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Abstract 

The synthetic toolbox for stimuli-responsive polymers has broadened to include many variables of 
tunable control, making these materials applicable in diverse technologies. However, unraveling 
the key composition-structure-function relationships to facilitate ground-up design remains a 
challenge due to the inherent dispersity in sequence and conformations for synthetic polymers. We 
here present a systematic study of these relationships using a model system of copolymers with a 
thermoresponsive (N-isopropylacrylamide) backbone in addition to metal-chelating (acrylic acid) 
and hydrophobic structural comonomers and evaluate their efficiency at the isolation of 
technologically critical lanthanide ions. The efficiency of lanthanide ion extraction by precipitation 
was quantitated with a metallochromic dye to reveal trends relating copolymer hydrophobicity to 
improved separations. Further, we examined the role of different hydrophobic comonomers in 
dictating solution-phase conformation of the polymer in the presence and absence of lanthanide 
ions, and we identify key features of the hydrophobic comonomer that influence extraction 
efficiency. Finally, we identified how the local proximity of thermoresponsive, chelating, and 
hydrophobic subunits facilitate metal extraction by manipulating copolymer sequence with 
multiblock polymerization. Through mechanistic analysis, we propose a binding-then-assembly 
process through which metal ions are coprecipitated with macromolecular chelators.  

Introduction 

The versatility and modularity of synthetic polymers have led to their application in diverse 
technologies, from chemical separations1 to protein stabilization.2 As the suite of synthetic tools 
for polymer synthesis has expanded, strategies have been developed to control the monomer 
patterning with multiblock copolymers3 and elements of protein-like hierarchical structure,  
yielding materials with complex functions including binding to target species4,5 and catalysis.6,7 
However, connecting macromolecule composition and patterning to desired conformational and 
functional outcomes remains a significant challenge. Much like intrinsically disordered proteins 
offer both stimuli-responsive and phase separation capabilities,8 dynamic solution-phase 
copolymers may be leveraged for complex functions, particularly in industrial separations that can 
uniquely benefit from stimuli-responsive behavior.9 For example, polymers with thermoresponsive 
backbones have been designed for solid-liquid separations such isolating minerals (e.g., silica or 
alumina) from suspensions10,11 and the purification of proteins (e.g., immunoglobulin G or human 
serum albumin) by high-affinity binding.12,13 However, much of this work involves immobilization 
of stimuli-responsive materials on solid supports such as membranes,14 hydrogels,15 or beads.16 In 
these environments, features of the hierarchical structure of these polymers, which are inherently 
intertwined with their function, cannot be fully explored. Therefore, further elucidation of 
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underlying structure-function relationships will enhance our ability to harness the potential of 
responsive synthetic copolymers. 

To probe fundamental structure-function principles to guide the design of responsive copolymers, 
we investigated lanthanide binding as a model system. The isolation and separation of rare-earth 
elements, particularly lanthanide ions, is of critical importance to meet demands in technological 
development and currently presents a challenge due to similarities in ionic radius and coordination 
number.17 Common industrial strategies including solvent extraction18,19 and ion-exchange 
chromatography,20,21 are time-, resource-, and cost-intensive, motivating efforts to discover 
alternative or augmented methods. Amongst these alternatives, the design of novel bio-inspired 
polymers has been used to tune the affinity and selectivity of lanthanide binding by conferring 
hierarchical structure.22 For example, the unstructured lanthanide ion mineralization peptide 
(Lamp), discovered through phage display screening, was demonstrated to bind and precipitate 
heavy lanthanide ions over light ions and represents an avenue to energy-inexpensive separations 
method.23 Drawing inspiration from these efforts, we sought to identify structure-property 
relationships for analogous polymeric metal precipitants that offer both enhanced scalability and 
chemical tunability. Polymer composition,24 tacticity,25 and monomer patterning26 have been 
demonstrated to impact in-solution affinity for lanthanide ions, but design principles defining the 
relationship between polymer properties and efficient and selective precipitants remain limited. 
Through the systematic variation of the composition and monomer patterning of thermoresponsive 
copolymers, herein we identify connections between copolymer composition, solution structure, 
and separation ability for lanthanide (III) ions in an environmentally benign aqueous environment, 
providing fundamental insights towards the design of desirable synthetic sequestrants. 

