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ABSTRACT: Multiblock copolymers with increasingly complex block sequences�
for example, triblock terpolymers�offer unique opportunities to create nano-
structured materials, but this potential has been hindered by a vast design space that
complicates the exploration of structure−property relationships. Here, we report a
versatile and scalable strategy to separate parent ABC and isomeric ACB triblock
terpolymers into libraries of fractionated samples spanning a wide range of
compositions. Using a combination of controlled polymerization and automated
chromatography, the synthesis and separation of less than 10 ABC and ACB parent
materials gave rise to over 100 purified triblock terpolymers. Separations follow systematic and predictable trends in volume fraction
resulting from an adsorption-based mechanism where chains rich in non-polar blocks elute first, followed by more polar derivatives,
yielding fractions with improved purity in composition and molar-mass dispersity. As evidenced by small-angle X-ray scattering,
fractionation significantly enhances long-range order compared to as-synthesized parent materials and allows for the definitive
identification of various nanoscale morphologies. This user-friendly separation strategy significantly increases the availability of well-
defined ABC triblock terpolymer libraries to the polymer community while also improving sample quality and accelerating discovery.

■ INTRODUCTION
Block copolymers have received considerable attention as
materials that self-assemble into a rich array of nanoscale
morphologies with applications ranging from advanced micro-
electronics to nanomedicine delivery systems.1−4 The simplest
sequence, an AB diblock copolymer, has been extensively
studied by a synergistic combination of experiments and
simulations,5−7 which have provided a comprehensive under-
standing of basic phase behavior. In contrast, as the number of
blocks (n) and block types (k) grows even modestly, an
exponential increase in synthetically tunable parameters
renders the situation considerably more complex.8 Primary
factors that control equilibrium phase behavior include block
volume fractions f i (where i = 1, 2, ..., n), degrees of
polymerization (Ni), Flory−Huggins interaction parameters
(χij, i ≠ j), and statistical segment lengths bi. More recently,
secondary structural characteristics such as polymer sequence,
architecture, and dispersity (in both molar mass and
composition) have also been shown to influence morphol-
ogy.9−11 This long list of structural features illustrates the
difficulty in navigating and controlling a multidimensional
design space. Advances in both experiments and theory for
multiblock copolymers are therefore rate-limited by the effort
associated with traditional serial synthetic strategies and/or
performing large numbers of simulations (even those subject
to the mean-field approximation, for example, self-consistent
field theory, “SCFT”). Furthermore, conventional synthetic
approaches suffer from inevitable difficulties in matching block

molecular weights between different samples and minimizing
homopolymer or diblock copolymer impurities.
Although a comprehensive picture of multiblock copolymer

phase behavior has yet to emerge, advances in controlled
polymerization techniques are making these complex sequen-
ces more readily accessible. For example, Anastasaki reported
the synthesis of decablock copolymers with concurrent control
over sequence and dispersity using a switchable reversible
addition−fragmentation chain transfer (RAFT) agent gen-
erated in situ.12 In a similar vein, Haddleton described the
synthesis of sequence-controlled multiblock polymers contain-
ing up to 21 blocks via sulfur-free RAFT emulsion polymer-
ization,13,14 while our group has demonstrated the synthesis of
ABCDE multiblock copolymers with hydrophobic, hydro-
philic, and semifluorinated segments through light-mediated
atom-transfer radical polymerization.15 Despite these synthetic
advances, the application of controlled polymerization
strategies to systematically explore multiblock copolymer
phase space remains challenging.
In an effort to accelerate the study of block copolymer phase

behavior, we recently described the use of automated
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chromatography to purify a single, as-synthesized AB diblock
copolymer into individual fractions spanning a wide range of
compositions ( fA). This user-friendly chromatography techni-
que facilitated the rapid generation of linear AB diblock
copolymer libraries and significantly simplifies the exploration
of block copolymer phase space.16,17 Other research groups
have also used this strategy to fractionate low-molecular-weight
homopolymers into discrete oligomers for a variety of
applications.18−35 Notably, the combination of controlled
polymerization and automated chromatography has not been
applied to more complex sequences of blocks, even though the
potential for accelerated discovery is amplified. Work by
Williams demonstrated the separation of poly(styrene)-block-
poly(tert-butyl acrylate)-block-poly(methyl methacrylate) line-
ar triblock terpolymers through thermal field-flow fractionation
(ThFFF).36 However, this technique is not readily scalable
(<100 mg) and requires a careful balance between sample/
solvent compatibility and multiple detectors.
Here, we apply a much simpler automated chromatography

