
Tailoring Hierarchical Structure and Rare Earth Affinity of Composition-

ally Identical Polymers via Sequence Control  

Peter A. Dykeman-Bermingham, Matthew P. Bogen, Supraja S. Chittari, Savannah F. Grizzard, Abi-
gail S. Knight* 

Department of Chemistry, The University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599, United 
States  

ABSTRACT: Macromolecule sequence, structure, and function are inherently intertwined. While well-established relation-
ships exist in proteins, they are more challenging to define for synthetic polymer nanoparticles due to their molecular weight, 
sequence, and conformational dispersities. To explore the impact of sequence on nanoparticle structure, we synthesized a set 
of sixteen compositionally identical, sequence-controlled polymers with distinct monomer patterning of dimethyl acrylamide 
and a bioinspired, structure-driving di(phenylalanine) acrylamide (FF). Sequence control was achieved through multiblock 
polymerizations yielding unique ensembles of polymer sequences which were simulated by kinetic Monte Carlo simulations. 
Systematic analysis of global (tertiary- and quaternary-like) structure in this amphiphilic copolymer series revealed the effect 
of multiple sequence descriptors: the number of domains, the hydropathy of terminal domains, and the patchiness (density) 
of FF within a domain, each of which impacted both chain collapse and the distribution of single- and multi-chain assemblies. 
Further, both the conformational freedom of chain segments and local-scale, β-sheet-like interactions were sensitive to the 
patchiness of FF. To connect sequence, structure, and a target function, we evaluated an additional series of nine sequence-
controlled copolymers as sequestrants for rare earth elements (REEs) by incorporating a functional acrylic acid monomer 
into select polymer scaffolds. We identified key sequence variables that influence the binding affinity, capacity, and selectivity 
of polymers for REEs. Collectively, these results highlight the potential of and boundaries of sequence control via multiblock 
polymerizations to drive primary sequence ensembles, hierarchical structures, and ultimately modify the functionality of 
compositionally identical polymeric materials. 

INTRODUCTION  

Proteins are exemplary of the intricate relationship be-
tween the structure and function of macromolecules—pre-
cision folding governed by sequence patterning of amino ac-
ids enables efficient catalysts and receptors in complex 
aqueous environments.1 The sophisticated capabilities of 
proteins have spurred efforts to translate their functionality 
into synthetic polymers, which offer expanded monomer 
chemistries and stability for use as enzyme mimics, multi-
valent therapeutics, and sequestrants for contaminants and 
valuable materials.2–4 Decades of synthetic development 
have enabled control over polymer primary structure, in-
cluding composition, molecular weight, and monomer pat-
terning.5,6 Additionally, the integration of structure at lig-
and-relevant length scales, akin to secondary structure, has 
been achieved with motifs incorporated into monomers: 
benzene-1,3,5-carboxamide that forms helical structures7 
and di(phenylalanine) (FF) that elicits solvent segregated β-
sheet-like interactions.8,9 However, the complex hierar-
chical structures of proteins have yet to be achieved with 
synthetic systems, which has limited their functional per-
formance.  

The use of polymer primary sequence as an independent 
variable to control the assembled structure is a nascent 
field; commonly, copolymers are synthesized as statistical 
distributions of monomers along the backbone and thereby 
are ensembles of disperse sequences.6 While strict 

sequence-definition remains a challenge for most polymer 
classes, sequence control via macrocyclic ring opening,10 
single unit molecular insertion,11,12 gradient,17 and multi-
block polymerization13–16 are a synthetically tractable 
methods to dictate monomer patterning and approach the 
precision of biopolymers.6,18–20 Organization of polymer se-
quences into blocks or enriched in one or more monomers 
in this way resembles the domains of discrete secondary 
structures found in proteins. Theoretical,21 computa-
tional,22 and experimental17,23,24 investigations of these 
blocky copolymer systems have identified that this level of 
sequence control can both narrow and shift the size distri-
butions of global polymer assemblies in dilute solution. 
Nevertheless, the degree of structural control that can be 
achieved with sequence patterning alone (e.g., how much 
can secondary-like structure or aggregation state be tuned 
using monomer patterning?) and threshold of dissimilarity 
in polymer sequences (e.g., how different must sequences 
be to observe differences in behavior?) remain uncertain. 
Appreciation and understanding of the structural impacts of 
reproducible sequence variables is key for designing func-
tional polymeric materials.  

Further, sequence control is a known strategy to improve 
the function of synthetic materials—as demonstrated with 
glycopolymers with increased binding capacity for lectins25–

27 and oligomers with selective interactions for metal 
ions.21,22 An intriguing and societally pertinent application 



 

for polymer functionality lies in the binding of rare earth el-
ements (REEs), encompassing scandium, yttrium, and the 
lanthanum-lutetium series. These elements are critical to 
current and emerging technologies; yet, their isolation and 
separation present significant challenges due to chemical 
similarities across the ions and low concentrations in ores 
and recycled feedstocks.30,31 Proteins such as lanmodulin  
have demonstrated high affinity and selectivity for REEs us-
ing tailored arrangements of simple chelating moieties.32–34 
While this illustrates the incredible capabilities of macro-
molecules, synthetic polymers offer further chemical and 
physical versatility. Pioneering studies employing readily 
scalable polymer sequestrates have demonstrated the im-
portance of valency and hydrophobicity in facilitating high 
affinity binding to REEs.35,36 While polymeric materials offer 
tunable multivalent interactions, current designs lack the 
tailored structures required for substrate selectivity and af-
finity.2–4,37  