Results and Discussion 

Characterization of the Impact of Copolymer Hydrophobicity on Lanthanide Extraction 

To target responsive polymers capable of phase separation upon binding lanthanide (III) (Ln3+) 
ions in a benign aqueous environment, we designed copolymers on the fringes of aqueous 
solubility through selection of three categories of comonomers: thermoresponsive, structural, and 
metal-chelating. Rapid and often reversible control of polymer phase behavior through 
temperature modulation have already made thermoresponsive polymers attractive in sensing27 and 
separations28 applications. Therefore, we chose poly(N-isopropylacrylamide) (pNIPAM) as a 
thermoresponsive backbone because of its lower critical solution temperature (LCST) close to 
ambient conditions (~32 °C).29 The addition of hydrophobic structural monomers has been shown 
to modulate physical properties of thermoresponsive polymers, such as reduction of cloud point 
temperatures30 and increases in the sizes of self-assembled morphologies.31 In contrast, the 
addition of hydrophilic and charged residues, such as acrylic acid (AA), copolymerized with 
pNIPAM has been shown to have the opposite effect thermal behavior by increasing the cloud 
point.32–34 In addition to their effect on cloud point, charged monomers like AA in their carboxylate 
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form are capable of metal-binding35,36 (e.g., chelation of heavy metal ions37–39). As previous work 
has focused predominantly on solid-phase extractants, such as hydrogels,15 and functionalized 
solid supports, such as magnetic beads,38 design principles connecting polymer structure to ion 
affinity and selectivity remain limited. Therefore, this three-monomer model system containing 
thermoresponsive, hydrophobic, and binding units offers a rich thermodynamic landscape and 
many synthetic degrees of freedom through which to investigate relationships between copolymer 
composition, structure, and function as lanthanide precipitants (Figure 1a). 

 

Figure 1. Thermoresponsive library design. (a) Schematic of polymeric 
precipitants, with key variables including copolymer hydrophobicity and sequence 
patterning. (b) General overview of synthesis of N-isopropylacrylamide (NIPAM) 
statistical copolymers with a pro-functional monomer (tert-butyl acrylate, tBA) and 
a hydrophobic acrylate comonomer. Polymerization was performed using a chain 
transfer agent (CTA) and azobisisobutyronitrile (AIBN) as an initiator in a mixture 
of 1,4-dioxane and dimethyl sulfoxide (DMSO) as solvents. Polymerization was 
followed by capping of the chain end with tris(trimethylsilyl) silane (TTMSS) and 
deprotection of tBA using a mixture of trifluoroacetic acid (TFA) in 
dichloromethane (DCM) to reveal the carboxylate side chain.  

We synthesized a series of thermoresponsive, metal-binding copolymers in a three-step scheme 
(Figure 1b). A series of model copolymers were synthesized with increasing mole percents of a 
hydrophobic monomer, butyl acrylate (BA) [P1-BA(5), P2-BA(10), and P3-BA(15); Figure 2a, 
left]. These statistical copolymers were synthesized with reversible addition-fragmentation chain 
transfer (RAFT) polymerization in 1,4-dioxane/DMSO to access controlled molecular weights and 
low dispersities (Ð < 1.1; Table 1, Figure S1-7).40 A target molecular weight of ~10 kDa was 
selected as PNIPAM homopolymers at this molecular weight exhibit a cloud point close to 32 °C, 
just above room temperature.29,41 For each copolymer, the incorporation of AA was fixed at 25 mol 
% to ensure that the majority of the polymer backbone was comprised of structural and 
thermoresponsive monomers that fine tune the phase separation behavior. An AA-precursor 
monomer, tert-butyl acrylate (tBA),42 was selected as it demonstrated a monomer incorporation 
rate closer to that of NIPAM than the rate displayed by acrylic acid under the same conditions 
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(Figure S8). As polymer chain ends have been shown to impact self-assembly processes,43,44 we 
removed the terminal trithiocarbonate using tris(trimethylsilyl) silane as a proton capping agent 
under UV light (Figure S9).45 Finally, the tBA group was cleaved under acidic conditions 
(trifluoroacetic acid in DCM) to reveal the AA moiety.46 Successful chain end capping and removal 
of tBA were confirmed by 1H NMR (Figure S10-12).  

polymer label 
hydrophobic 

monomer  
(mol %) 

hydrophobic 
monomer  

(wt %) 

AA  
(mol %) 

