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ABSTRACT 

A versatile and scalable strategy is reported for the rapid generation of block copolymer 

libraries spanning a wide range of compositions using a single parent copolymer. This strategy 

employs automated and operationally simple chromatographic separation that is demonstrated 

to be applicable to a variety of block copolymer chemistries at multigram scales. The 

corresponding phase diagrams exhibit increased compositional resolution compared to those 

traditionally constructed via multiple block copolymer syntheses. Increased uniformity and 

lower dispersity of the fractionated libraries lead to differences in the location of order–order 

transitions and observable morphologies, highlighting the influence of dispersity on the self-

assembly of block copolymers. Significantly, this chromatographic separation technique 

greatly simplifies the exploration of block copolymer phase space across a range of 

compositions and molecular weights and produces more homogeneous materials than 

conventional synthetic strategies. 

INTRODUCTION 

Block copolymers (BCPs) find widespread use in fundamental and applied studies due 

to their self-assembly into a variety of nanoscale morphologies, including various sphere 

phases, hexagonally-packed cylinders, double gyroid, and lamellae.1-3 A comprehensive 

understanding of structure–property relationships and the critical agreement between 

experiment and theory hinges on an accurate assessment of phase behavior, which in the melt 

state depends on the Flory–Huggins interaction parameter χ, total volumetric degree of 

polymerization N, relative block volume fractions (e.g., of the A block, fA), dispersity (Ð), 
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conformational asymmetry, and architecture.4-5 However, the conventional method of 

exploring phase space is expensive and time consuming, involving the synthesis, purification, 

and characterization of numerous samples prepared in separate polymerizations targeting a 

discrete range of compositions.5-7 Issues concerning product uniformity compound these 

synthetic challenges; for example, subtle differences in molecular weight and composition 

dispersity for the overall block copolymer and individual domains are known to influence self-

assembly and can complicate the interpretation of phase behavior.8-13 

To address these challenges and facilitate the exploration of phase space, we describe 

the use of automated chromatography for the separation of a single BCP starting material into 

multiple, well-defined samples that span a range of compositions (fA). This strategy obviates 

the need to directly synthesize many materials and leads to more uniform dispersity among the 

sample library. Known collectively as “interaction chromatography” (IC), this separation 

approach exploits an adsorption-based mechanism that is sensitive to molecular composition 

of the block copolymer and is tunable by the nature of the column material, temperature, and/or 

solvent gradients.14 Pioneering work by Chang demonstrated the feasibility of separating BCPs 

by composition in one-14 and two-dimensional15-16 experiments with the phase behavior of 

polystyrene-block-polyisoprene being examined over a limited range of compositions (≈10% 

in fA).17-18 However, the optimization of IC separation conditions is generally not a trivial task 

and requires complex injection sequences, programmed temperature ramps, and/or the 

identification of critical conditions to minimize molecular weight effects.19 

In contrast, this report establishes an operationally simpler, automated chromatography 

technique that can be applied to a wide variety of BCP chemistries and provides scalability for 

the rapid and precise exploration of phase behavior. Our approach is motivated by recent 

reports describing the use of automated flash chromatography to fractionate low molecular 

weight homopolymers into oligomers with discrete chain lengths (Ð = 1.0).20-23 We 

demonstrate that this technique is applicable to the efficient separation of BCPs into a series of 

well-defined copolymers of varied composition on multigram scale and relies on basic thin-

layer chromatography (TLC) analysis to define the elution conditions (Scheme 1). In addition, 

the fractionation process removes trace quantities of homopolymer to produce BCPs with 

narrower distributions in molecular weight and average composition than the as-synthesized, 

parent materials. A comparison of a conventional and a fractionated sample library indicates 

shifts in order–order and order–disorder phase transitions, highlighting the consequences of 

dispersity in materials that are otherwise considered fairly monodisperse (Ð ≤ 1.1). The impetus 
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of this high-throughput strategy is to facilitate the discovery of structure–property relations in 

novel BCP materials.  

Scheme 1. Chromatographic fractionation of one as-synthesized BCP comprising an 

inhomogeneous distribution of chains into a series of well-defined fractions that span a range 

of compositions. 