Drawing inspiration from biological systems, we sought to 
connect facets of polymer structure at multiple length 
scales. To achieve this, we leveraged multi-block polymeri-
zation, strategically biasing the location of monomers along 
the chain to generate ensembles of polymers that are a sub-
set of a statistical polymer distribution featuring domains 
(i.e. patches) with higher frequencies of specific mono-
mers.18,19,38 By synthesizing compositionally identical poly-
mer ensembles with distinct monomer patterns, we estab-
lished connections between monomer patterning and hier-
archical polymer structure and further customized the se-
lectivity and affinity for a model analyte - REEs in aqueous 
solution. This represents a significant stride towards emu-
lating the precision hierarchical structures and binding ob-
served in biological systems. 

 

RESULTS AND DISCUSSION 

Synthesis of sequence-controlled FF-DMA copolymers 

To explore the role of polymer sequence in controlling hier-
archical assembly, we synthesized a small library of se-
quence-controlled copolymers (SCPs) with the same com-
position: 23 wt% (~7 mol%) of the hydrophobic structure-
forming di(phenylalanine)39 (FF) monomer (Scheme S1 and 
Figures S1-3) and 77 wt% of hydrophilic dimethylacryla-
mide (DMA; ~15 kDa) using multi-block polymerization 

(Table 1 and Figure 1a). Guided by previous efforts with 
analogous statistical copolymers,9 we anticipated that this 
composition would lead to the formation of solvent segre-
gated microstructures with β-sheet-like local interactions 
without compromising solubility in aqueous solution. Dis-
tinct soluble and structured domains were created along 
the polymer backbone via alternating block extensions of 
oligo(DMA) and oligo(FF-co-DMA) respectively. Using this 
method, each polymer synthesis generates a unique ensem-
ble of sequences.  

These SCP ensembles were categorized by three syntheti-
cally accessible sequence variables: the number of domains 
(3-8), the hydropathy of the terminal domains (0-2 terminal 
hydrophobic domains), and the patchiness of the structured 
domain (low, 40 wt% FF (~16mol%) in oligo(FF-co-DMA) 
blocks, to high, 60 wt% FF (~27 mol%)) (Figure 1b). As 
these SCP are compositionally identical, the total number of 

domains and the patchiness of the structured (i.e., FF-
containing) domains necessarily dictate the domain 
lengths. To differentiate SCPs from a statistical copolymer, 
a lower bound of patchiness was selected as 40 wt% FF in 
the oligo(FF-co-DMA) block, and an upper bound at 60 wt% 
was selected to produce block segments large enough to be 
synthetically and analytically tractable. We hypothesized 
modifications to these variables, without varying the overall 
composition would provide access to assemblies with dis-
parate local and global structures.  

SCPs (1-15) were synthesized via iterative reversible addi-
tion-fragmentation transfer (RAFT) polymerizations to 
achieve blocky copolymers with controlled molecular 
weights and low Ð (Tables 1 and S1, Schemes S2-3).14 As ≥ 

Figure 1. Sequence-controlled polymer library design. a) 
Schematic illustrating the composition of FF-DMA SCPs. b) Se-
quence variables considered in the copolymer library includ-
ing the number of domains, the hydrophobic patchiness, and 
the hydropathy of terminal domains. c) Representative se-
quences (1-6) described by degrees of polymerization for 
DMA (blue) and FF-co-DMA (purple) segments, calculated by 
1H NMR. d) Overlay of organic phase SECDMF chromatograms 
for FF-DMA copolymers (1-16). The linear MW axis was cal-
culated by converting SECDMF retention times using a PEG cal-
ibration curve (Figure S5). e) Subset of simulated sequences 
of tetra-block copolymers (2) containing DMA (blue) and FF 
(purple). f) FF monomer frequency distribution plots for 
tetra-block copolymers (2, 7, 10) and statistical copolymer 
(16) as calculated using 1H NMR observed feed ratios (left) 
and calculated from kinetic Monte Carlo simulations (right, 
data smoothed with moving average of 3 points). 



 

90% of the added monomer was consumed before subse-
quent block extension, leaving at most one monomer unin-
corporated, no intermediate purification steps were per-
formed (Tables S2-4). With this method, controlled radical 
polymerizations were achieved with up to eight successive 
block extensions with Gaussian distributions and low dis-
persity (Ð < 1.3), indicating high chain-end retention 
throughout the synthesis and good sequence control (Ta-
bles S5-7 and Figures S5-10). The composition of each block 
was monitored by 1H NMR before and after extension reac-
tions to track monomer incorporation into growing chains 
and confirm desired sequence variation between the poly-
mers in the series (Figures 1c and S11-15). This synthetic 
strategy enabled the generation of polymers with unique 
sequence ensembles described by the sequence variables 
and is reproducible as demonstrated by the synthesis of 
both a replicated (2r; Figure S7, Tables S2 and S5) and in-
verted sequence (14; Tables S4 and S7). Following purifica-
tion by precipitation in diethyl ether, analysis by 1H NMR 
and organic phase size exclusion chromatography (SECDMF) 
confirmed the compositional similarity across the series of 
fifteen SCPs with varied sequence patterning (1-15) and 
one statistical copolymer (16) (Table 1, Figures 1d and 
S16).  