MW 
(kDa) ÐDMF 

P1-BA(5) 5 % BA 6 % BA 23 11.3 1.09 
P2-BA(10) 10 % BA 12 % BA 24 10.4 1.06 
P3-BA(15) 15 % BA 18 % BA 25 10.7 1.07 

P4-iBA 5 % isoBA 6 % isoBA 24 9.9 1.07 
P5-cHA 4 % cHA 7 % cHA 24 10.2 1.07 
P6-HA 4 % HA 7 % HA 25 10.2 1.07 

P7-IBOA 3 % iBOA 6 % iBOA 25 10.1 1.09 
P8-LA 3 % LA 7 % LA 25 10.2 1.08 

b1 9 % BA 11 % BA 23 12.9 1.13 
b2 10 % BA 12 % BA 24 13.8 1.13 
stat 9 % BA 11 % BA 22 13.1 1.09 

Table 1. 1H and DMF SEC characterization of copolymers. Monomer 
abbreviations: butyl acrylate (BA), iso-butyl acrylate (iBA), cyclohexyl acrylate 
(cHA), hexyl acrylate (HA), isobornyl acrylate (IBOA), lauryl acrylate (LA), and 
acrylic acid (AA). Molecular weight was calculated from 1H NMR. DMF SEC 
characterization is of copolymers after chain-end capping but prior to tBA 
deprotection due to compatibility with DMF SEC characterization.  

Precipitation of the series of model polymers was visually observed upon the chelation of a model 
lanthanide Eu3+ (0.5 mM EuCl3, 40 mM MES, 100 mM KCl, pH 6) at a 3:1 [Eu3+]:[AA] 
stoichiometry to ensure deprotonation of carboxylate groups. The phase separation was monitored 
by changes in solution turbidity using a UV-Vis cuvette reader (550 nm detection) (Figure 2b, S13-
14). We hypothesized that both temperature and hydrophobicity would modulate the efficiency of 
phase separation due to strong coupling between these two features in LCST systems. A cloud 
point was observed in metal-free buffer at high temperatures (> 70 °C) or not observed at all for 
these copolymers (Figure S15). Thus, a fixed incubation temperature (31 °C) close to cloud point 
temperature of pNIPAM homopolymers47 was selected to perform turbidimetry analyses of metal-
binding driven aggregation. We observed that solution turbidity increased more rapidly with 
increasing mol % of the hydrophobic monomer, BA (Figure 1b, left). Further, phase separation 
was more rapid at with higher temperatures (41 °C and 51 °C) for P1-BA(5) (Figure 2b, right).  
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While increased turbidity is indicative of increased phase separation, we further sought to 
quantitate the amount of metal coprecipitated with the polymer as a function of polymer 
hydrophobicity. To achieve this, P1-BA(5), P2-BA(10), and P3-BA(15) were incubated with 0.5 
mM Eu3+ at a ratio of 1 [Eu3+]: 3 [AA] at a range of temperatures (20 – 51 °C) and any aggregates 
were isolated via centrifugation (Figure 2a, right). The efficiency of lanthanide isolation was 
determined by comparing the concentration of residual metal in the supernatant to that of the 
original solution. The supernatant concentration was quantified via complexation to Arsenazo III, 
a metallochromic indicator for Ln3+ practical at low pH values required to protonate carboxylates 
on any residual polymer in the supernatant (Figure S16).48 Both increased temperature and 
hydrophobicity improved pulldown efficiency (Figure 2c, left), analogous to the trends observed 
for phase separation. Further, both P2-BA(10) and P3-BA(15) isolated > 90% of the Eu3+ in an 
aqueous solution within this mild temperature range.  

 

Figure 2. Comparisons of model copolymers with varied mol % butyl acrylate 
(BA) for Eu3+ isolation. (a) (left) Schematic of copolymers synthesized at 5, 10 and 
15 mol % BA. (right) Cartoon describing the metal precipitation assay with 
quantitation via a metallochromic dye. (b) Turbidimetry measurements at 550 nm 
of (left) increasing mol % BA copolymers [P1-BA(5), P2-BA(10), P3-BA(15)] 
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incubated at 31 °C and (right) a 5 mol % BA copolymer [P1-BA(5)] incubated at 
31, 41, and 51 °C. (c) Eu3+ isolation quantitated for increasing mol % BA 
copolymers [P1-BA(5), P2-BA(10), P3-BA(15)] at increasing incubation 
temperatures (n = 3, error bars represent standard deviation). Schematic 
representing increasing aggregation driven by increasing chain hydrophobicity. (d) 
Eu3+ isolation quantitated for increasing mol % BA copolymers [P1-BA(5), P2-
BA(10), P3-BA(15)] at changing stoichiometry of [Eu3+]:[AA] (n = 3, errors 
represent standard deviation). Schematic representing a hypothesized 
stoichiometric dependence of pulldown.  