 

RESULTS AND DISCUSSION 

To demonstrate the efficiency of automated chromatography in the exploration of phase 

space, we initially selected poly(dodecyl acrylate)-block-poly(lactide) (PDDA-b-PLA) as a 

model diblock copolymer. Its recently reported phase diagram exhibited a rich assembly of 

spherical morphologies attributed to a large conformational asymmetry parameter quantified 

by the ratio of block statistical segment lengths, ε = bPLA/bPDDA ≈ 1.85.4,24 To outline its phase 

behavior, this previous study synthesized and examined thirteen individual samples prepared 

on a multi-gram scale via sequential atom-transfer radical polymerization (ATRP) and ring-

opening polymerization (ROP). In stark contrast, the automated chromatography technique 

required a single synthesis of a PDDA-b-PLA diblock copolymer sample (〈𝑀n,BCP〉 = 4000 

g/mol, 〈𝑓PLA〉  = 0.34)  (Figures S1 and Table S1).24 Elution conditions appropriate for 

fractionation were identified from a series of simple TLC experiments and an observable 

streaking of the sample across the plate (Figure S2).  Automated fractionation of the PDDA-

b-PLA sample (2.5 g) was then completed in under one hour using a hexane/ethyl acetate 

solvent gradient and a commercial silica chromatography column (Biotage) (Table S2, Figures 

S3–S4). Figure 1a illustrates the successful fractionation of the starting PDDA-b-PLA 

copolymer into 20 well-defined BCP samples (10–100 mg each) with an overall mass recovery 

of 80%. Significantly, 1H NMR analysis revealed that the fractionated series spanned a broad 
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compositional window (fPLA = 0.13–0.48) derived from BCP starting material with an average 

composition of 〈𝑓PLA〉 = 0.34 (Figures 1b and S5). In addition, the separation process readily 

removed homopolymer impurities, which were present at exceptionally small concentration 

(ca. 1.0 wt%, see Figures S6–S7). This is of particular importance as even small amounts of 

homopolymer contamination have been shown to impact the phase behavior for a variety of 

copolymer systems.25-26  

 

Figure 1. (a) Structure of PDDA-b-PLA. Chromatographic separation of a single BCP parent 

material (2.5 g, 〈𝑀n,BCP〉  = 4000 g/mol, 〈𝑓PLA〉  = 0.34) produces a series of fractionated 

samples obtained with increasing elution time.  A summary of (b) the isolated mass and (c) 

composition of each fraction (fPLA) is depicted. A dashed red line represents the average 

composition 〈𝑓PLA〉 of the parent BCP. 

The ability to prepare an extensive polymer library from a single parent copolymer is 

clearly illustrated through the analysis of the fractionated PDDA-b-PLA samples. Changes in 
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the volume fraction of PLA (fPLA) and molecular weight with elution time quantified using 1H 

NMR end-group analysis showed that fPLA increases in a systematic fashion with smaller 

copolymers (i.e., lower Mn,BCP) eluting first (Figure 2a). This result indicates a separation 

mechanism involving preferential adsorption between the PLA segment of the polymer and 

silica gel rather than size exclusion21-22 since the molar mass of the polar PLA block (Mn,PLA) 

continuously increases with elution time while that of the less polar PDDA (Mn,PDDA) remains 

relatively constant (Figure 2b). Significantly, Ð of the fractionated BCPs is narrower than the 

parent BCP (Ð = 1.10) and decreases from Ð = 1.08 to 1.05 with each successive fraction 

(Figure 2a).  

The efficiency of this process was further demonstrated by taking a fractionated BCP 

sample (Mn,BCP = 4200 g/mol, fPLA =0.35) and subjecting it to a second fractionation (Figure 

S8). While not as dramatic as the fractionation of the parent material due to the increased 

uniformity of the starting sample, further segmentation by PLA composition produced an 

additional library of BCPs across fPLA = 0.29–0.37. Consequently, this demonstration suggests 

that a sequential fractionation technique can enable unprecedented refining to produce high 

fidelity material libraries across a wide composition range. 
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Figure 2. Dependence of (a) Mn,BCP and Ð on elution time following the chromatographic 

fractionation of a parent PDDA-b-PLA diblock copolymer (〈𝑀n,BCP〉 = 4000 g/mol, 〈𝑓PLA〉 = 

0.34). The dashed black line represents Mn of the parent BCP. (b) The number-average molar 

mass of the PDDA and PLA blocks in each fraction.  

