room temperature overnight. After removing
the excess solvent, the crude product was purified by automated column chromatography with an eluent mixed
PE and EA (95/5 to 92/8, v/v), yielding the product TBDMS-HsD>-Bn as a colorless oil (0.78 g, 85% yield). 'H-
NMR (CDCls, 500 MHz): 6 7.37-7.29 (m, 5H), 5.23 (s, 2H), 5.16 (t, 7H), 4.39-4.35 (m, 1H), 4.05 (t, 16H), 2.62-
2.37 (br, 16H), 2.37-2.06 (m, 14H), 2.01 (p, 2H), 1.67-1.57 (br, 16H), 1.36-1.21 (br, 192H), 0.88 (p, 33H), 0.06
(p, 6H). MS (MALDI-TOF, m/z): [M+Na]" Cal 2968.23; Obs 2969.57.

Synthesis of H¢D2>Og. After the general procedure of deprotection, HO-Os-Bn and TBDMS-H¢D>-COOH were

obtained. HO-O¢-Bn (0.24 g, 0.15 mmol, 1.0 eq), TBDMS-H¢D>-COOH (0.54 g, 0.19 mmol, 1.25 eq), and DPTS
(0.054 g, 0.03 mmol, 0.2 eq) were dissolved in 10 mL dried DCM. DIC (0.5 mL) was then slowly dropped into
the above solution with an ice bath. The mixture was stirred at room temperature overnight. After removing the
excess solvent, the crude product was purified by automated column chromatography with an eluent mixed PE
and EA (95/5 to 92/8, v/v). The crude product was further purified by recycling preparative HPLC, yielding the
product TBDMS-HsD,Os-Bn as a colorless oil (0.35 g, 52% yield). '"H-NMR (CDCls, 500 MHz): & 7.37-7.29 (m,
5H), 5.23 (s, 2H), 5.16 (t, 13H), 4.39-4.35 (m, 1H), 4.05 (t, 28H), 2.62-2.37 (br, 28H), 2.37-2.06 (m, 26H), 2.01
(p, 2H), 1.67-1.57 (br, 28H), 1.36-1.21 (br, 252H), 0.88 (p, S1H), 0.06 (p, 6H). MS (MALDI-TOF, m/z): [M+Na]"
Cal 4422.14; Obs 4422.63.



2.2.2 O¢D:Hs

Synthesis of O¢D». After the general procedure of deprotection, HO-D2-Bn and TBDMS-0s-COOH were obtained.
HO-D2-Bn (0.35 g, 0.50 mmol, 1.0 eq), TBDMS-0Os-COOH (1.00 g, 0.60 mmol, 1.2 eq), and DPTS (0.03 g, 0.1
mmol, 0.2 eq) were dissolved in 20 mL dried DCM. DIC (0.5 mL) was then slowly dropped into the above
solution with an ice bath. The mixture was stirred at room temperature overnight. After removing the excess
solvent, the crude product was purified by automated column chromatography with an eluent mixed PE and EA
(95/5 to 88/12, v/v), yielding the product TBDMS-O¢D,-Bn as a colorless oil (1.0 g, 85% yield). 'H-NMR (CDCls,
500 MHz): 6 7.37-7.29 (m, 5H), 5.23 (s, 2H), 5.16 (t, 7H), 4.39-4.35 (m, 1H), 4.05 (t, 16H), 2.62-2.37 (br, 16H),
2.37-2.06 (m, 14H), 2.01 (p, 2H), 1.67-1.57 (br, 16H), 1.36-1.21 (br, 96H), 0.88 (p, 33H), 0.06 (p, 6H). MS
(MALDI-TOF, m/z): [M+Na]" Cal 2295.48; Obs 2295.76.

Synthesis of OsD>He. After the general procedure of deprotection, HO-Hs-Bn and TBDMS-O¢D>-COOH were

obtained. HO-He-Bn (0.49 g, 0.31 mmol, 1.0 eq), TBDMS-O¢D,-COOH (0.87 g, 0.4 mmol, 1.29 eq), and DPTS
(0.018 g, 0.062 mmol, 0.2 eq) were dissolved in 10 mL dried DCM. DIC (0.5 mL) was then slowly dropped into
the above solution with an ice bath. The mixture was stirred at room temperature overnight. After removing the
excess solvent, the crude product was purified by automated column chromatography with an eluent mixed PE
and EA (95/5 to 92/8, v/v). The crude product was further purified by recycling preparative HPLC, yielding the
product TBDMS-O¢D,Hs-Bn as a colorless oil (0.85 g, 72% yield). '"H-NMR (CDCls, 500 MHz): & 7.37-7.29 (m,
5H), 5.23 (s, 2H), 5.16 (t, 13H), 4.39-4.35 (m, 1H), 4.05 (t, 28H), 2.62-2.37 (br, 28H), 2.37-2.06 (m, 26H), 2.01
(p, 2H), 1.67-1.57 (br, 28H), 1.36-1.21 (br, 252H), 0.88 (p, S1H), 0.06 (p, 6H). MS (MALDI-TOF, m/z): [M+Na]"
Cal 4422.14; Obs 4423.65.