Observations from both turbidimetry analysis and the metal extraction assay may be attributed to 
the impact of polymer hydrophobicity on intermolecular interactions (Figure 2c, right). At 
increased mol % BA, the increased hydrophobicity of the backbone drives aggregation, resulting 
in increased Eu3+ extraction efficiency and more rapid aggregation at a fixed temperature. 
Increased copolymer hydrophobicity has also been shown to shift distributions to larger aggregate 
sizes and improve performance as flocculants.49 However, a similar behavior can be achieved even 
at fixed mol % BA as increasing the temperature increases the hydrophobicity of the NIPAM 
backbone, characteristic of LCST transitions.28  

The selection of the ratio of ion (Ln3+) to ligand (AA) of 1:3 was initially based on charge 
neutrality, although decreasing the molar ratio of [Ln3+]:[AA] has been shown to decrease the 
metal adsorption of poly(acrylic acid) to Ce3+.50 To investigate analogous stoichiometric effects on 
polymer-metal precipitation, we fixed the concentration of Eu3+ at 0.5 mM and varied the 
concentration of each copolymer to achieve six ratios of [Eu3+]/[AA]. After incubation and 
removal of polymer aggregates, we measured the fraction of Eu3+ remaining in the supernatant. 
For each copolymer tested, a maximum was observed at [Eu3+]/[AA] = 0.33 (Figure 2d, left). 
Similar optimization of aggregation at charge neutrality was also described in chemo- and 
biosensing polyelectrolytes.51 We hypothesize that below this ratio, chelating groups are in excess 
and aid in solvating the chain, preventing interchain association (Figure 2d, right). At a 1:3 ratio 
of metal to AA units, most chelating groups are engaged in binding due to charge equivalence, 
driving chain association. Finally, above this ratio, metal ions are in excess, and chains are too few 
to assemble.  

Motivated by the strong coupling between chain hydrophobicity and efficiency of lanthanide 
isolation, we synthesized a set of copolymers with additional hydrophobic pendent side chains to 
deconvolute effects of both alkyl side chain length and architecture. Two four-carbon [n-butyl 
acrylate (BA) and iso-butyl acrylate (iBA)), six-carbon (n-hexyl acrylate (HA) and cyclohexyl 
acrylate (cHA)], ten-carbon [isobornyl acrylate (IBOA)], and twelve-carbon [lauryl acrylate (LA)] 
comonomers were chosen and copolymerized with NIPAM and tBA (Figure 3a, S17-27). 
Copolymers (P4-iBA, P5-cHA, P6-HA, P7-IBOA, P8-LA) were synthesized as previously 
described at similar weight percents of the hydrophobic monomer (~6 wt %) to facilitate 
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comparisons across similar global hydrophobicities (Figure S28-32). To probe rigidity and in-
solution compaction, we initially used small-angle X-ray scattering (SAXS) to probe these 
structural parameters with a limited subset that could capture effects of both alkyl side chain length 
and architecture (P1-BA(5), P6-HA, P5-cHA, and P8-LA). The radius of gyration (Rg) describing 
the chain size and Porod exponent describing chain stiffness were calculated by fitting SAXS 
scattering profiles of copolymers dissolved at 2.5 mg/mL to the polymer excluded volume model52 
or the Guinier-Porod53 model which each describe flexible polymer chains (Figure S33, Table S1). 
This analysis revealed the smallest Rg (29.2 Å) and highest Porod exponent (2.2) for P8-LA, where 
the largest monomer, lauryl acrylate, drives conformationally constrained folding. Projection of 
the SAXS profiles in a dimensionless Kratky plot allows for a visual assessment of chain 
compaction normalized for molecular weight and Rg. In this projection, P8-LA exhibits a weak 
inflection point and plateau at q • Rg = 2, similar to many intrinsically disordered proteins (IDPs).54 
Further, P8-LA is more compact than the other copolymers in this series that show increasing 
scattering intensity with q • Rg indicative of more chain flexibility (Figure 3b, left).  

