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Conjugated polymers (CPs) constitute a class of optoelectronic materials with a broad range of appli-
cations including sensors, photovoltaics, and theranostics. Morphology is a critical factor that governs
optoelectronic performance, and solution-based assembly of CPs is a powerful way to control it.
However, among CPs, solution self-assembly of electron-deficient CPs remains underexplored. Herein,
we have prepared via atom transfer radical polymerization and Suzuki catalyst-transfer polymerization a
library of poly(benzotriazole)-b-poly(alkyl methacrylate)s (PBTZ-b-PRMAs) with narrow molecular weight
distribution (1.04-1.14) and spanning molecular weights of 10.8 to 57.0 kg mol™. We studied the self-
assembly of the rod-coil block copolymers in tetrahydrofuran/hexane and tetrahydrofuran/ethyl acetate
mixtures and found that changing the volumes of the two blocks in PBTZ-b-PRMAs led to an assortment
of morphologies, including toroids, lamellae, and discrete nanofibers.
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Introduction

Since the seminal reports by MacDiarmid, Heeger, Shirakawa,
and coworkers in the 1970s,"? m-conjugated polymers (CPs)
have been recognized as valuable materials for the realization
of optoelectronic devices, sensors, and theranostic tools.>®
One of the ways to tune the optoelectronic properties of CPs is
through their solution-based self-assembly into different
morphologies.” ™ One of the most powerful methods to access
CP nanostructures has been via the self-assembly of rod-coil
block copolymers (BCPs), where the rod block is a CP, while
the coil block is typically not. Most of these assemblies have
been focused on electron-rich CPs such as poly(thiophene)s
and poly(fluorene)s."** This limited scope is attributed to the
fact that electron-deficient CPs remain difficult to synthesize,
and accessing their block copolymers is even more challen-
ging. To the best of our knowledge, the synthesis and self-
assembly of rod-coil block copolymers of electron-deficient
CPs have not yet been reported; yet, we hypothesize that trends
in the solution self-assembly of such copolymers would
diverge from their electron-rich counterparts due to a dimin-
ished spatial extent of n-electron density and altered n—n stack-
ing configurations.” To address the above limitations, we set
out to explore the synthesis of poly(benzotriazole)-b-poly(alkyl
methacrylate) copolymers (PBTZ-b-PRMAs) and their solution-
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based self-assembly (Fig. 1). This choice of BCP composition is
motivated by the availability of controlled approaches for the
synthesis of each block,'®* the utility of PBTZs in polymer
electronics,”™* and the tunability of the PRMA solubility as a

function of the alkyl substituent “R”.2*°

Results and discussion
Synthesis of diblock copolymers

Key to the synthesis of the target BCPs is the design of a
modular dual initiator (init, Fig. 2), which enables atom trans-
fer radical polymerization (ATRP)*****” of methacrylates fol-
lowed by Suzuki catalyst-transfer polymerization (SCTP)'”*® of
a benzotriazole derivative to afford a library of rod-coil BCPs.
We opted to utilize ATRP because it has a large monomer
scope and affords well-defined “coil” polymers with narrow
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Fig. 1 Generic reaction scheme for the synthesis of PBTZ-b-PRMAs via
ATRP and SCTP, followed by their solution-based self-assembly.
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Fig. 2 Synthesis of macroinitiator init-PRMA.

dispersity (P); meanwhile, we selected SCTP for the conjugated
rod block because, among the known approaches to access
PBTZ, it offers the greatest control over chain-end fidelity and
b, which are both desirable in the context of BCP synthesis
and self-assembly. Although bifunctional initiators have been
used to access poly(thiophene)-based rod-coil BCPs, they
remain unexplored for the synthesis of electron-deficient con-
jugated rod-coil BCPs.'*?%?°