strategy to the separation of ABC and isomeric ACB triblock
terpolymers. Significantly, this approach is scalable and utilizes
standard laboratory equipment, which makes it accessible to
researchers with diverse expertise. As a result, only a limited
number of parent triblock terpolymers need be prepared and
subsequently purified to generate a wide range of terpolymers,
which eases the synthetic burden associated with exploring
phase space. These advantages are particularly acute in the
context of ABC triblock terpolymers, where a substantial body
of prior work has investigated phase behavior by uniquely
synthesizing each triblock sample. To illustrate this challenge,
Epps37−39 investigated the phase behavior of poly(isoprene)-
block-poly(styrene)-block-poly(ethylene oxide) by synthesizing
44 individual ABC triblock terpolymers by anionic polymer-
ization. In a similar serial fashion, poly(styrene)-block-poly-
(butadiene)-block-poly(2-vinylpyridine)9,40,41 and poly-
(styrene)-block-poly(butadiene)-block-poly(methyl methacry-
late)42 ABC triblock terpolymers were studied by Abetz and
Stadler with over 50 triblocks prepared anionically. Signifi-
cantly, each anionic polymerization requires the rigorous
purification of reagents, an understanding of reaction kinetics
for accurate timing of sequential block additions, and multiple
isolation steps, greatly increasing the time and cost of material
synthesis. In contrast, here, we report the generation of over
100 purified, narrow-dispersity, and well-ordered triblock
terpolymers from just 8 as-synthesized samples. These results
highlight the power of combining controlled polymerization
procedures with automated chromatography to accelerate the
study of block copolymer phase behavior, especially for
materials having more sequence complexity than the
prototypical AB diblock (Figure 1). The versatility of this
approach is further illustrated by the facile synthesis,
purification, and study of a corresponding isomeric ACB
triblock terpolymer system.

■ RESULTS AND DISCUSSION
The design of ABC triblock terpolymers for this study based
on A = poly(4-methyl caprolactone) (L), B = poly(dodecyl
acrylate) (D), and C = poly(2,2,2-trifluoroethyl acrylate) (F)
was governed by three primary criteria. First, the blocks have
large differences in polarity (L: more polar; D: less polar; F:
fluorinated) which we hypothesized would lead to efficient
fractionation via an adsorption-based mechanism at high
molecular weights.16 Second, all the thermal transitions lie

below room temperature (Tg,L = −60 °C, Tm,D = 0 °C, Tg,F = 1
°C), which facilitates thermal annealing under mild con-
ditions.43,44 Third, each interaction parameter (χij) is high as
evidenced by small-angle X-ray scattering (SAXS) experiments
conducted on the three different diblock pairs (Figures S18−
S20). Self-assembled structures will therefore be stable at
accessible molecular weights, minimizing kinetic effects that
may interfere with morphological analysis.
Based on the target ABC triblock terpolymer chemistry,

syntheses were conducted via sequential ring-opening polymer-
ization (ROP) and photo-initiated atom-transfer radical
polymerization (ATRP) from an orthogonal difunctional
initiator, 2-hydroxyethyl 2-bromoisobutyrate (HEBiB)
(Scheme 1). Compared with traditional anionic strategies, an
advantage of this approach is the ability to store and fully
characterize precursor homopolymers and diblock copolymers
before synthesizing the final triblock terpolymer. Conse-
quently, a single large batch of poly(4-methyl caprolactone)
homopolymer was synthesized through ROP catalyzed by
tin(II) 2-ethylhexanoate (Sn(Oct)2) with full characterization
prior to sequential chain extension with dodecyl acrylate
followed by 2,2,2-trifluoroethyl acrylate under photo-ATRP
conditions using an aliphatic tertiary amine ligand (Me6Tren)
and low concentrations of copper(II) bromide (CuBr2) with
UV irradiation (360 nm light). The orthogonality of ROP and
ATRP, coupled with high end group retention for each step,
enabled the preparation of well-defined ABC triblock
terpolymers in high yields.
Characterization of the ABC triblock copolymers was