 

Figure 3. Comparison of copolymers with the same global hydrophobicity. (a) 
Scope of selected hydrophobic comonomers incorporated to similar wt % in 
associated statistical copolymers are butyl acrylate [P1-BA(5)], iso-butyl acrylate 
(P4-iBA), cyclohexyl acrylate (P5-cHA), n-hexyl acrylate (P6-HA), and isbornyl 
acrylate (P7-IBOA). (b) Solution-phase conformations of copolymers in the 
absence of metal. (left) Dimensionless Kratky projections of SAXS scattering 
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profiles for P1-BA(5), P5-cHA, P6-HA, P8-LA. (right) Mp (PEG) of copolymers 
acquired from PEG standards calibration standards plotted against Van der Waals 
surface area calculated from DFT simulations. (c) (left) Extraction of Eu3+ by 
copolymers at 31 °C (n = 3, error bars represent standard deviation). (right) 
Extraction of multiple Ln3+ ions (denoted in plot) by copolymers at 31 °C (n = 3, 
error bars represent standard deviation). (d) Schematic of maximized ion isolation 
through optimum multichain packing during aggregation. 

We further corroborated the relationship between monomer size and solution-phase conformations 
of the full series of copolymers (unbound to Ln3+) using aqueous size exclusion chromatography 
(SECaq; 40 mM MES, 100 mM KCl, pH 6; Figure 3b, right). To quantitatively compare the 
hydrated size of each copolymer, the molecular weight at the peak maxima as compared to PEG 
standards (Mp (PEG)) were extracted. As the copolymers were synthesized with similar molecular 
weights (Figure S27), we hypothesized this measure of compactness could be correlated to 
chemical descriptors of the hydrophobic comonomer. A series of calculations were performed on 
each monomer using DFT to identify the significance of different chemical descriptors (Table 
S2),55,56 and we identified that the Van der Waals (VdW) surface area strongly correlates with the 
Mp (PEG) (Pearson correlation coefficient of -0.94, Figure 3b, right). This correlation demonstrates 
that increased monomer steric bulk drives chain compaction in the aqueous conditions evaluated. 
Similar phenomena have also been observed in single-chain folding where increased carbon count 
and LogP drive increased chain compaction,57,58 and in multi-chain assembly, where the LogP of 
comonomers drove an increase in assembly size that required increased surface charge to 
solubilize.59 In these cases, as well as the present work, chain collapse may correlate well with 
descriptors of hydrophobicity such as VdW surface area, LogP, or carbon count.  

As this structural analysis was performed with unbound copolymers, we further probed the efficacy 
of Eu3+ isolation for each of the copolymers in this series using centrifugation and dye-based 
quantification as previously described (Figure 3c, left). The fraction of metal isolated was 
inconsistent despite the uniform global hydrophobicity of the copolymers. Contrary to the 
observed polymer collapse, the relationship between the VdW surface area of the hydrophobic 
comonomer and the fraction pulldown is nonlinear: a peak is observed for hexyl acrylate and the 
efficiency decays at both larger and smaller surface area comonomers. To determine if this trend 
is consistent across lanthanide ions with different ionic radii, we expanded our scope to include 
five additional lanthanide salts (Lu3+, Dy3+, Tb3+, Eu3+, Nd3+, and La3+; Figure 3c, right and Table 
S3). The P6-HA consistently isolated a higher fraction of the ions in solution than the other 
copolymers. While each copolymer exhibits slightly different extraction efficiency towards 
different ionic radii, the greatest difference in selectivity is observed between La3+ and all other 
metals. Similar preference for smaller ionic radii ions was demonstrated in the metal-mediated 
aggregation of the Lamp peptide23 and other Ln3+ chelators,17 corresponding to trends in Lewis 
acidity. Collectively, we hypothesize that multi-chain assembly is driven by hydrophobic moieties 
that offer an optimized configuration of ligands. Further, smaller pendant side chains are too small 

https://doi.org/10.26434/chemrxiv-2024-w6ckv ORCID: https://orcid.org/0000-0002-5010-5201 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-w6ckv
https://orcid.org/0000-0002-5010-5201
https://creativecommons.org/licenses/by-nc-nd/4.0/


to effectively drive intermolecular interactions and bulkier side chains interfere with efficient 
assembly (Figure 3d).  