2.3 Discrete diblock polymeric structural isomers

With the oCGA building blocks, a library of diblock isomers was modularly constructed by conjugating oLA
blocks through esterification. Take HeD20¢-Lm and O¢D2He-Li as an example. Other isomers were obtained

following the same procedure.
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Scheme S4. Synthetic route of discrete diblock polymeric structural isomers, HeD20O¢-L32 (a) and OsD2He-L32 (b).

General procedure for the syntheses of OH-0lLA,,-Bn: Take the HO-L32-Bn as an example. TBDMS-L32-Bn (1.10

g, 0.44 mmol, 1.0 eq) was dissolved in 20 mL of anhydrous CH>Cl> with an ice bath. BFs-etherate (0.6 mL, 2.2
mmol, 5.0 eq) was then slowly dropped into the solvent above. The mixture was allowed to return to room

temperature and was further stirred for 7 h. After TLC showed the reaction was complete, the reaction was
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quenched by pouring into a saturated aqueous solution of NaHCO3 (10 mL). The resulting organic phase was
washed with deionized water (3 X 10 mL) and dried with anhydrous Na>SOj4. After solvent removal, the crude
product was purified by automated column chromatography using DCM/EA (90/10 to 60/40, v/v) as eluent, giving

the pure product HO-L32-Bn (1.00 g, 95% yield) as a colorless oil.

General procedure for the syntheses of He¢D2Os-L,,: Take the HeD20s6-L32 as an example. After the general

procedure of deprotection, HO-L32-Bn and TBDMS-HeD>0s-COOH were obtained. TBDMS-HgD>Os-COOH (40
mg, 0.009 mmol, 1.0 eq), HO-L3>-Bn (44 mg, 0.018 mmol, 2.0 eq), and DPTS (1 mg, 0.003 mmol, 0.3 eq) were
dissolved in 5 mL dried DCM. DIC (0.5 mL) was then slowly dropped into the above solution with an ice bath.
The mixture was stirred at room temperature overnight. The crude product was purified by recycling preparative
HPLC, yielding the product TBDMS-HeD,Os-L3, as a colorless oil (29 mg, 47% yield). 'H-NMR (CDCls, 500
MHz): 6 7.37-7.29 (m, 5H), 5.23 (s, 2H), 5.16 (t, 45H), 4.39-4.35 (m, 1H), 4.05 (t, 28H), 2.62-2.37 (br, 28H),
2.37-2.06 (m, 26H), 2.01 (p, 2H), 1.67-1.57 (br, 28H), 1.55 (d, 96H), 1.36-1.21 (br, 252H), 0.88 (p, S51H), 0.06
(p, 6H). MS (MALDI-TOF, m/z): [M+Na]" Cal 6727.82; Obs 6727.16.

General procedure for the syntheses of O¢D>He¢- Ln: Take the OsD2Hg-L3z2 as an example. After the general
procedure of deprotection, HO-L32-Bn and TBDMS-0OsD>Hs-COOH were obtained. TBDMS-O¢D>Hg-COOH (65
mg, 0.015 mmol, 1.0 eq), HO-L32-Bn (72 mg, 0.03 mmol, 2.0 eq), and DPTS (1 mg, 0.003 mmol, 0.2 eq) were
dissolved in 5 mL dried DCM. DIC (0.5 mL) was then slowly dropped into the above solution with an ice bath.
The mixture was stirred at room temperature overnight. The crude product was purified by recycling preparative
HPLC, yielding the product TBDMS-O¢D,He-L3, as a colorless oil (53 mg, 53% yield). 'H-NMR (CDCls, 500
MHz): 6 7.37-7.29 (m, 5H), 5.23 (s, 2H), 5.16 (t, 45H), 4.39-4.35 (m, 1H), 4.05 (t, 28H), 2.62-2.37 (br, 28H),
2.37-2.06 (m, 26H), 2.01 (p, 2H), 1.67-1.57 (br, 28H), 1.55 (d, 96H), 1.36-1.21 (br, 252H), 0.88 (p, S51H), 0.06

(p, 6H). MS (MALDI-TOF, m/z): [M+Na]* Cal 6727.82; Obs 6727.16.
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3 Supplementary Calculation and Discussion
3.1 The calculation of volume fraction (fiLa)

The volume fraction of oLA component (fLa) is determined by Eq. S1:

Mt/ pr

ML/pL+Z(MCi/pCi) (S1)

i=1

Jra=

where M1 and Mc are the molecular weight of oLA and oCGA; pr and pc are the densities, respectively; i is the
sequence number of 0CGA monomers from the TBDMS group to the Bn terminal. According to literature?, pra

=1.25 g/em?, poca = 1.076 g/cm?, ppga = 1.041 g/em?, pruga = 1.008 g/cm?.