To visualize and quantify the difference between the SCPs, 
the unique distributions of sequences were sampled by 
performing kinetic Monte Carlo simulations. We generated 
1,000 chains for each SCP (1-16; Figures 1e and S17-20).40–

42 Each simulation incorporated experimental monomer 
conversions observed by NMR for each polymer synthesis 
and assumed statistical incorporation of FF and DMA as 
observed by NMR (Figure S15). Physical features of the 
polymerization including molecular weight (MW) and 

compositional dispersity are found to be consistent within 
each SCP population, as all ensembles have similar MWs and 
are compositionally identical. Further, a plot of the 
calculated FF frequency at each sequence position 
illustrates differences between the unique SCP populations 
(Figure 1f).  

While monomer patterning can be qualitatively compared 
between simulated populations of compositionally identical 
SCPs with a plot, differences between two SCPs can be 
quantified by Jensen-Shannon divergence (JSD). This 
parameter is bounded by one and zero corresponding to 
fully dissimilar and identical distributions respectively 
(Tables 1 and S8).43,44 The highest value obtainable would 
be that of a discrete sequence compared to a statistical 
population, which we calculated to be less than 1 (JSD = 
0.79), providing a practical upper bound for the SCP series. 
The JSD values for the SCP ensembles (1-15) with reference 
to a statistical polymer distribution (16, the same 
composition as the SCPs) are correlated to the previously 
defined sequence variables (Table 1). Illustrated across 
SCPs 1-6, JSD values generally decrease as the polymer 
chain is subdivided into more domains, indicating the SCPs 
more resemble a statistical copolymer and suggesting an 
upper limit to the possible number of  sequence-controlled 
domains at this compostion and MW (e.g., octa-block 6, JSD 
= 0.04, Table 1). Further, as the size of hydrophobic domains 
are compressed to generate patchier SCPs (i.e. polymers 
with more dense FF domains), those ensembles of 
sequences diverge more from the statistical analogue (e.g., 
penta-blocks 3 and 11, JSD = 0.11 and 016, Table 1). This 
quantitive comparison further demonstrates the diversity 
of sequence ensembles accessible with fixed composition 
(Tables 1 and S8).  

P(#) # blocks 
Mna 

(kDa) 
Mpb 

(kDa) Ðb 

wt% FF 
(total)a 

wt% 
FF (block)c 

# end 
FF blocks JSDd % collapsee Rhe/Rgf Porod 

1 3 (tri) 14.8 8.8 1.09 24 43 0 0.19 25 (2.0) 0.76 3.5 

2 4 (tetra) 15.2 8.7 1.13 23 43 1 0.10 32 (1.5) 0.90 3.3 

3 5 (penta) 14.6 8.8 1.14 24 43 0 0.11 27 (0.9) 0.71 3.0 

4 6 (hexa) 14.7 8.6 1.17 23 41 1 0.06 33 (1.1) 0.84 3.0 

5 7 (septa) 13.8 8.3 1.16 24 40 0 0.08 30 (1.4) 0.75 2.9 

6 8 (octa) 14.7 8.8 1.19 22 39 1 0.04 31 (2.1) 0.76 2.7 

7 4 (tetra) 15.7 8.9 1.13 24 51 1 0.12 31 (3.2) 1.00 3.7 

8 5 (penta) 16.5 9.2 1.13 24 52 0 0.14 26 (3.7) 0.97 3.8 

9 6 (hexa) 16.7 9.4 1.16 23 52 1 0.07 32 (2.7) 0.85 3.2 

10 4 (tetra) 16.0 8.9 1.14 23 58 1 0.12 30 (2.7) 1.18 4.0 

11 5 (penta) 14.8 8.7 1.14 24 60 0 0.17 23 (2.2) 0.93 3.9 

12 6 (hexa) 16.9 9.1 1.16 23 59 1 0.07 35 (6.4) 1.08 3.6 

13 3 (tri) 16.6 9.1 1.11 23 43 2 0.18 39 (0.6) 1.08 3.4 

14 4 (tetra) 15.4 8.9 1.13 23 43 1 0.13 31 (3.0) 0.98 3.1 

15 5 (penta) 17.1 9.1 1.15 23 45 2 0.09 36 (1.4) 1.08 3.1 

16 statistical 13.2 8.6 1.09 24 24 n.a. 0.00 35 (1.7) 0.57 2.6 

Table 1. Characterization of FF-DMA copolymers. a) Calculated by 1H NMR of purified polymers. b) Calculated as the average of three SEC chro-
matograms (DMF mobile phase). c) wt% FF in FF-co-DMA block calculated comparing 1H NMRs pre- and post- polymerization reaction. d) Jensen-
Shannan divergence of SCP sequence ensembles relative to statistical copolymer (16). Calculated using SEC in aqueous and DMF solvent systems. 
Values in parentheses are standard deviations of three replicates (Equation S2). e) Rh measured via DLS. f) Calculated by fitting SAXS scattering 
profiles to the exclude volume polymer model (Equation S1). 