facilitated by unique 1H NMR resonances for each block.
This is illustrated in Figure 2, where the resonance for the
CH2−O group of 4-methylcaprolactone (labeled h) is
observed at ∼4.1 ppm, in contrast to dodecyl acrylate
(resonance i) at ∼4.0 ppm and 2,2,2-trifluoroethyl acrylate
(resonance k) at ∼4.5 ppm. Integration of these peaks
compared to one from the initiator fragment (labeled a)
allowed for an accurate calculation of the molecular weight and
volume fraction of each block. These results combined with
the shift in size-exclusion chromatograms to lower elution
times upon chain-extending poly(4-methylcaprolactone) ho-
mopolymer to the corresponding AB and ABC block
copolymers demonstrate good control over the synthesis of
these materials in high yield (Figure S8).15,45,46 To highlight
the versatility of this triblock system, we synthesized five parent
ABC triblock terpolymers with different volume fractions
(Table S1). For each parent terpolymer, sufficient molecular
weights were targeted to ensure that all three blocks
microphase separate (Figures S18−S20). Note that our sample
nomenclature reflects the order of block connectivity (LDF),
places f L × 100 after the dash (LDF-22), and uses angle

Figure 1. Automated chromatographic separation of an ABC triblock
terpolymer generates a well-defined library of fractionated samples
spanning a wide range of volume fractions.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c01480
Macromolecules XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01480/suppl_file/ma2c01480_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01480/suppl_file/ma2c01480_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01480/suppl_file/ma2c01480_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01480/suppl_file/ma2c01480_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01480/suppl_file/ma2c01480_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01480?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01480?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01480?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01480?fig=fig1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c01480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


brackets ⟨...⟩ to denote characteristics of the parent triblock
copolymers (i.e., before fractionation).
To demonstrate the utility of automated chromatography for

preparing a diverse polymer library from a limited number of
ABC triblock terpolymers, 1.5 g of a parent LDF triblock
terpolymer (LDF-22) with ⟨Mn⟩ = 40 kg/mol, ⟨Đ⟩ = 1.13, and
initial volume fractions of each block ⟨f L⟩ = 22%, ⟨f D⟩ = 47%,
and ⟨f F⟩ = 31% (Table S1) was dissolved in dichloromethane
and loaded directly onto a commercially available (100 g) silica
gel column. Importantly, wet loading is significantly preferred
over dry loading to ensure solubility of high-molecular-weight
species throughout the fractionation. Suitable elution con-
ditions were identified through a series of simple thin-layer
chromatography (TLC) experiments (Figure S14). For LDF-

22, an optimized gradient from 100% dichloromethane to 40
vol % ethyl acetate in dichloromethane (25 column volumes)
was used to purify and fractionate the parent triblock
terpolymer (Table S2, Figure S15).
Using evaporative light scattering detection for each fraction,

an initial LDF-22 library of ∼90 fractions was appropriately
combined to give 30 purified ABC triblock terpolymer samples
(30−60 mg each, Figure 3a, Table S3). Significantly, an overall
mass recovery of 90% was achieved for this multi-gram-scale
separation. In addition, automated chromatography allows for
homopolymer and diblock copolymer impurities to be easily
identified and removed due to their elution at the beginning of
the fractionation process.16 This enables increased sample
purity and reproducibility among fractionated ABC triblock

Scheme 1. Synthesis of ABC and ACB Triblock Terpolymers with Poly(4-methyl caprolactone), Poly(dodecyl acrylate), and
Poly(2,2,2-trifluoroethyl acrylate) Blocks Through Sequential ROP and ATRPa

aThe sequential polymerization of dodecyl acrylate and 2,2,2-trifluoroethyl acrylate was reversed when preparing isomeric ACB triblock
terpolymers.