Mechanistic insights into metal binding-driven aggregation 

With connections identified between copolymer composition and efficiency in metal extraction, 
we sought to elucidate the relationships between composition and solution structure driving the 
phase separation of metal-complexed copolymers. Towards this, we probed conformational 
changes induced by lanthanide binding using SECaq in the presence and absence of a representative 
lanthanide ion, Eu3+. Chain compaction was observed for conformational ensembles of P1-BA(5), 
as the presence of Eu3+ (0.1 mM Eu3+, 40 mM MES, 100 mM KCl, pH 6) results in a smaller 
apparent Mp (PEG) as compared analysis in a metal-free buffer (40 mM MES, 100 mM KCl, pH 6; 
Figure 4a, left). However, for the most hydrophobic copolymer, P3-BA(15), both chain 
compaction and assembly (i.e., an additional peak at a higher Mp (PEG)) are observed (Figure 4a, 
right and Figure S35). Analysis of SECaq of copolymers with different hydrophobic side chains 
also demonstrates a predominant single-chain conformation in metal-free conditions, with the 
appearance of a more compact structure upon metal-binding for all copolymers with aggregation 
additional present for P8-LA, P5-cHA, and P6-HA (Figure S36). These data suggest that, in the 
dilute metal regime, metal chelation drives copolymers to adopt more compact structures before 
promoting aggregation. 

To glean more insight into the conformational change occurring upon metal-binding, we 
additionally performed SAXS analysis on P1-BA(5), P5-cHA, P6-HA, and P8-LA in the presence 
of metal ions. These copolymers span a range of hydrophobic alkyl side chain lengths and 
architectures and have also demonstrated differing metal extraction efficiency (Figure 3c), offering 
an interesting scope to unravel differences in compaction upon Eu3+ binding. Samples were 
incubated with Eu3+ at a ratio of [Eu3+]/[AA]= 0.1 to minimize turbidity during the measurement. 
Due to some aggregation observed at polymer concentration of 5 mg/mL, measurements taken at 
2.5 mg/mL were used to estimate Rg used to normalize the scattering intensity plots (Figure S37). 
Analysis of the scattering profiles in a dimensionless Kratky projection allows for comparisons 
across copolymers (2.5 mg/mL) with and without metal to reveal changes in polymer conformation 
due to metal binding (Figure 4b and SAF-AG, Table S1). In this projection, P6-HA demonstrates 
a large shift in the scattering profile highlighting a more compact structure upon the addition of 
metal as compared to P5-cHA and P1-BA(5) as demonstrated by a plateau at intermediate q • Rg. 
The large conformational change conferred by metal binding to P6-HA correlates with the increase 
in efficacy of ion isolation; thus, we hypothesize this compaction may drive chain assembly and 
maximize metal isolation efficiency. Similar processes have also been demonstrated in intrinsically 
disordered proteins, where folding and liquid-liquid separation have been induced by metal 
binding.60 For example, the metal binding drives local chain ordering and dimerization of the 
lanmodulin protein derived from Hansschlegelia quercus, contributing to this desirable property.61 
In contrast to these polymers, P8-LA is more structured compared to the other three polymers in 
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the absence of Eu3+, as demonstrated by a Porod exponent of 2.2. However, metal chelation further 
confers even more of a compact morphology to the polymer with an increase in Porod to 3.1 
(Figure 4b[iv]). However, we observe that this additional compaction does not offer increased ion 
extraction (Figure 3c). This behavior may resemble traditional metalloenzymes62 or lanmodulin 
derived from Methylobacterium extorquens,63 where metal-binding does not result in changes in 
quaternary structure required to promote assembly.  