 



 

Global structure of sequence-controlled FF-DMA copol-
ymers 

The sequence-dependent morphologies of SCP assemblies 
in aqueous solution were characterized by the ratio of the 
hydrodynamic radius (Rh, observed by dynamic light scat-
tering; DLS) to the radius of gyration (Rg, observed by small 
angle X-ray scattering; SAXS; Figures S21-25, Table S9). This 
measure of compactness, Rh/Rg, is higher for globular pro-
teins like BSA (~1.18, Figure 2a)45 and smaller for a random 
coil polymer in an ideal solvent (~ 0.65, Figure 2a)46. Inter-
estingly, Rh/Rg values measured for these compositionally 
identical SCPs ranged from 0.71 – 1.18, suggesting the as-
semblies accessed by FF-DMA SCPs range from marginally 
collapsed to globular (Table 1, Figure 2a). The measured 
compactness of these assemblies increased with both the 
number of hydrophobic terminal blocks and FF patchiness. 
The Rh/Rg for the FF-DMA statistical copolymer (16) was 
0.57, suggesting that the single-chain assembled into an el-
lipsoid-like shape, as has been observed for single-chain na-
noparticles with BTA-driven local structures.7,47 

Analyses by SAXS and DLS were confounded by mixtures of 
single- and multi-chain assemblies; thus, we employed SEC, 
which resolves these populations, as a complementary de-
scriptor of single-chain nanoparticle size. Statistical FF-
DMA copolymers collapse to form single-chain assemblies,9 
but the SCPs  access distributions of multi- and single-chain 
assemblies in aqueous solution as a function of their se-
quence patterning (Figure 2). To quantify and compare the 
polymer radii in aqueous solution, the elution time of the 
single-chain species in a good solvent (SECDMF) and aqueous 
buffer (SECaq) were compared (Table S10). To provide a di-
rect comparison between solvent systems, the ratios of mo-
lecular weights relative to PEG standards measured at peak 
maxima were calculated, termed percent collapse (Figure 
2a, Equation S2, Table 1).9,48 Similar to values of Rh/Rg, the 
nanoparticle size measured by percent collapse of SCPs was 
observed to increase with the number of hydrophobic ter-
mini (Figure 2a). Compactness as measured by Rh/Rg in-
creased as a function of patchiness, contrary to percent col-
lapse, which remained constant as a function of patchiness 
for polymers with a single hydrophobic, FF-co-DMA, termi-
nal block (2, 4, 6, 7, 9, 10, 12, and 14) and decreased for 
polymers with two hydrophilic terminal blocks (1, 3, 5, 8, 
and 11). We hypothesize this discrepancy in patchiness ob-
served by Rh/Rg and percent collapse measured by SEC re-
flects increased particle compactness for multi-chain as-
semblies, as the calculation of percent collapse via SEC in-
cludes the peak molecular weight corresponding only to the 
single-chain population.  

A comparison of the normalized SEC chromatograms fur-
ther elucidated the population of multi-chain assemblies 
formed by the SCPs. The multi-chain assemblies ranged in 
molecular weights between 40-60 kDa, relative to PEG 
standards (Figures 2b-c and S26-28). While the distribution 
of multi- and single-chain assemblies varied as a function of 
flow rate, trends in the relative intensity of the multi-chain 
and single-chain assemblies were consistent at each flow 
rate, enabling qualitative comparisons of assembled poly-
mer populations (Figure S29).  

Blocky copolymers have previously been found to form 
multichain assemblies; this assembly was attributed to the 

higher entropic cost of intrachain collapse, thereby promot-
ing intermolecular interactions.21,23,49 Consistent with that 
hypothesis, we observed by SECaq that the least patchy pol-
ymers (40 wt% FF, 1-6) collapsed as single-chains while 
polymers with denser domains (50 and 60 wt% FF, 7 and 9-
12) resulted in the formation of the multi-chain assemblies. 
This suggests that an increase in FF density causes intramo-
lecular folding to be more energetically demanding than in-
termolecular association (Figures 2b and S22,23). Corre-
sponding trends of increased multi-chain populations with 
increased hydrophobic patchiness were observed by DLS as 
an increase in the average hydrodynamic radius (Table S9 
and Figures S30-32).  

Further, the population of multi-chain assemblies de-
creased with an increase in the number of domains across 
polymers for polymers with the same FF patchiness. For ex-
ample, the multi-chain peak at approximately 60 kDa of the 
~60 wt% tetra-block (10) constituted 33% of the inte-
grated refractive index (RI) intensity by SECaq, whereas the 
analogous fraction for a hexa-block (12) with the same 
patchiness accounted for just 14% of the integrated RI (Fig-
ure 2c). We hypothesize that this decrease in multi-chain as-
sembly results from the division of hydrophobic structured 
domains along the length of the polymer, therefore more 
evenly solvating the chain. Intersecting with the mitigating 
effect of block number on multichain assembly, fewer struc-
tured terminal domains also resulted in decreased multi-
chain assembly by SECaq. For example, the multi-chain peak 
formed by the ~60 wt% penta-block (11), which has two 
hydrophilic oligo(DMA) terminal domains, accounted for 

Figure 2. Characterization of FF-DMA copolymer global 
structure. a) Rh/Rg of copolymers (1-16) as a function of hy-
drophobic patchiness (left). Yellow circles highlight reported 
Rh/Rg values for BSA (top, 1.18) and random coil polymers 
(bottom, 0.65).Percent collapse of copolymers (1-16) as a 
function of hydrophobic patchiness (right). Error bars are the 
standard deviations of three replicates. Open circles indicate 
that multi-chain assemblies were observed but excluded 
from the precent collapse calculation. SECaq chromatograms 
normalized to the intensity of the lower MW peak of c) tetra-
block copolymers 2, 7, and 10 with varying hydrophobic 
patchiness and d) tetra-, penta-, and hexa-block copolymers 
10-12 each with ~60 wt% FF patchiness and statistical co-
polymer 16. The calculation of the linear MW axis from SECaq 
retention time was performed using a PEG calibration curve 
(Figure S26).  