To illustrate that automated chromatography can deliver sufficient quantities of 

fractionated  samples to produce a phase diagram across a range of compositions from a single 

parent copolymer, 11 of the 20 PDDA-b-PLA  fractions were analyzed using variable-

temperature small-angle X-ray scattering (SAXS). Significantly, this library results in a 

comprehensive phase map with a high degree of compositional resolution (Figure 3a and 

Figure S9) that semi-quantitatively matches the phase diagram obtained via the conventional 

route (Figure 3b).24 To elucidate the order-disorder phase boundary an estimate of the order–

disorder transition temperature was obtained using SAXS on heating at 10 °C increments (see 

Figures S10–S11). While the sequence of phases identified in the fractionated library is 

consistent with past experiments and theory,24 namely disorder (DIS) → body-centered cubic 

spheres (BCC) → σ → A15 → hexagonally packed cylinders (HEX) as fA increases from 0.19 

to 0.40, there are key reproducible differences in the location of order–order phase boundaries 

obtained for the two methods (Figures 3b and 3c). In particular, the regions of A15 and σ 

stability are significantly smaller and better defined after fractionation. We tentatively ascribe 

this observation to the narrower dispersity in molecular weight and average composition for 

the fractionated samples.14,17-19 Preliminary self-consistent field theory (SCFT) calculations 

confirm that the A15 and σ morphologies are stabilized across narrower compositional 

windows upon the removal of dispersity (Figure S12). These results are also in agreement with 

recent insights from Shi et al.27 who proposed the partitioning of chains within micelles of 

distinct shape and volume as a driver for the stability of various Frank–Kasper sphere phases 

by reducing packing frustration. A decrease in the degrees of freedom available for 

monodisperse materials compared to disperse analogues may therefore provide a mechanism 

to disfavor A15 and σ — with two and five distinct Wyckoff positions, respectively — across 

larger regions of phase space (Table S3). Further details regarding the SCFT calculations can 

be found in the Supporting Information. 
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Figure 3. (a) Synchrotron SAXS data of the parent PDDA-b-PLA and representative profiles 

of the fractionated diblock samples of different fPLA. (b) Phase diagrams obtained via a 

conventional method of individual syntheses (top)24 and the chromatography fractionation 

method (bottom). Values of (χN)ODT are identified by filled symbols. Circles and squares 

denotes points examined by SAXS and dynamic mechanical thermal analysis, respectively. 

The utility of this strategy to examine the consequences of dispersity was further highlighted 

using other contemporary BCP systems, as demonstrated firstly using poly(dimethylsiloxane)-

block-poly(lactide) (PDMS-b-PLA), which has garnered interest as a high-χ, selectively-etch 

resistant BCP for thin film patterning applications (Figures 4 and S13–S14).28 In this case, the 

as-synthesized PDMS-b-PLA (〈𝑀n,BCP〉 = 9200 g/mol, 〈𝑓PLA〉 = 0.70, Ð = 1.08) formed a 

disordered melt. Significantly, however, upon fractionation, a library of BCPs was obtained 

that exhibited lamellar order as the fPLA decreased from 0.61 to 0.42. The concomitant change 

in N of the produced samples resulted in microphase separation at both lower (67) and higher 

(76) values of χN compared to the parent BCP (73) with the d-spacing undergoing a systematic 

increase from 9.1 to 10.8 nm as N increases. We attribute these observations to the upward 

concavity of the order–disorder transition boundary that becomes less steep as fPLA approaches 

a symmetric composition (fPLA → 0.5) coupled with the decreased chain dispersity for the 
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fractionated samples that favors the ordered state. Fractionation of poly(4-tert-butylstyrene)-

block-poly(methyl methacrylate) (PtBS-b-PMMA, 〈𝑀n,BCP〉  = 39300 g/mol, Ð = 1.02, 

〈𝑓PMMA〉  = 0.60), another high-χ lithographic candidate,29 was similarly performed but 

primarily governed by column interactions with the PMMA block. Notably, longer range 

lamellar order was achieved after fractionation, as indicated by the increased scattering 

intensity and sharper peaks of the fractionated samples relative to the broad reflections of the 

parent material (Figures S15–S16, Tables S6–S7). 

 

Figure 4. Synchrotron SAXS profiles of the parent and fractionated PDMS-b-PLA diblock 

copolymers at different fPLA. All SAXS experiments were conducted at room temperature.  

Having demonstrated the use of automated chromatography to rapidly prepare phase 

diagrams and to examine the consequences of dispersity, another key potential advantage of 

this approach is in the comprehensive survey of systems comprising diverse monomer pairs. 

This is particularly useful in the context of understanding connections between molecular 



9 
 

design and self-assembly given unprecedented access to new monomer chemistries via 

contemporary controlled polymerization methods.  To illustrate, three previously unreported 

semi-fluorinated BCPs were examined (Figure 5). In each case, the A block was poly(2,2,2-

trifluoroethyl acrylate) (PTFEA) while the B block was varied between dodecyl acrylate 

(DDA), (±)menthol acrylate ((±)MnA), and dimethyloctanol acrylate (DMOA). The propensity 

of these combinations to form complex Frank–Kasper sphere phases over minority 

compositions of the PTFEA block was examined — each B repeat unit includes a bulkier 

pendant group than the trifluoroethyl-based A block which should increase conformational 

asymmetry (ε), however the influence of each side-chain on ε and the microphase separation 

of each system is presently unknown.  

