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Abstract 

 

Controlling Polymer Conformation and Hydration with Monomer Sequence 

by 

Audra Jean DeStefano 

 

While most synthetic polymers are best described by their statistical nature, many biological 

polymers derive their highly tailored functions from precisely defined monomeric sequences. 

Sequence-controlled polymers, such as polypeptoids, present a unique tool for controlling 

material properties by harnessing both the robustness of synthetic polymers and the ability to 

tailor the inter- and intra-molecular interactions so crucial to many biological materials. 

Significant progress has been made towards predicting how protein folding is controlled by 

monomer sequence and interactions with water, but a thorough understanding of how to use 

polymer sequence to similarly control chain conformation and resulting functionality in 

synthetic polymer assemblies is lacking. Similarly, advances in understanding the effect of 

polymer surface chemistry and topology on hydration water dynamics and resulting polymer-

solute interactions lags behind analogous protein hydration studies.  Together, the ability to 

control polymer structure and hydration water behavior via sequence-control offers an avenue 

to pursue polymeric materials with protein-like functionality.  This work focuses on how 

polypeptoid sequence can be utilized to control polymer conformation and nearby water 

behavior.  First, monomer sequence effects on polymer conformation are probed, primarily 

making use double electron-electron resonance (DEER) spectroscopy.  Second, the sequence 

specificity of polypeptoids enables observation of multiple hydration environments within 



 

 x 

multi-chain assemblies via Overhauser dynamic nuclear polarization (ODNP) spectroscopy.  

Finally, these differences in water behavior are utilized to tune catalytic activity within 

micelles, much like proteins.  
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Chapter 1 - Introduction 

1.1 Abstract 

Polymers with precisely defined monomeric sequences present an exquisite tool for 

controlling material properties by harnessing both the robustness of synthetic polymers and 

the ability to tailor the inter- and intra-molecular interactions so crucial to many biological 

materials. While polymer scientists traditionally synthesized and studied the physics of long 

molecules best described by their statistical nature, many biological polymers derive their 

highly tailored functions from precisely controlled sequences.  Significant progress has been 

made towards understanding, but a thorough understanding of how to use polymer sequence 

to similarly control interactions and chain conformation, and through them spatial patterning 

and resulting functionality, in synthetic polymer assemblies is needed.  Similarly, advances in 

understanding the effect of polymer surface chemistry and topology on hydration water 

dynamics and resulting polymer-solute interactions lag behind protein hydration studies.  

Together, the ability to control polymer assembly and hydration water behavior via sequence-

control could offer an avenue to pursue polymeric materials with protein-like functionality.     

This chapter was reproduced in part with permission from:  
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1. DeStefano, A. J.; Segalman, R. A.; Davidson, E. C. Where Biology and Traditional 

Polymers Meet: The Potential of Associating Sequence-Defined Polymers for 

Materials Science JACS Au, 2021, 1 (10), 1556-1571. DOI: 10.1021/jacsau.1c00297. 

Copyright 2021 American Chemical Society.  

2. Jiao, S.; DeStefano, A.; Monroe, J.; Barry, M.; Sherck, N.; Casey, T.; Segalman, R. 

A.; Han, S.; Shell, M. S. Quantifying Conformational Landscapes through Integrated 

Experiment and Simulation Macromolecules, 2021, 54 (11), 5011-5021. DOI: 

10.1021/acs.macromol.1c00550. Copyright 2021 American Chemical Society.  

1.2 Introduction 

The development of synthetic sequence-defined polymers represents the achievement of 

a longstanding ‘grand challenge’ in polymer science.1  The inspiration for pursuing sequence 

control as a means of attaining unique material properties largely is derived from nature. Many 

biological systems precisely control the arrangement of monomers within polymer chains into 

specific orders, or sequences, to achieve diverse functions such as information storage,2  

signaling and circuitry,3 templating of biomineralization,4 and hierarchical assembly5 that 

facilitates binding, transport, and material properties. Synthetic techniques capable of directly 

producing polypeptides,6 RNA, and DNA have been developed,7 but lack the chemical 

diversity and stability of synthetic polymers. At the other end of the spectrum, traditional 

synthetic polymers feature distributions of molecular weight and, where multiple monomers 

are included, the monomers are arranged into statistical or blocky regions that vary from chain 

to chain. Sequence-defined polymers bridge both classes of polymers by precisely ordering 

diverse chemical functionalities with non-natural backbones and side chains (Figure 1.1).  

These diverse chemistries have spanned from biomimetic polypeptoids for protein-mimetic 
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folding and function in solution8, 9 to sequences with the goal of achieving synthetic materials 

capable of information storage.10, 11 Control over precise monomer sequence confers 

significant tools to tune monomer-monomer associations over multiple length scales, while 

also allowing the integration of elements of chemical functionality. 

 

Figure 1.1. Sequence-defined polymers bridge biological and traditional synthetic 

polymers. 