The choice of ATRP for the PRMA block compelled us to
add the bromoisobutyryl (BiB) group on one side of the dual
initiator. The other terminus of the dual initiator posed more
of a design challenge. Typically, SCTP is initiated via oxidative
addition of (RuPhos)Pd to 4-iodobenzonitrile, presumably to
ensure that this step is rapid and quantitative. The nitrile
group was not ideal for us however: the need to link the SCTP
initiator fragment to the ATRP one would require yet another
substituent to be installed onto the benzene ring, complicating
the synthesis. As a compromise, and inspired by the work of
Itami, Yagi, and coworkers,*® we replaced the nitrile with an
ester group, which we hypothesized would be sufficiently elec-
tron-withdrawing to provide for rapid oxidative addition, while
also linking the aryl group to the ATRP initiator moiety.
Notably, standard SCTP conditions include aqueous alkaline
media, which could hydrolyze the ester group. To mitigate this
issue, we designed both ester groups of init to be sterically hin-
dered, and ATRP of methacrylate rather than acrylate mono-
mers was also chosen for this reason.*' The synthesis of init
was accomplished expediently through two esterification reac-
tions starting with the commercial 3-methylbutan-1,3-diol
(Scheme S1).

With self-assembly in mind, for the coil block we selected
2-methoxyethyl methacrylate (MEMA) and n-decyl methacrylate
(DMA) monomers: the former offers solubility in polar sol-
vents,*” which we have observed to be poor solvents for PBTZs;
as a counterpoint, the latter was expected to have much more
subtle solubility differences to PBTZ. With the dual initiator in
hand, we utilized ATRP to first prepare a small library of
macroinitiators (init-PMEMA and init-PDMA) with a narrow
molecular weight distribution and number-average molecular
weights (M,) ranging from 5.24 to 31.5 kg mol™", determined
via "H nuclear magnetic resonance (NMR) spectroscopy as well
as gel permeation chromatography with multi-angle light scat-
tering (GPC-MALS) (Table 1).
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Table 1 Characterization of macroinitiators init-PRMA

M, a M, b
n,NMR n,GPC
Ent: init-PRMA ke mol™* kg mol™* pod
Iy g g
1 init-PMEMA®* 5.24 4.81 1.18
2 init-PMEMA’* 7.26 8.53 1.26
3 init-PMEMA22k 22.1 29.3 1.10
4 init-PMEMA?"* 27.3 30.4 1.11
5 init-PDMA % 10.4 13.2 1.07
6 init-PDMA>2¢ 31.5 23.3 1.18

“ Number-average molecular weight determined (M,) via 'H nuclear
magnetic resonance spectroscopy. ” M, determined via GPC-MALS
(M, gpc) in THF at 35 °C. ‘Dispersity (P) was determined via
GPC-MALS in THF at 35 °C.

Next, we explored the chain extension of these macroinitia-
tors to grow the PBTZ block. We chose to use the 3™-gene-
ration (RuPhos)Pd precatalyst because it had been reported for
the block copolymerization of PBTZ with the ability to control
the polymer molecular weights and maintain low ."”** We
were also inspired by Suzuki-Miyaura cross-coupling con-
ditions advanced by Denmark and coworkers®>*—namely,
using KOTMS as the base in toluene—because these con-
ditions were successfully employed by Shi, Marks, and Huang
to achieve Suzuki-Miyaura polycondensations.'”*> Notably, we
found that the addition of water (1 x 10" equiv. relative to
macroinitiator) was critical to enact the polymerization. We
opted for 7-bromo-2-(2-octyldodecyl)-2H-benzo[d][1,2,3]triazol-
4yl boronate (BTZ*°", Fig. 3A) as the monomer with the
2-octyldodecyl side-chain to enhance the solubility of PBTZ
during polymerization and self-assembly. The boronic acid
was masked as an N-coordinated boronate, which had been
shown to slow the rate of hydrolysis and prevent protodeboro-
nation and homocoupling.'®?® Typically, the SCTP reactions
were monitored via "H NMR spectroscopy (Fig. 3B); monomer
consumption reached completion after 0.5-2.5 hours, at which
point the reactions were quenched with 1 M HCl,q). The SCTP
reactions were also monitored via GPC-MALS, which revealed a
shift of the polymer peak to progressively lower retention
times over the course of the reaction (Fig. 3C); these data were
in line with chain extension of the macroinitiator.