Figure 2. 1H NMR spectra of the starting poly(4-methylcaprolactone) homopolymer (L), diblock copolymer (LD), and triblock terpolymer (LDF-
22) exhibiting unique resonances for all three blocks and the initiator fragment.
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terpolymer libraries. The unique 1H NMR resonances for each
block provide a detailed picture of terpolymer compositional
variation across the elution profile as summarized in Figure 3b.
Notably, the volume fraction of poly(4-methylcaprolactone),
f L, gradually increases (9 → 47%) concomitantly with the
decreasing volume fraction of poly(2,2,2-trifluoroethyl acryl-
ate), f F (37 → 17%). In direct contrast, the volume fraction of
poly(dodecyl acrylate), f D, is approximately constant across the
library (∼50%). Furthermore, size-exclusion chromatography
(SEC) shows that the majority of fractionated samples have a
lower dispersity (Đ̵ = 1.07−1.12) than the parent material ⟨Đ̵⟩
= 1.13 (Figure 3c) with a modest decrease in molecular weight
as the fractionation progressed. The latter observation is likely
due to the poly(2,2,2-trifluoroethyl acrylate) block in the
parent material having the highest ⟨Mn⟩ and a decreasing

volume fraction throughout the fractionation, with separation
being driven by adsorption of polar blocks and not size-
exclusion effects.16 Collectively, these results demonstrate the
efficacy and scalability of automated chromatography in
generating a high-purity and diverse ABC triblock terpolymer
library from a single parent terpolymer.
Having obtained a fractionated library of well-defined and

purified ABC triblock terpolymers from the parent (LDF-22),
we next investigated their phase behavior using SAXS. Notably,
a significant number of the fractionated samples show different
morphologies relative to each other as well as the parent
terpolymer. In addition, a noticeable increase in the number of
peaks was observed upon fractionation, even though a
laboratory source instrument was used in all cases. This
enhanced long-range order is attributed to the increased purity
of fractions. To illustrate the marked difference between a
parent and select fractions, Figure 4 shows three scattering

patterns: one as-synthesized ABC triblock and two different
fractions. The parent sample, while ordered, cannot be
assigned a definitive morphology. In contrast, the fraction
with f L = 26%, f D = 52%, and f F = 22% has exceptional long-
range hexagonal ordering as evidenced by q reflections up to

49 q*, where q is the magnitude of the scattering wave vector
(q = |q|) and q* = 2π/d10 corresponds with the {10} family of
planes in the hexagonal plane group p6mm having interplanar
spacing d10. From the same starting parent terpolymer, another
fraction with f L = 18%, f D = 50%, and f F = 32% shows
excellent agreement between the actual peak positions and
those calculated for a cubic crystal system up to 38q*, where
q* = 2π/d100 is the magnitude of the {100} family of planes
with interplanar spacing d100. Note that there are also small
peaks at 7 q* and ∼ 15q*, which are not allowed in cubic
crystals, suggesting a minor amount of coexisting HEX with
similar q* (Figure S22). This sample is labeled “cubic” rather
than specifying a particular unit cell structure as we were
unable to definitively distinguish between core−shell and
alternating spheres from hard X-ray scattering alone. However,
we speculate that this triblock terpolymer exhibits an
alternating spherical structure (space group Pm3̅m, #221)

Figure 3. Chromatographic separation of poly(4-methyl caprolac-
tone)-block-poly(dodecyl acrylate)-block-poly(2,2,2-trifluoroethyl
acrylate) ABC triblock terpolymer, LDF-22, generates a diverse
library of fractionated triblock samples. (a) Mass distribution of
collected fractions indicates a high mass recovery of ∼90%. (b)
Variation of block compositions with f L increasing and f F decreasing
as the fractionation progresses. Dashed lines represent block volume
fractions of the parent triblock terpolymer before fractionation: ⟨f L⟩ =
22%, ⟨f D⟩ = 47%, and ⟨f F⟩ = 31%. (c) Number-average molecular
weight and molar-mass dispersity Đ̵ of the fractions as determined by
SEC (relative to linear polystyrene standards). Dashed lines represent
⟨Mn⟩ and ⟨Đ̵⟩ of the parent triblock terpolymer before fractionation.