 

just 4% of the integrated RI peaks as compared to the 33% 
for the comparable tetra-block (10) and 14% for the hexa-
block (12). We hypothesize that this reflects the entropic 
cost associated with shielding a hydrophobic terminal block 
from solvent relative to an analogous internal block. Finally, 
the same trends are observed for polymers with lower 
patchiness (~50 wt% FF, 7-9) (Figure S28).  

Each of the sequence variables defined herein were active 
in controlling both the global collapse and multi-chain as-
sembly of SCPs providing multiple handles to tailor global 
structure.  

Local structure of sequence-controlled FF-DMA copoly-
mers 

While global size and shape are important descriptors of 
polymer assemblies, local-scale interactions contributing to 
chain flexibility are similarly critical for complex func-
tions.50 We term flexibility as conformational freedom at the 
domain scale, akin to regions of disorder observed in pro-
teins.50 The flexibility of FF-DMA copolymers in dilute solu-
tion was assessed via SAXS.51,52 Transformation of the SAXS 
scattering profiles to q4 * I(q) vs q4 facilitates the assess-
ment of polymer flexibility in terms of the Porod-Debye law, 
which predicts a decay in the scattering intensity propor-
tional to q-4 for defined particles with smooth surfaces. Fur-
ther, this transformation allows for fitting of the Porod ex-
ponent (Table 1 and S11).45,50 In this projection, collapsed 
and conformationally constrained polymers exhibit a char-
acteristic plateau; whereas the scattering intensity of flexi-
ble polymers deviate from the Porod-Debye assumptions 
and the intensity continues rising as a function of q. The 
scattering profiles for all SCPs, except for the octa-block (6), 
indicated less flexibility than that of the statistical copoly-
mer (16), highlighting the potential of sequence patterning 
to constrain polymer conformations (Figures 3a-b and S33-
36). Between SCPs, flexibility was inversely proportional to 
FF patchiness (Figure 3a). This decrease in flexibility as a 
function of FF patchiness mirrored the increase in multi-
chain assembly and compaction (Rh/Rg) as a function of the 
same variable. However, unlike multi-chain assembly and 
compaction, flexibility was minimally impacted by the num-
ber of domains and hydrophobic terminal domains (Figures 
3b). We hypothesize that the repetition of self-similar do-
mains along the backbone results in regions of comparable 
flexibility. Together these data indicate that while the flexi-
bility of the polymers is connected to their collapsed/aggre-
gated assembly, the two features are distinct.  

The independence of sequence-based effects on global as-
sembly and domain flexibility suggested that local struc-
tural features may also vary independently with sequence. 
To determine if sequence changes the β-sheet-like interac-
tions between pendent FF moieties of SCPs, characteristic 
features of their circular dichroism (CD) spectra were com-
pared. Consistent with previous reports of assembled FF, 
each spectrum exhibited two positive bands at ~198 and 
219 nm, assigned to amide π-π* and n-π* transitions respec-

tively.53,54 The positive band at 219 nm is congruous with rota-

tional strength inherent to aromatic residues.55 Notably, poly-
mers with increased FF patchiness demonstrated a loss in 
ellipticity at 198 nm, indicating a change in local confor-
mation of the FF interactions (Figures 3c and S37). To in-
vestigate the physical phenomena driving the ellipticity at 

198 nm, hexafluoroisopropanol (HFIP) was titrated as a 
cosolvent to disrupt the β-sheet-like interactions formed by 
FF. As with previous observations of assembled and mono-
meric FF dipeptides,53 the addition of HFIP (5 vol %) re-
sulted in a loss of intensity of the 198 nm band and no 
changes in intensity of the 219 nm band, suggesting that the 
former uniquely reports on FF assembly (Figure S38). Fur-
ther, subtracting the spectrum with HFIP from the corre-
sponding spectrum in aqueous buffer suggests that the dis-
rupted structure resembles that of an antiparallel β-sheet 
configuration dominated by a maximum at ~198 nm (Fig-
ure S38).56–58 Therefore, we hypothesize that the loss in el-
lipticity at 198 nm observed with increasing patchiness is 
due to a loss in β-sheet-like FF interactions.  

To mitigate the effect of CD spectrum amplitude attributed 
to small variations in polymer concentration, the ratio of el-
lipticity at 198 nm and 219 nm was measured in triplicate. 
Calculating the ratio of 198 nm/ 219 nm ellipticity for a pol-
ymer at four concentrations spanning the dynamic range of 

Figure 3. Flexibility and local structure of FF-DMA copoly-
mers. Porod projection of SAXS scattering profiles for a) tetra-
block copolymers 2, 7, and 10 with varying hydrophobic 
patchiness and statistical copolymer 16 and b) tetra-, penta-, 
and hexa-block copolymers 10-12 each with ~60 wt% FF 
patchiness. c) CD chromatograms of tetra- and hexa-block co-
polymers 2, 4, 10, and 12. Inset is an amplified view of local 
maxima at 198 nm. d) ratios of the CD maxima at 198 nm and 
219 nm for tetra, penta, and hexa-block copolymers 2-4 and 
7-12 and statistical copolymer 16. Error bars are the standard 
deviations of three independent sample preparations. e) 
scheme depicting hypothesized relationship between poly-
mer sequence and structure. 