Recycling preparative GPC (prep-GPC) was used to purify
the diblock copolymers, and diffusion ordered spectroscopy
(DOSY) of the purified materials displayed an identical
diffusion coefficient (1.4 x 10® em” s™") for resonances corres-
ponding to both blocks (Fig. S1-S2), which supports the
notion that the two blocks are linked. '"H NMR spectroscopy
also allowed us to calculate the degree of polymerization (DP)
of each block and the overall M, of the purified polymers
using the initiator benzene protons as the reference, and these
numbers, ranging from 10.8 to 57.0 kg mol™", were generally
on par with those determined through GPC-MALS (Table 2). As
the DP of the PBTZ block increases, the biphasic reaction con-
ditions lead to polymer aggregation, which we hypothesize
halts further chain growth. Decreasing the concentration of

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (A) Chain extension of init-PMEMAZ’* (entry 4 in Table 1) via SCTP to yield PBTZ-b-PMEMA. (B) Stacked *H NMR (500 MHz, CDCls, 23 °C)
spectra of SCTP aliquots at different reaction times. (C) Normalized dRI traces of macroinitiator init-PMEMA?’% and its chain extension with BTZ2°P

at different reaction times.

Table 2 Library of PBTZ-b-PRMAs prepared in this study and utilized for solution self-assembly

Entry Diblock copolymers” Sorrz” (%) My amr € (kg mol ™) My pc ¢ (kg mol™) b2} Morphology®

1 PBTZ,,-b-PMEMA, -, 16 29.0 25.7 1.04 Disordered lamellar
2 PBTZ,,-b-PMEMA, 5, 22 45.2 43.4 1.06 Toroidal

3 PBTZ,,-b-PMEMA, 5 23 48.2 46.1 1.08 Toroidal

4 PBTZ,5-b-PMEMA,4 46 14.7 21.0 1.06 Lamellar

5 PBTZ,,-b-PMEMA;, 58 10.8 16.3 1.14 Lamellar

6 PBTZ,5-b-PMEMA ;¢ 75 24.1 33.7 1.06 Toroidal

7 PBTZ.,-b-PMEMA;, 85 24.6 12.2 1.08 Toroidal

8 PBTZ,,-b-PMEMA,, 90 35.2 27.7 1.08 Vesicular/toroidal
9 PBTZ,;-b-PDMA, 4, 18 51.8 42.3 1.08 Toroidal

10 PBTZ,4-b-PDMA;¢ 31 18.6 21.0 1.08 Lamellar

11 PBTZ,,,-b-PDMA,, 78 57.0 36.3 1.06 Nanofibers

“The values after the polymer block abbrev1at10n represent the DP determined via *H NMR spectroscopy in CDCl2 fPBTZ of PBZT in diblock

copolymer.
self-assembly observed via TEM.

the initiator from 0.8 mM to 0.4 mM allowed us to retain the
solubility of the growing chains long enough to reach DPs up
to 110 for the PBTZ block (Table 2, entries 6-8 and 11). Lastly,
low values of b (1.04-1.14) were observed, which is desirable
for BCP self-assembly.>” Following the outlined procedure, a
library of PBTZ-b-PMEMAs and PBTZ-b-PDMAs was syn-
thesized (Table 2). The GPC traces of entries in Table 2 before
and after prep-GPC can be found in Fig. S3-S13. Molecular
dynamics simulations (MD) were used to estimate the volume

This journal is © The Royal Society of Chemistry 2025

° M,, determined using 'H NMR. ¢ M,, and dispersity (P) determined using GPC-MALS in THF at 35 °C. ° Morphology of the solution

fraction of PBTZ (fprrz) for each diblock copolymer shown in
Table 2 (see SIMD).

Self-assembly of PBTZ-b-PRMAs

To understand the effects of the composition of the diblock
copolymers on their solution-based self-assembly, we prepared
a variety of solutions based on the solubility profiles of the
diblock copolymers and observed the resulting particles via
transmission electron microscopy (TEM). The room-tempera-
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ture solubility profiles of the individual blocks are as follows:
the PBTZ block is soluble in hexane (HXN) and tetrahydro-
furan (THF) but not in ethyl acetate (EtOAc), the PMEMA block
is soluble in THF and EtOAc but not in HXN, and the PDMA
block is soluble in HXN, THF, and EtOAc.