 

Figure 4. Mechanistic insights into metal binding-driven aggregation. (a) SECaq for 
5 and 15 mol % butyl acrylate (BA) copolymers [P1-BA(5)] and 15 mol % [P3-
BA(15)] in the presence and absence of Eu3+. Molecular weights are determined by 
comparison to PEG calibrants. (b) Dimensionless Kratky projections of SAXS 
profiles before (purple) and after (green) incubation with Eu3+ for (i) butyl acrylate 
(BA) copolymer [P1-BA(5)], (ii) n-hexyl acrylate (HA) copolymer (P6-HA), (iii) 
cyclohexyl acrylate (cHA) copolymer (P5-cHA), and (iv) lauryl acrylate (LA) 
copolymer (P8-LA). (c) Proposed binding-then-assembly mechanism for ion 
extraction using polymer precipitants.  
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From these data, we hypothesize three steps are involved in the metal-driven precipitation (Figure 
4c). The unbound soluble chain begins in a relatively disordered conformation in part due to 
negatively charged AA groups (Figure 4a, b). Upon metal binding, the chain adopts a compacted 
conformation due to metal-mediated intramolecular crosslinking (Figure 4a). The elimination of 
solvated negative charges and the presence of hydrophobic side chains further drives compaction 
through the hydrophobic effect (Figure 4a, b[ii]). Aggregation of these chains is the final step, as 
poorly solvated chains form intermolecular interactions (Figure 4a, right). Maximizing metal 
pulldown is therefore both a function of effectively driving polymer folding through metal binding 
as well as the resulting chain conformation self-assembling into large aggregates. Similar examples 
of a binding event succeeded by multi-chain assembly formation have been described in metal-
ligand coordinated supramolecular polymers64 in addition to complexation of poly(amides) to 
anionic analytes.65  

Impact of monomer patterning and sequence arrangement 

To further explore the complex relationship between the thermoresponsive, structural, and 
functional copolymer components on the Ln3+ pulldown efficiency, we designed two multiblock 
copolymers (b1 and b2). Monomer sequence patterning through multiblock copolymer synthesis 
of thermoresponsive NIPAM copolymers has been shown to broaden the temperature ranges of 
morphological transitions66 and confer hysteresis in transmittance recovery during cooling.67 We 
therefore hypothesized that multiblock copolymers would exhibit altered efficiency for the 
isolation of rare earth ions and allow mechanistic insights into the coprecipitation. To understand 
the effect of colocalizing the binding, thermoresponsive, and structural motifs, we synthesized the 
block copolymer p(NIPAM)-b-p(AA-co-BA)-b-p(NIPAM) (b1), where the thermoresponsive 
region is fully segregated from the binding and structural region. We also synthesized p(NIPAM-
co-AA-co-BA)-b-p(NIPAM)-b-p(NIPAM-co-AA-co-BA) (b2) to probe effects enriching the local 
density of binding and structural motifs along the backbone. Finally, a separate statistical 
p(NIPAM-co-AA-co-BA) (stat) was prepared with a similar composition to b1 and b2 for 
comparison (Figure 5a). 

Tri-block copolymers (b1 and b2) were synthesized using RAFT polymerization with intermediate 
purification by preparative gel permeation chromatography between blocks. Samples were 
collected before and after polymerization for 1H NMR and GPC analysis to determine the 
composition of each block (Tables S4-S8, Figures S38-45). The resulting copolymers were 
synthesized with approximately 25 mol % tBA and 10 mol % BA to target higher Ln3+ extraction 
efficiency and accommodate any decreases in efficiency conferred through monomer patterning. 
As with the statistical copolymers discussed above, the trithiocarbonate chain ends were capped 
and the AA units were revealed following the deprotection of tBA units in acid (Figures S46-48).  

We found that the efficiency of Ln3+ ion isolation at 28 °C was strongly dependent on monomer 
patterning. Segregating the binding and structural units from the thermoresponsive region caused 
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b1 to perform significantly worse than stat across all ions tested (Figure 5b). However, the 
extraction efficiency of b1 was improved to the level of stat by increasing the incubation 
temperature to 31 °C (Figure 5c, S49). These results suggest that proximity of the binding, 
structural and thermoresponsive monomers is required to efficiently insolubilize the polymer-ion 
complex at moderate temperatures. Structurally, b1 displayed a broad peak at high molecular 
weights by SECaq in metal-free buffer conditions indicative of a multi-chain assembly driven by 
the dense hydrophobic center block that cannot rely on NIPAM monomers to facilitate improved 
solvation (Figure 5d). The aggregation of b1 prior to binding may obstruct the diffusion of metal 
ions to binding sighs and reduce pulldown efficiency (Figure 5e). 