3.2 The characteristic dimension of phases (@)

a=2dw/3 for HEX

a=2d20 for A15 (S2)

a=~17duo; ¢ =2d o for o phase

3.3 The average diameter of spherical motifs of A15 and ¢ phases (D)

<D>: 3fia for A15
4

<D> =3— for o phase

(S3)

where a is the cubic lattice parameter of A15, and V' (V=a * a * ¢) is the lattice volume of ¢ phase.
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3.4 Index of peaks in the SAXS pattern of H2D100:2-L26 (A1S phase)

Peak No. (hki) Geal. (nm!) Gobs. (nm") Peak No. (hki) Geal. (nm™!) Gobs. (nm")
1 110 0.472 0.472 9 321 1.250 1.250
2 200 0.668 0.668 10 400 1.336 1.336
3 210 0.746 0.747 11 410 1.377 1.377
4 211 0.818 0.818 12 330 1.414 1.417
5 220 0.945 0.945 13 411 1.414 1.417
6 310 1.055 1.056 14 420 1.494 1.494
7 222 1.158 1.157 15 421 1.530 1.531
8 320 1.205 1.204 16 332 1.567 1.567
3.5 Index of peaks in the SAXS pattern of OsD:H¢-L2s (6 phase)
Peak No. (hki) Gecal. (nm!) Gobs. (nm") Peak No. (hki) Gecal. (nm!) Gobs. (nm")
1 110 0.255 17 410 0.743 0.743
2 200 0.361 18 330 0.765 0.765
3 101 0.387 19 202 0.773
4 210 0.403 20 212 0.794 0.794
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4 Supplementary Schemes and Figures
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Scheme S5. Schematic illustration of the oCGA isomers with different side chain distributions.
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Scheme S6. Typical examples of detailed chemical structures of discrete 0CGA isomers.
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Scheme S7. Typical examples of detailed chemical structures of discrete diblock polymeric structural isomers.
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Figure S8. MALDI-ToF MS of discrete diblock polymeric structural isomers: (a) D¢H4O4-Ly; (b) DsOsHa-Li; (¢) HsD2Os-Lin;
(d) 06D2H6-Lm; (e) H4D604-Lm; (f) O4D6H4-Lm; (g) H2D1002-Lm; (h) 02D10H2-Lm; (1) D14-Lm.
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Figure S9. SEC traces of the discrete 0CGA-oL A diblock isomers with non-monotonic gradients DgH4O4-L,, and DsO4Hs-L,.: ()
m=26; (b) m=28; (c) m=32.
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Figure S10. SEC traces of the discrete 0CGA-0LA diblock isomers with monotonic gradients H¢D2Og-L,,, HsDsO4-L,n, HoD10O:-
Lm, D14—Lm, 06D2H6—Lm, O4D6H4—Lm, and Oleon—Lm: (a) m= 24; (b) m= 26; (C) m= 28; (d) m= 30; (e) m=32.
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Figure S11. Peak indexing of 1D SAXS profiles of H2D1902-Las (a, A15 phase) and O¢D2He-Lasg (b, o phase). Droplines are the
allowed reflections based on the calculated lattice parameter.
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Figure S12. Order-to-order transition: O4D¢Has-Los (2), O2D10H2-Las (b), D14-Las (¢), and HoDioHz-Lag (d). Samples were
annealed at 40 °C for 5 minutes.
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Figure S13. Temperature-dependent SAXS profiles of OsD>Hs-Los (a), OsD2Hs-L3o (b), and O¢D2He-L32 (c) (heating rate

10 °C/min). Data are shifted vertically for clarity.
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Figure S14. Temperature-dependent SAXS profiles of O¢D2He-L32 (a), O2D10H2-L32 (b), Dis-Ls2 (c), H2D19O2-L32 (d), and
HeD206-L3: (e) (heating rate 10 °C/min). Data are shifted vertically for clarity.
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Figure S16. Temperature-dependent SAXS profiles of OsD2He-Los (a), OsDsHa-Lag (b), O2D1oH2-Lag (¢), Dis-Las (d), HaD10O»-
Las (e), and H¢D2Og-Los (f) (heating rate 10 °C/min). Data are shifted vertically for clarity.
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Figure S17. Variation of Topr of the isomeric block polymers.
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Figure S18. Temperature-dependent SAXS profiles of DgO4Ha-L3: (a), D14-Ls2 (b), and DsH4O4-L32 (c) (heating rate 10 °C/min).
Data are shifted vertically for clarity.
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