The three parent BCPs were prepared with good control over dispersity and molecular 

weight on multi-gram scale by sequential ATRP polymerization: PTFEA-b-PDDA (〈𝑀n,BCP〉 

= 8400 g/mol, Ð = 1.06, 〈𝑓PTFEA〉 = 0.31), PTFEA-b-PDMOA (〈𝑀n,BCP〉 = 11700 g/mol, Ð = 

1.06, 〈𝑓PTFEA〉 = 0.27), and PTFEA-b-P(±)MnA (〈𝑀n,BCP〉 = 14500 g/mol, Ð = 1.06, 〈𝑓PTFEA〉 

= 0.20). The efficient chromatographic fractionation of these semi-fluorinated systems was 

performed using silica columns and TLC-optimized hexane/ethyl acetate gradients (see the SI 

for purification and characterization details). A dramatic difference in morphology was 

observed between the parent copolymer and the corresponding polymer libraries in each case 

with the SAXS experiments being summarized in Figure 5a–c. The fractionated BCPs exhibit 

major differences in self-assembly as a function of fPTFEA with PTFEA-b-PDDA copolymers 

following the sequence: DIS → BCC → σ → HEX with increasing fPTFEA (0.15–0.30 was 

examined with ca. 0.01 composition increments). On the basis of current theory,6,27 the 

observation of the σ phase suggests that PTFEA-b-PDDA is a conformationally asymmetric 

system with ε = bPTFEA/bPDDA >1. This results shows that a survey of phase behavior obtained 

via fractionation readily enables inherent system properties like conformational asymmetry to 

be surmised. Furthermore, the high compositional resolution of the sample set enables narrow 

regions of phase stability (e.g., σ) to be discovered and thoroughly explored. In a similar fashion, 

PTFEA-b-PDMOA shows BCC and HEX ordered morphologies without observation of the 

complex spherical σ phase (Figure 5b), indicating the conformational volumes of the blocks 

are likely closely matched (i.e., ε = bPTFEA/bPDMOA ≈ 1).  Lastly, it is notable that no spherical 

morphology was observed for the P(±)MnA system (Figure 5c).24 PTFEA-b-P(±)MnA only 

displays a HEX ordered phase within the explored compositional window, suggesting that the 
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conformational volume of P(±)MnA is likely smaller than that of PTFEA (i.e., ε = 

bPTFEA/bP(±)MnA < 1). 

  

Figure 5.  Representative SAXS patterns and a summary of the morphologies found at room 

temperature for previously unexplored systems of (a) PTFEA-b-PDDA, (b) PTFEA-b-

PDMOA and (c) PTFEA-b-P(±)MnA diblock copolymers constructed using the 

chromatographic separation method.  

It is worth noting that the automated chromatography technique is also a tractable for much 

higher molecular weight BCPs as demonstrated in Figure S25 using a PTFEA-b-PDDA 

diblock copolymer (〈𝑀n,BCP〉 = 46.3 kg/mol, 〈𝑓PTFEA〉 = 0.23, Table S14). Fractionation of the 

as-synthesized PTFEA-b-PDDA was readily achieved using a modified hexane/ethyl acetate 

solvent gradient optimized based on TLC (Table S15). From 3 g of starting material, 15 

samples comprising >50 mg were obtained with compositions between fPTFEA = 0.03–0.33 
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(Figure S25). The results demonstrate versatility of the automated chromatography to 

fractionate BCPs over a broad range of molecular weight at multigram scales. 

CONCLUSIONS 

This report describes an efficient and general strategy for the preparation of BCP 

libraries based on automated chromatographic separation of a single parent material. Scalable 

quantities of multiple fractions can be obtained over a wide range of compositions with 

improved purity and chain dispersity. The technique is shown to be broadly applicable to 

different monomer chemistries and enables the rapid survey of phase behavior for new BCP 

systems. Comparisons with traditional polymer libraries produced through individual syntheses 

of multiple BCPs illustrate important morphological differences. This strategy also quickly 

enables new insights into the behavior of unknown materials, and it is anticipated that this 

methodology will dramatically shorten the process of discovery in new and existing BCPs. 
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