 

CD detection corroborated that the ratio is invariant with 
respect to concentration (Figure S39). Further, this ratio is 
consistent between measurements of separately synthe-
sized SCPs with the same sequence patterning (Figure S40). 
While a lower ratio of 198 nm / 219 nm strongly correlated 
with increasing patchiness, it only weakly correlated with 
the number of blocks, reminiscent of the variable depend-
ance observed for flexibility (Figures 3d, S37, and Table 
S12). The concomitant loss in flexibility observed by SAXS 
and loss in β-sheet-like structure with increasing FF patchi-
ness observed by CD suggest that the chain conformations 
accessible to these sequences struggle to form optimal β-
sheet-like interactions and may explain the propensity of 
these chains to aggregate (Figure 3e).21 While all SCPs syn-
thesized for this study showed a decrease in β-sheet-like in-
teractions compared to the statistical copolymer (16; Fig-
ure 3d), we hypothesize that SCPs comprising different sub-
sets of the statistical distribution could be designed with in-
creased β-sheet-like interactions. 

The local structure and flexibility of SCPs were uniquely 
controlled by changes to the patchiness of structured do-
mains demonstrating that sequence control can be lever-
aged to tune polymer structure at this length scale in syn-
thetic macromolecules. 

 REE binding by sequence-controlled FF-AA-DMA copol-
ymers 

With connections identified between sequence variables 
and polymer conformation at different length scales, we 
sought to further elucidate sequence-structure-function re-
lationships of conformationally identical materials by tar-
geting rare earth element (REE) binding. The selective se-
questration of REEs from solution is not only a challenging 
and societally significant pursuit but also a sensitive model 
to explore the effect of sequence on function. To assess the 
impact of sequence on polymer affinity, capacity, and selec-
tivity for REEs, we synthesized a second series of nine func-
tional copolymers composed of FF, DMA, and a functional 
monomer, acrylic acid (AA), that differed only in sequence 
patterning (Table 2). Carboxylate functional groups, such as 
that of AA, have been shown to coordinate REE in biologi-
cal32 and synthetic35,36 materials. Informed by the range of 
structures accessed by the sequence-controlled FF-DMA co-
polymers, the functional polymers varied in number of do-
mains (4 and 5) and the FF patchiness in the hydrophobic 
domain (40 and 50 wt%) to access different degrees of β-

sheet-like interactions and global assemblies. Additionally, 
the location of AA, either within the soluble DMA segments 
or the structured FF-co-DMA domains, established a fourth 
sequence variable to augment polymer structure and bind-
ing characteristics (Figure 4a).  

The functional sequence-controlled polymers (fSCPs) were 
synthesized using the aforementioned RAFT procedure 
with 26 wt% (30 DP, ~28 mol%) tert-butyl acrylate (tBA) 
as a pro-functional monomer (Figures S41-S46 and Table 
S13), allowing each polymer to bind 10 REEs in a hypothe-
sized 1:3 (REE : AA) stoichiometry.36 The pro-functional 
monomer facilitated statistical incorporation of FF, tBA, and 
DMA, and enabled the continued use of organic phase 
SECDMF to monitor block extension (Figure S47-48 and Table 
S14). Quantitative and selective deprotection of the pen-
dent tert-butyl group with hydrochloric acid in HFIP and 
subsequent dialysis against nanopure water resulted in 
fSCPs with coordinating carboxylic acid groups (Figures 
S49-51).59  

We hypothesized that, like FF-DMA SCPs, the fSCPs would 
assemble to form sequence dependent global structures in 
the presence of REEs. The increased charge of the AA-
containing polymers in the absence of REEs resulted in ex-
tended chains that were indistinguishable using SECaq and 
DLS (Figures 4b and S52-57). Upon incubation with terbium 
chloride [Tb(III)], a representative REE salt, polymer as-
semblies diverged. Polymers containing AA in the soluble 
domains (17-20) and the statistical polymer (25) visibly 
precipitated from solution upon the addition of Tb(III), con-
voluting structural characterization (Figure S58). The pre-
cipitation is mediated by the metal ions and is fully reversi-
ble with the addition of a competitive chelator (EDTA, Fig-
ure S59). For polymers with the AA in the structured do-
mains (21-24), incubation with Tb(III) resulted in multi-
chain assembly as observed by SECaq, though the precise ra-
tio of metal to AA units was convoluted by dilution of the 
analytes on the column (Figures 4b). Stoichiometric titra-
tions of Tb(III) into polymers with AA in the structured 
blocks (21-24) showed an increase in Rh by DLS until a 
Tb:AA ratio of 1:3 was reached (Figures S53-56). The size 
and solubility of the polymers was not further impacted by 
the number of blocks or the hydrophobic patchiness, in con-
trast to observations of FF-DMA SCPs, suggesting the signif-
icance of the binding interactions in driving global struc-
ture.  

P (#) # blocks AA location Mn (kDa) wt% AA (total)a wt% FF (total)a wt% FF (block)a 

17 4 (tetra) soluble 11.7 19 24 38 

18 4 (tetra) soluble 12.3 19 23 45 

19 5 (penta) soluble 12.6 17 25 39 

20 5 (penta) soluble 12.9 17 24 47 

21 4 (tetra) structured 11.9 17 23 39 

22 4 (tetra) structured 12.6 16 23 45 

23 5 (penta) structured 12.8 17 25 38 

24 5 (penta) structured 12.7 16 24 46 

25 statistical n.a. 13.3 18 26 26 

Table 2. Characterization of FF-AA-DMA copolymers. a) calculated by comparing 1H NMR pre- and post- block polymerization 
reactions. 