All self-assemblies were carried out by dissolving the BCPs
in THF to make a 1 mg mL ™" stock solution. A 0.1 mL aliquot
of the stock solutions was placed into a separate vial equipped
with a stir bar, to which 1 mL of ethyl acetate or hexane
(EtOAc, HXN) was added dropwise while stirring (0.09 mg
mL™") and the mixture was left to age at room temperature
over the course of 2-7 days. In some cases, ill-defined aggrega-
tion of the BCPs was observed by TEM, which led us to
increase the fraction of THF in the solvent mixture by adding
an extra 0.1 mL of it to the 0.1 mL aliquot of the BCP stock
solution prior to addition of EtOAc or HXN; this procedural
modification slightly reduced the concentration of the BCPs to
0.08 mg mL™". A drop of the solution is placed upon a carbon-
coated copper grid and used for TEM imaging without stain-
ing. Due to the electronic semi-conductive nature of PBTZ, the
dark areas of the morphologies observed were attributed to
self-assembled PBTZ. In what follows, the solution self-assem-
blies of PBTZ-b-PMEMA and PBTZ-b-PDMA are described in
order of increasing fpprz.

Self-assembly of PBTZ-b-PMEMA

The self-assembly of PBTZ,,-b-PMEMA,¢; (Table 2, entry 3)
with 23% fpprz was carried out in a 0.08 mg mL™" solution
with THF—a good solvent for both blocks—and EtOAc—a
good solvent for PMEMA in a 0.1/1.0 v/v ratio. A five-day aging
period resulted in round particles with diameters of 2.5 +
1.3 pm (Fig. 4A). When the PBTZ-selective solvent system was
used (0.1/1.0 v/v THF/HXN), a 48 hour aging period resulted in
spherical particles that resemble large micelles or small vesi-
cles and their aggregates (Fig. S14). A five-day aging period
resulted in round particles with diameters of 0.9 + 0.5 pm
(Fig. 4B). Given their size, we hypothesized that these particles
are vesicles or toroids in both cases, PBTZ selective solvent is
about 3 times smaller than those formed using the PMEMA-
selective solvent. We hypothesize that in HXN, the much
longer PMEMA chains collapse to minimize their interaction
with HXN and maximize that of PBTZ with HXN, leading to
smaller particles compared to those formed using EtOAc
(Fig. 4B).

The assembly of PBTZ,4-b-PMEMA;, (Table 2, entry 5) with
ferrz = 58% was carried out in a 0.09 mg mL™! solution of 0.1/
1.0 v/v THF/EtOAc and aged for 48 hours. TEM micrographs
displayed what appeared to be disordered lamellae with an
average PBTZ domain width of 6.9 + 1.5 nm and PMEMA
domain width of 6.8 + 1.3 nm (Fig. 4C). The contour length of
the PBTZ,, fragment is estimated to be 5.7 nm (see SI section
Contour length), which suggests that the PBTZ chains are fully
extended and interdigitated within their domains. When the
solvent was changed to HXN, the average domain size for the
PBTZ blocks was found to be 13.7 + 1.9 nm, and that of the
PMEMA—S5.5 + 1.5 nm. The average domain width of PBTZ is

4344 | Polym. Chem., 2025, 16, 4341-4348
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twice that observed in EtOAc, suggesting that the PBTZ
domains incorporate two sets of non-interdigitated PBTZ
blocks (Fig. 4C and D).*®

To further probe our assignment of the lamellar mor-
phology, a film of PBTZ,,-b-PMEMA;, was analyzed via small-
angle X-ray scattering (SAXS) (Fig. 5). Admittedly, the mor-
phology observed in the bulk need not be the same as under
the dilute solution self-assembly conditions; however, we did
utilize the same solvent ratios when drop-casting the BCP solu-
tions to make the films for SAXS (see SI section Materials and
methods). At room temperature, the diffractogram showed two
broad peaks at 0.045 A™' and 0.200 A™', indicating a dis-
ordered morphology. When the sample was heated to 100 °C,
the SAXS profiles revealed a sharpening and shift of the peak
at 0.045 A™" to 0.040 A™" and the disappearance of the second
peak (0.200 A™"). A further increase of the temperature to
140 °C, below the melting temperature, judging by the differ-
ential scanning calorimetry trace for a related BCP (Table 2,
entry 1 and Fig. S15), led to a sharper peak at 0.040 A™" and
the appearance of a second order diffraction peak at
0.0811 A™" that allowed us to assign a lamellar morphology for
the BCPs in the bulk (Fig. 5). Small, medium, and wide AXS
diffractograms of PBTZ,4-b-PMEMA;, can be found in Fig. S16.
Again, although these results cannot be directly mapped onto
the morphology we observe by TEM for PBTZ,,-b-PMEMA;,
with feprz = 58%, it serves as indirect evidence for our assign-
ment of the morphology in the TEM as disordered lamellae.