Figure 4. Selected SAXS profiles of a parent ABC triblock terpolymer,
LDF-22, and fractions derived therefrom. All SAXS experiments were
conducted at room temperature. Triblock terpolymers were annealed
at 130 °C for 15 h and then 70 °C for 24 h under vacuum (200
mTorr), followed by slow cooling to room temperature. Vertical lines
represent theoretical reflections of the given crystal system as
calculated based on the experimental q*.
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based on a simple cubic crystal due to no apparent restrictions
on the observed values of (hkl) that would otherwise arise in
more symmetric morphologies (e.g., core−shell spheres with
space group Im3̅m, #229). The common origin of these
fractions from the same ill-defined parent triblock (LDF-22)
demonstrates the power of chromatography in analyzing phase
behavior. Additionally, the large number of reflections
observed with these materials is notable compared with prior
studies on traditional, non-fractionated triblock terpolymers.
For example, Noda reported cylindrical and spherical
morphologies of an ABC triblock terpolymer poly(isoprene)-
block-poly(styrene)-block-poly(2-vinylpyridine) having only
two and three reflections, respectively, by SAXS, which is in
contrast to the >20 reflections observed here.47

To further demonstrate the utility of combining orthogonal
controlled polymerizations with automated chromatography
for accelerating discovery of nanostructures within ternary
phase space, we next synthesized four additional poly(4-methyl
caprolactone)-block-poly(dodecyl acrylate)-block-poly(2,2,2-
trifluoroethyl acrylate) samples (LDF-19, LDF-43, LDF-18,
and LDF-17) (Table S1). These parent triblock terpolymers
were designed to each occupy a unique position in the phase
diagram with significant differences in composition but
comparable overall molecular weights ⟨Mn⟩ = 42−51 kDa
and dispersities ⟨Đ̵⟩ = 1.06−1.15 (Figure 5a). The synthetic

approach, starting from an orthogonal difunctional initiator,
was the same for all parent terpolymers with conditions for
fractionation being analogous to LDF-22 as described above.
This diversity in initial parent terpolymer structures provided
an extensive library of purified ABC triblock terpolymers with a
wide range of compositions from only five parent materials
(Figure S17). Separations were readily scaled to greater than
1.5 g by simply using a larger column cartridge with the same
optimized solvent gradient. It should also be noted that in
prior experimental and theoretical studies, ABC triblock
terpolymer phase diagrams were shown to be significantly
impacted by the presence of homopolymer and diblock
copolymer impurities,48,49 adding additional complexity to
understanding the relationship between polymer structure and
nanoscale morphology. The ability of fractionation to generate
polymer libraries and also remove homopolymer/diblock

copolymer impurities is an important advantage for multi-
step controlled polymerization procedures, which leads to
improved reproducibility (Figure S17).
Figure 5b summarizes the different well-defined morpholo-

gies found for these fractionated ABC terpolymers. As clearly
illustrated by SAXS analysis of multiple samples, cubic and
HEX regions were observed in the ternary phase diagram at
higher volume percentages of poly(dodecyl acrylate), whereas
F-rich materials led to lamellar (LAM) morphologies. In
contrast, only one of the five parent ABC triblock copolymers
displayed a well-defined morphology (LAM), with distinct
differences being noted between parent and fractionated
samples of similar molecular weights and volume fractions.
For example, a fractionated sample of LDF-43 was obtained
with f L = 22%, f D = 45%, and f F = 33% assembled into a well-
defined cubic morphology (Figure S24). In contrast, the parent
LDF-22 terpolymer with a similar composition ⟨f L⟩ = 22%,
⟨f D⟩ = 47%, and ⟨f F⟩ = 31% remained ill-defined even after
extended thermal annealing (Figure 4). This difference
underscores the ability of automated chromatography to
generate block copolymer samples with increased purity and
long-range order when compared to as-synthesized materials.
In addition, obtaining over 80 fractionated ABC triblock
terpolymers from just five parent triblocks illustrates the
significant acceleration in discovery that is afforded by this
combination of controlled polymerization and automated
chromatography (Figure 5b).
The versatility of our synthetic strategy also provides facile