 

Unlike the global structure, FF-driven local structure was 
not disrupted by the presence of AA in the polymer chain as 
observed by CD in the absence of REEs. The inverse corre-
lation observed between increased hydrophobic patchiness 
and β-sheet-like structure was consistent with observations 
from the FF-DMA SCP series (Figure S60). Stoichiometric ti-
trations of Tb(III) into polymer solutions resulted in a de-
crease in the 198 nm / 219 nm ratio, suggesting that Tb 
binding reorganizes the β-sheet-like interactions formed by 
FF (Figures 4c and S60). For polymers with the AA in the 
structured domain (21-24), the local structure was not per-
turbed at ratios of Tb:AA above 1:3. A decrease in the 198 
nm / 219 nm ratio was also observed for polymers with AA 
in the soluble domain, in addition to a decrease in overall 
signal corresponding to precipitation (Figure 4c).  

Motivated by observations that Tb(III) binding reorganized 
polymer structure at multiple length scales, we sought to 
measure the affinity of those binding events to connect se-
quence, structure, and function. Polymer-Tb(III) affinities 
were compared in a competitive binding assay against a 
chelating dye, xylenol orange (XyO).60,61 An UV-Vis absorb-
ance shift of the dye was observed between the Tb(III) 
bound and unbound states and measured relative to a 
standard curve of Tb:XyO solutions (Figure S61-62). Poly-
mers (1 mM AA units in 40 mM MES, 100 mM KCl, pH 6) 
were incubated with Tb(III) (50 μM TbCl3) and an excess of 
XyO (60 μM) to disfavor free Tb(III) in solution. While all 
polymers bound Tb(III) competitively with XyO, polymers 
with AA in the structured block showed a higher fraction of 
bound ions (> 33%; Figure 5a). No variation in binding af-
finity was observed between tetra- and penta-block copoly-
mers; however, a compounding effect on binding affinity 
was observed with increased patchiness of the hydrophobic 
block. The fraction of bound Tb(III) exceeded 60% for the 
most patchy penta-block copolymer (46 wt% FF in FF-co-
DMA-co-AA block, 24). We hypothesize that the density of 
FF in the binding environment both increases the hydro-
phobicity of the pockets, desolvating the target ion, and fa-
cilitates the preorganization of binding sites. We note that 
the patchiness correlated with a decrease in β-sheet-like in-
teractions, yet an increase in binding affinity for Tb(III), 
suggesting an induced-fit binding mechanism that is unable 
to maximize the formation of β-sheet-like interactions.  

To estimate the binding affinity directly, polymer-Tb(III) 
solutions were analyzed using a luminescence resonance 
energy transfer (LRET) assay (Figures 5b and S63).62 Indi-
rect excitation (255 nm) of Tb(III) via an energy transfer 
from an antennae conveniently provided by the FF moiety 
results in a characteristic, time-delayed emission at 545 nm. 
This emission is sensitive to the number of bound Tb(III) 
ions and their local environment including their proximity 
to FF.63–65 Polymer samples were incubated with Tb(III) in 
stoichiometric eq of zero to three relative to AA. As in SEC 
and CD experiments, precipitation of polymers with AA in 
the soluble block (17-20) and the statistical polymer (25) 
in the presence of Tb precluded measurement of lumines-
cence. Binding curves were observed for polymers with AA 
in the structured block (22-24) and were fit to the Hill equa-
tion (Figure 5b and Table S15). While each of these poly-
mers demonstrated mild binding cooperativity (n ≈ 1.3) and 
comparable dissociation constants (apparent KD,LRET ≈ 0.2 

mM), they differed predominantly in the magnitude of the 
observed luminescence response (Bmax). The Bmax was great-
est for penta-blocks (23 and 24) and compounded by an in-
crease in patchiness. The increase in LRET signal indicates 
an increase in the number of bound Tb(III) ions, binding 
events closer to FF, or fewer coordinating water molecules 
quenching the Tb(III) emission.62,63  

The absorbency of fSCPs (20 and 22-25)  and a commercial 
ion exchange resin, Chelex 100 were compared after incu-
bating with a 1:1:1 mol% mixture of lanthanum (LaCl3 – 
La(III)), Tb(III), and gadolinium (GdCl3 – Gd(III)) using a 
semi-permeable dialysis membrane (molecular weight cut-
off of 8 kDa). After equilibrating the system for six hours, the 
metal concentrations of the dialysate were measured via in-
ductively coupled plasma mass spectrometry (ICP-MS), and 
the depletion of metal was attributed to sequestration by 
the polymer. As Chelex 100 also uses pendent carboxylates 
for metal binding, it is a relevant and broadly accessible 

Figure 4. Structure of FF-AA-DMA sequence-controlled poly-
mers unbound and bound to REEs. a) Schematic illustrating 
the location of the AA functional monomer in either the struc-
tured domain (FF-co-AA-co-DMA, left) or the soluble domain 
(DMA-co-AA, right). b) SECaq chromatograms of functional 
penta-block copolymers 24 (AA in structured domain, left) 
and 20 (AA in soluble domain, right) with 0 mM Tb(III) (blue), 
0.1 mM Tb (III) (light green), and 1.0 mM Tb(III) (dark green). 
c) CD chromatograms of functional penta-block copolymers 
24 (AA in structured domain, left) and 20 (AA in soluble do-
main, right) dissolved to AA concentration ≈ 400 µM. CD ra-
tios of 198 nm to 219 nm for functional copolymers 17-25 in 
with varying quantities of Tb(III) (bottom). 