The self-assembly of PBTZso-b-PMEMA;, (Table 2, entry 7)
with fperz = 85% was carried out in 0.1/1.0 v/v THF/EtOAc
(0.09 mg mL_I) and was left to age at room temperature over
the course of 48 hours. The TEM micrographs of the self-
assembly showed a bimodal distribution of round particles
with average diameters of 94.7 + 11.3 pm and 2.2 + 1.0 pm in
addition to spheroid aggregates with diameters of 292 + 60 nm
(Fig. 4E and Fig. S17), which we hypothesized above to be vesi-
cles or toroids. For some particles, the assemblies of the BCPs
at the interfaces appear to have been disrupted. Given the use
of EtOAc, a poor solvent for PBTZ but a good one for PMEMA,
we hypothesize that the vesicle walls or toroids are made of a
bilayer of diblock copolymers with PBTZ in the center. We
hypothesize that disruption of the vesicle wall or toroid is a
result of the evaporation of EtOAc during sample preparation:
as a result of the diminished interactions between the much
smaller PMEMA blocks, the assembled structures are expected
to be more susceptible to perforation under the sample prepa-
ration conditions and analysis by TEM, including application
of a high vacuum. We attribute the absence of these disrup-
tions for particles made via the self-assembly of PBTZ,4-b-
PMEMA,¢;5 in EtOAc to the greater volume fraction of PMEMA,
whose interactions serve to maintain the integrity of the
spherical particles.

When PBTZ;,-b-PMEMA;, was assembled in 0.1/1.0 v/v
THF/HXN (0.09 mg mL™"), we again observed round particles
—vesicles or toroids—with average diameters of 18.7 + 9.4 pm
(Fig. 4F), which is ~five times smaller than those formed in
0.1/1.0 v/v THF/EtOAc. We hypothesize that the PBTZ block

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (A)-() TEM micrographs of particles observed for (A) 0.08 mg mL™* of PBTZ,4-b-PMEMA¢5 in 0.2/1.0 v/v THF/EtOAc, (B) 0.08 mg mL™* of
PBTZ,4-b-PMEMA,¢s5 in 0.2/1.0 v/v THF/HXN, (C) 0.09 mg mL™* PBTZ,4-b-PMEMA3, in a solution of 0.1/1.0 v/v THF/EtOAc, (D) 0.09 mg mL™* of
PBTZy4-b-PMEMAs, in 0.1/1.0 v/v THF/HXN, (E) 0.09 mg mL™* of PBTZso-b-PMEMAs, in 0.1/1.0 v/v THF/EtOAc, (F) 0.09 mg mL™* PBTZso-b-
PMEMA;, in 0.1/1.0 v/v THF/HXN, (G) 0.09 mg mL™! of PBTZ»3-b-PDMA,g7 in 0.1/1.0 v/v THF/EtOAc. (H) 0.09 mg mL™* of PBTZ.4-b-PDMAsg in 0.1/
1.0 v/v THF/EtOAc, and (1) 0.09 mg mL™* of PBTZ;10-b-PDMAs; in 0.1/1.0 THF/HXN.

forms the outer layers of the particle to minimize the inter-
actions between PMEMA and HXN, as previously observed for
the self-assembly of PBTZ,,-b-PMEMA,¢s. Perforation of the
particles was not observed for this assembly. We postulate that
interactions such as n-m stacking between the much longer
PBTZ blocks are strong enough to maintain the integrity of the
particles after the evaporation of solvents. TEM micrographs of
entries 1, 2, 4, 6 and 8 in Table 2 (Fig. S18-S22) display mor-

This journal is © The Royal Society of Chemistry 2025

phologies consistent with the trend of the representative
samples presented above.