 

Figure 5. Evaluating the impact of monomer patterning on lanthanide separation. 
(a) Schematic illustrating the design of two sequence-controlled triblock 
copolymers (b1, b2) with the three-comonomer scope of N-isopropylacrylamide, 
NIPAM), butyl acrylate (BA), and acrylic acid (AA). A compositionally 
comparable statistical copolymer (stat) is also shown. (b) Relative efficiency of 
Ln3+ ion extraction (denoted in plot) by b1, b2, and stat copolymers at 28 °C (n = 
3, error bars represent standard deviation).  (c) Fraction of Lu3+ isolated by b1, b2, 
and stat copolymers at 25 °C, 28 °C, and 31 °C (n = 3, error bars represent standard 
deviation). (d) SECaq chromatograms of b1, b2, and stat. Molecular weights are 
determined from PEG calibration curve. (e) Schematic of two potential aggregation 
mechanisms for b1 and b2.  

In contrast, b2 slightly outperforms or has very similar metal isolation efficiency to stat across 
most ionic radii at 28 °C. Compared to the large decrease in efficiency with removal of NIPAM 
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from the binding and structural region (as shown by b1), this modest increase in efficiency suggests 
the more subtle effects of local density of binding and structural units interspersed with NIPAM 
(Figure 5b, S49). However, similar to b1, increasing incubation temperature also increases the 
pulldown efficiency by conferring increased hydrophobicity to the thermoresponsive backbone 
(Figure 5c). By SECaq, b2 resembles a single-chain, similar to stat, suggesting that distribution of 
NIPAM comonomers aids in chain solvation despite enrichment of the structural and binding at 
ends of the chain (Figure 5d).  For both b1 and b2, addition of 0.1 mM Eu3+ in the SECaq buffer 
shifts conformational ensembles to larger aggregates, consistent with previous observations 
(Figure S50). Therefore, carefully considering how structural and chelating elements are 
interspersed with thermoresponsive comonomers through sequence patterning offers another 
avenue to tune assembly mechanisms and ion extraction efficiency (Figure 5e). 

Finally, monomer patterning was observed to modulate the temperature range necessary to 
improve efficiency of ion extraction (Figure S49). For example, the bound fraction of Lu3+ by b1 
was improved was improved from 0.25 to above 0.90 over a small temperature change of 6 °C, 
Comparatively, for stat, we observe a much smaller increase (from 0.50 to 0.70) in a similar 
temperature range. Block copolymerization results in sequence ensembles that are inherently 
enriched in certain polymer sequences as compared to their statistical copolymer counterparts. 
This increased colocalization between structural and binding units may drive efficient dehydration 
of the polymer complexed to Ln3+ and promote aggregation. Quantifying the relationship between 
block copolymer composition and their self-assembly through complex energy landscapes 
continues to be an area of active work, spanning simulation studies on the kinetics of nucleation 
and coalescence68 to experimental efforts characterizing the impact of concentration, temperature, 
and sequence in solid-gel phase transitions.69  

Conclusion 

We here demonstrate composition-structure-function relationships in a model system of lanthanide 
(Ln) binding and precipitation. We have rationally designed and synthesized a suite of copolymers 
with a thermoresponsive backbone supplemented with binding and structural comonomers. Using 
a colorimetric dye assay, we have developed a workflow to quantitate relationships between 
copolymer composition and the pulldown efficacy towards different Ln3+ ions. We have 
systematically quantitated the ability of polymer hydrophobicity, monomer architecture, and 
monomer patterning to modulate the pulldown efficiency towards a variety of ionic radii in the 
lanthanide series. This analysis revealed the significance of the Van der Waals surface area of 
hydrophobic comonomers in driving metal isolation and the importance of local composition 
through sequence patterning in modulating assembly. Finally, we gleaned mechanistic insights into 
how the copolymer composition impacts the in-solution structure of the chain as well as metal-
induced compaction.  
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A deeper understanding of composition-structure-function relationships in synthetic 
macromolecules offer potential applications as catalysts, chemical sequestrants, and even in 
encoding information. This work represents one step in a broader effort towards elucidating 
relevant design principles in disordered materials to facilitate their de novo design. Further work 
in these directions includes the study of architecture effects (e.g., branching, cross-linking, and 
stars) in modulating selectivity and affinity towards different lanthanides as well as probing 
sequence effects through gradient and multiblock copolymers. These materials begin to bridge the 
gap towards embedding protein-mimetic functionality into synthetic macromolecules, a critical 
step in the design of materials with complex functionality.  
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