 

benchmark for comparison to fSCPs. Relative to the mass of 
the sequestrants, both functional statistical and fSCPs 
bound to the REEs more efficiently than Chelex 100 (Figure 
5c and Table S16). This is likely due to the mass fraction of 
Chelex resin dedicated to crosslinking the material that did 
not participate in binding. Differences in binding capacity 
between statistical and fSCPs revealed that polymers with 
AA in the structured block bound the most total REEs,  fol-
lowed by those with AA in the soluble block, then the statis-
tical copolymer. This trend mirrors the differences ob-
served in polymer binding affinity to Tb(III) measured via a 
competition with XyO, suggesting that more carboxylic ac-
ids are bound to Tb(III) in the highest affinity polymers. Dis-
tinctions in polymer selectivity for individual REEs were ob-
served by comparing the fraction of each ion bound from 
the ion mixture (Figure 5d, Table S14). While the polymers 
differed in the ratios of bound ions, they each favored bind-
ing to the heavy REEs as is commonly observed for REE che-
lators corresponding to increasing Lewis acidity.66,67 Nota-
bly, the statistical copolymer was observed to be the most 
selective of the series, followed by copolymers with AA in 
the soluble block, and finally those with AA in the structured 
block. As statistical copolymers comprise the full ensemble 
of sequences available to a given composition, these data 
suggest that within the full compositional ensemble are pol-
ymers with higher selectivity in addition to the lower selec-
tivity SCPs. Thus, these data demonstrate that sequence 

control alone has a notable impact on target binding affinity. 
While the selected fSCPs exhibited a limited impact of se-
quence on selectivity and capacity, the results suggest fur-
ther tunability can be achieved for the more complex aim of 
selectivity among chemically similar targets.  

CONCLUSION 

We have demonstrated the implementation of polymer se-
quence control via multiblock polymerization to tune both 
the hierarchical structure and function of synthetic materi-
als, further bridging the gap between synthetic and biologi-
cal polymers. The efficacy and bounds of this synthetic 
strategy to generate unique sequence ensembles was quan-
titatively described by Jensen-Shannon divergence calcula-
tions of sequence distributions generated with kinetic 
Monte Carlo simulations. Synthetic sequence variables de-
scribing the number, length, and composition of domains 
within compositionally identical copolymers were system-
atically varied to isolate the effects of monomer patterning 
on multi-chain assembly, single-chain collapse, flexibility, 
and local structure. In contrast, the local structure was 
tuned primarily by the patchiness of structured domains 
with a limited impact from additional sequence variables, 
enabling orthogonal control of hierarchical polymer struc-
ture. Further, we demonstrated the utility of sequence con-
trol to tune the affinity, capacity, and selectivity of model 
binding interactions by adapting this system to include a 
functional monomer. Particularly pronounced differences 
in affinity for REEs were observed between compositionally 
identical functional copolymers with varied patchiness of a 
hydrophobic structure-driving monomer. Diverse struc-
tures and tailored functions were achieved by biasing the 
patterning of monomers without the onerous requirements 
of strict sequence definition.    

Continued interest in the development of polymeric materi-
als with advanced functions including sensing, signaling and 
catalysis highlights the demand for strategies to control 
each element of hierarchical structure.68 Though the focus 
of this study was on the separation of REEs, the versatility 
of this sequence based approach could be applied to de-
velop polymeric materials for broad applications including 
the sequestration, transportation, and detection  of a variety 
of analytes and pollutants, and the improvement and aug-
mentation of enzyme-mimetic polymer catalysts. While this 
study used a small library of polymers to understand rela-
tionships between sequence, structure, and function in a de-
fined system, studies with larger libraries will allow optimi-
zation for a target function and the identification of cham-
pion materials. The orthogonality of this approach to con-
ventional compositional strategies makes a powerful com-
bination for the development of the next generation of func-
tional polymers. 
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Figure 5. Characterization of REE binding by functional copol-
ymers. a) Competitive binding of FF-AA-DMA copolymers (17-
25, ~ 0.4 mg/mL) with xylenol orange dye for Tb(III) meas-
ured as the fraction of Tb(III) stripped from the dye. b) LRET 
response of Tb(III) bound to ~ 0.4 mg/mL FF-AA-DMA copol-
ymers 20-25 (n≥3). Binding of polymers 21-24 were fit to the 
Hill equation. c) REE binding capacity of polymers 20 (blue), 
24 (purple), 25 (gray) and Chelex 100 resin (red) measured 
by ICP-MS. Dashed lines provided for clarity. d) Fraction of 
Tb(III) (0.92), Gd(III) (0.94) and La(III) (1.03) bound from a 
1:1:1 mixture to FF-DMA-AA copolymers 20 (blue), 24 (pur-
ple), 25 (gray) and Chelex 100 resin (red). Lines are linear fits 
of the three points. Error bars are standard deviations of three 
independent preparations. 
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