Self-assembly of PBTZ-b-PDMA

The assembly of PBTZ,;-b-PDMA, g, (Table 2, entry 9, feprz =
18%) in 0.1/1.0 v/v THF/EtOAc (0.09 mg mL~")—a good solvent
for PDMA—resulted in particles that resemble toroids or vesi-
cles with a bimodal average diameter of 35.9 + 4.1 pm and 7.9

Polym. Chem., 2025, 16, 4341-4348 | 4345
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Fig. 5 SAXS diffractogram of PBTZ;4-b-PMEMA;3, film at 25, 100, and
140 °C.

+ 4.1 pm (Fig. 4G and Fig. $23). When a 0.09 mg mL™" solution
of PBTZ,;-b-PDMAs¢ with fogr, = 31% in THF/EtOAc (0.1/1.0
v/v) is assembled, we observe a mixture of spherical micelles
with an average diameter of 84 + 22 nm and lamellae with an
average PBTZ domain width of 6.9 + 1.1 nm and PDMA
domain width of 5.8 + 1.0 nm (Fig. 4H). The contour length of
the fully stretched PBTZ block was estimated to be 5.9 nm,
which suggests that the PBTZ chains are interdigitated.

The self-assembly of PBTZ;9-b-PDMA;; with feprz; = 78%
was carried out at a concentration of 0.09 mg mL™" in 0.1/1.0
v/v THF/HXN over a seven-day aging period to yield nanofibers
with a length of 60 + 20 nm and a width of 11 + 2.5 nm
(Fig. 4I). Based on the contour length of 45.8 nm calculated
for the PBTZ block and the rigidity of this polymer core, we
conclude that the PBTZ chains are likely arranged parallel to
the long axis of the fiber, as indicated in the cartoon in Fig. 41.

Atomic force microscopy analysis

To distinguish between the hypothesized vesicles and toroids in
the assemblies described above, we elected to use atomic force
microscopy (AFM). The assemblies were drop-cast onto silicon
dioxide wafers, and AFM camera images of the assemblies were
first collected to identify representative regions to be subjected to
AFM (Fig. S24-S27). In the height images shown in Fig. 6, taller
features appear lighter while shorter features appear darker.

The contrast in the phase image of PBTZ,4-b-PMEMA,; (in
0.2/1.0 v/v THF/EtOAc) (Fig. 64, left) shows round particles
approximately 0.25 to 1 pm in outer diameter. The height
image (Fig. 6A, middle) shows round particles with lighter/
taller particle interfaces and darker/shorter centers. This topo-
logy is consistent with a toroidal morphology. The corres-
ponding height profile (Fig. 6A, right) of the two toroids was
used to estimate their inner diameter to be 0.7 pm with a
thickness of approximately 0.2 pm for both toroids. Fig. 6B
shows the phase image (left), height image (middle), and
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Fig. 6 (A)-(D) AFM phase image, height image, and height profile of (A)
0.08 mg mL™! of PBTZ»4-b-PMEMA,gs in 0.2/1.0 v/v THF/EtOAc (B)
0.08 mg mL™ of PBTZy4-b-PMEMA,e5 in 0.2/1.0 v/v THF/HXN, (C)
0.09 mg mL™ of PBTZs0o-b-PMEMA;, in 0.1/1.0 v/v THF/EtOAc, (D)
0.09 mg mL™ of PBTZ,3-b-PDMA g7 in 0.1/1.0 v/v THF/EtOAc.

height profile (right) of a single particle from the assembly of
PBTZ,,-b-PMEMA,¢; (in 0.2/1.0 v/v THF/HXN). The phase
image, height image, and height profile also suggest a toroidal
morphology, analogous to those observed when the assembly
was carried out in a THF/EtOAc solvent mixture. From the
height profile, the width of the toroid is approximately 0.5 pm,
and its inner diameter is approximately 1 pm. A change in
topology seen in the height profile at 1 pm (white circle in
height image) suggests the presence of a spherical particle
with a diameter of approximately 7 nm, potentially formed via
the aggregation of the BCPs. The AFM height and phase
images of PBTZ,,-b-PMEMA,qs (in 0.2/1.0 v/v. THF/EtOAc)
(Fig. S28) also suggest a toroidal morphology.