access to the isomeric ACB terpolymer sequence: poly(4-
methyl caprolactone)-block-poly(2,2,2-trifluoroethyl acrylate)-
block-poly(dodecyl acrylate). In this case, the same poly(4-
methyl caprolactone) homopolymer starting material was
sequentially chain-extended in the reverse order with initial
growth of a poly(2,2,2-trifluoroethyl acrylate) block followed
by poly(dodecyl acrylate), again under photo-ATRP con-
ditions. As with the ABC derivatives, good end-group retention
led to well-defined ACB triblock terpolymers in high yields.
These isomeric parent materials (labeled LFD-41, LFD-19, and
LFD-17) were synthesized with similar molar masses and
volume fractions as the corresponding ABC sequence (Figure
6a, Table S8). This type of subtle change in block connectivity,
from ABC to ACB, is well known to influence self-assembly as
the pattern of interfacial tension changes (so-called “frus-

Figure 5. (a) Composition of five as-synthesized, parent ABC triblock
terpolymers. (b) Library of 87 well-defined, fractionated ABC triblock
terpolymers generated via automated chromatography. Fractionated
terpolymers are depicted with the same shape as their respective
parent material.

Figure 6. (a) Composition of three as-synthesized parent ACB
triblock terpolymers. (b) Library of 25 well-defined fractions obtained
by automated chromatography. Fractionated terpolymers are depicted
with the same shape as their respective parent material.
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tration”).9,10,50 ACB triblock terpolymers were fractionated
using similar solvent gradients to the analogous ABC isomers,
resulting in a library of well-defined terpolymer samples with
high mass recovery (>80%) (Figure S35). Notably, fractiona-
tion of the ACB terpolymers also afforded consistent changes
in composition as a function of fraction number, with a linear
increase in f L and decrease in f F for all three parent
terpolymers (Figure S35). As shown in Figure 6b, a detailed
phase diagram was obtained, highlighting different regions of
HEX and LAM stability. In agreement with our results for the
ABC sequence, significant long-range order up to 75q* and
10q* was observed for HEX and LAM, respectively (Figure 7).

This is in contrast to less-defined morphologies observed for
parent ACB terpolymers as illustrated with LFD-19.
Collectively, these results demonstrate that automated
chromatography is equally effective at separating block
copolymers with the same chemistry but different sequences
(e.g., ABC and ACB), where 25 well-ordered fractions were
obtained from only three ACB parent triblocks. The versatility
of this separation method creates opportunities for future
studies to examine the role of block sequence in controlling
multi-block copolymer nanostructures.

■ CONCLUSIONS
The combination of controlled polymerizations with auto-
mated chromatographic fractionation is a powerful strategy for
mapping the phase behavior of complex ABC triblock
terpolymers. From a single difunctional initiator, both ABC
and ACB triblock libraries together containing over 100
fractionated samples were prepared from a small number
(<10) of parent terpolymers. This general technique
dramatically accelerates the experimental study of triblock
terpolymer morphologies across a large parameter space.
Compared to conventional methods involving serial syntheses
of individual triblock terpolymers, chromatographic fractiona-
tion is simple,scalable, and leads to increased reproducibility
through the efficient removal of homopolymer and diblock
copolymer impurities. One consequence is a significant

increase in long-range order for samples purified by automated
chromatography as highlighted by differences between parent
and fractionated terpolymers. These studies demonstrate the
synergy between automated chromatography and controlled
polymerization procedures in the development of user-friendly
strategies for accelerating the study of structure−property
relationships in multi-block polymers with increasingly
complex architectures and well-defined monomer sequences.
This enhanced discovery process is critical to support the
greater range of block copolymer possibilities enabled by
advances in controlled polymerizations.
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