The contrast in the phase images of PBTZsy,-b-PMEMA;,
(0.1/1.0 v/v THF/EtOAc) (Fig. 6C) displayed round particles ana-
logous to those observed via TEM (Fig. 4E). Their corresponding
AFM height images showed lighter/taller particle interfaces and
dark/short centers, suggesting a toroidal morphology. Based on
the height image and height profile, the thickness of the
biggest toroid is approximately 2 pm with an inner diameter of
approximately 16 pm. The increase in height at approximately
13.5 pm in the height profile suggests a change in topology,
potentially due to the presence of a spherical particle with a dia-
meter of approximately 60 nm (Fig. 6C, white circle).

The toroids appear to form a honeycomb framework, pre-
sumably via the aggregation of toroids of varying outer dia-
meters. The disruption to the assemblies observed via TEM

This journal is © The Royal Society of Chemistry 2025
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number from Table 2 and the solvent added to THF.

was not seen via AFM. We speculate that a change in the sub-
strate on which the assemblies were deposited—from a carbon-
coated copper grid for TEM to a silicon dioxide wafer for AFM—
paired with the honeycomb framework maintains the integrity
of the toroids when characterized via AFM. Based on these data,
we hypothesize that PBTZso-b-PMEMA;, also assembles in a
THF/HXN solvent mixture (Fig. 4F) to form toroids.

A single particle made from the self-assembly of PBTZ,3-b-
PDMA,4, (0.1/1.0 v/v THF/EtOAc) was analyzed via AFM. The
phase image (Fig. 6D, left), height image (Fig. 6D, middle), and
height profile (Fig. 6D, right) were consistent with the topology
of a toroid. The toroid has an approximated inner diameter of
10 pm—consistent with the range of particles observed via TEM
for this assembly—and a thickness of approximately 0.5 pm.

To understand the experimental trends observed, we plotted
the morphologies of the BCPs on a 2D plot with the MD simu-
lation-derived volumes of PRMA and PBTZ on the y- and x-axes,
respectively (Fig. 7, see SIMD). The clustering of the mor-
phologies on this plot indicates that lower volumes of PBTZ
favor the formation of a lamellar morphology, particularly at
lower volumes of PRMA. Increasing the volume of PBTZ or
PRMA blocks leads to toroidal particles, while if both are
increased—particularly the PBTZ block—we observe the for-
mation of nanofibers. Furthermore, while the solvent selectivity
and identity of PRMA change the morphology observed, a
change in volume fraction results in a morphological and topo-
logical change. Note that all morphology/particle imaging was
carried out using drop-casting on surfaces, so solvent evapor-
ation and chemistry of the surface could play a role in the
observed particles. This question will be explored in future work.

Conclusions

To gain insight into the solution self-assembly of electron-
deficient CPs, we synthesized a library of poly(benzotriazole)-b-
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poly(2-methoxyethyl methacrylate)s (PBTZ-b-PMEMA) and poly
(benzotriazole)-b-poly(n-decyl methacrylate)s (PBTZ-b-PDMA)
diblock copolymers with number average molecular weights
ranging from 10.8 to 57.0 kg mol™" and narrow molecular
weight distributions (P = 1.04-1.14). We studied their self-
assemblies via TEM, SAXS, MD simulations, and AFM and deli-
neated a trend in the formation of different morphologies—
lamellae, toroids, and nanofibers—based on the volumes of
the two blocks. Furthermore, we found that the solvent selecti-
vity dictates the configuration of the BCPs in the particle walls.
Notably, comparison of our self-assembly results to the most
closely analogous study for a block-copolymer with a donor-
type CP—namely poly(3-hexylthiophene)—reported by Lee and
coworkers®® reveals that our system behaves substantially
differently: while they observed predominantly fibril-like or
granular assemblies, our system displays an assortment of
morphologies, including the rather unusual toroids. However,
we cannot attribute with certainty this contrast to electronic
differences between the CPs or differences in their geometric
parameters, identity of the coil blocks, or other factors. This
question would merit a follow-up study to be properly
addressed. In short, this work paves the way for a broader elu-
cidation of rod-coil BCP structure-solvent-morphology relation-
ships with electron-deficient CP rod blocks.
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