Biological materials, such as proteins, and traditional synthetic polymers make up two well 

established classes of polymers. While traditional synthetic polymers feature broad molecular 

weight distributions with statistically controlled sequences, many biological polymers are 

characterized by precise monomer sequences.  Synthetic sequence-defined polymers contain 

perfectly controlled monomer sequences, where the difference from chain-to-chain is 

comparable to that of protein or small molecule purity but are capable of incorporating a 

broader range of functionalities. Depicted cycles represent that while many sequence-defined 

biological polymers evolve over many generations (in nature or in laboratories) to access 

precise architectures capable of achieving specific functions, sequences guiding synthetic 

polymer assembly and function are engineered through intuition, experiment, and, ultimately, 

theory.   
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The fields of polymer physics, foldamers, and protein engineering have largely advanced 

independently; sequence-defined polymers bridge these fields.  Unique material architectures 

and properties can be accessed by encoding intra- and inter-molecular interactions in polymer 

sequence. Significant progress has been made towards predicting how protein folding is 

controlled by monomer sequence and interactions with water, but a thorough understanding 

of how to use polymer sequence to similarly control chain conformation and resulting 

functionality in synthetic polymer assemblies is lacking. Similarly, advances in understanding 

the effect of polymer surface chemistry and topology on hydration water dynamics and 

resulting polymer-solute interactions lags behind analogous protein hydration studies.  

Together, the ability to control polymer structure and hydration water behavior via sequence-

control offers an avenue to pursue polymeric materials with protein-like functionality.  This 

thesis advances our fundamental understanding of how sequence impacts polymer chain 

formation and guides hydration water diffusivity and, consequently, interactions with nearby 

solutes.  Further development of such fundamental knowledge will transform the use of 

synthetic polymers in a myriad of applications, such as membrane science, antifouling 

coatings, and catalysis.  

1.3 Defining and quantifying perfection  

In studies of associating polymer chains, it is important to consider the properties of not 

just an individual chain, but of collections of chains; indeed, this has formed the basis of many 

traditional studies in polymer science. While assembly of a single chain in solution concerns 

only the interactions of that chain with its solvent and itself, in bulk and concentrated polymer 

systems, interactions of many polymer chains with each other must be considered.  Traditional 

synthetic polymer samples contain many chains, with properties including molecular weight, 
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amount and distribution of each monomer, and spatial conformation varying from chain to 

chain. These differences in overall composition and/or sequence influence associating and 

bulk material properties12 and, therefore, are crucial to contextualizing material systems 

containing sequence-defined polymers.   

Informative quantification of forms of variation and dispersity in a sample requires 

polymer scientists to move beyond standard measurements of dispersity (Figure 1.2a). The 

classic measure of variation between polymer chains in a sample is the molecular weight 

distribution via the ratio of the number average (Mn) and weight average (Mw) molecular 

weights, defining a dispersity index, Đ.  This value gives only general information about the 

shape of the distribution (in other words, a bimodal vs. a broad single modal distribution could 

in principle have identical Đ, but very different impacts on assembly and other properties12-

14). As samples with more complexity are synthesized – for example, random copolymers and 

block copolymers – materials begin to also be characterized by an average volume fraction 

and composition profile defined by the monomers available and biasing of the polymerization 

statistics.15 Underneath this is the realization that individual chains are composed of a 

distribution of these available monomers. For example, for a given volume fraction fA of 

monomer in a sample, individual chains will vary regarding their individual volume fraction 

of A; fA simply represents a population average.16 This form of dispersity is referred to as 

compositional dispersity. Likewise, the sequence of monomers along a polymer chain can 

vary. Even in a population of chains where the monomers are randomly distributed from end-

to-end, individual chains will deviate to greater or lesser extents from even spacing (indeed, a 

single chain cannot be evenly distributed due to the discrete nature of monomers!)16. 

Separately examining the impacts of compositional and sequence dispersity on behavior and 
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assembly is nearly impossible in traditional polymer systems but may be achieved leveraging 

controlled combinations of sequence-defined polymers. 

 

Figure 1.2. Describing precision in linear polymer chains. 

a) Measures of dispersity often describe only the molecular weight distribution of a sample of 

polymer chains. In a population of chains with multiple monomers, the sample may be 

characterized by an overall fraction of monomer A and monomer B, but this composition may 

vary from chain to chain. Similarly, in a population of chains with an identical fraction of 

each monomer, the sequence of those monomers may not be constant. A population of chains 

with identical sequence will still adopt a range of chain conformations whether in solution or 

in the bulk. b) The presence of multiple forms of dispersity in sequence-defined polymers 

demands that we quantify dispersity in multiple ways and weigh the impact of dispersity on 

material performance. Sequenced polymers in which many chains have minor deviations (e.g. 

1-2 deletions) still have Đ far closer to unity than is attainable for traditional polymers. In 

terms of a yield of perfect sequences, however, even one deletion renders that chain an 

impurity, leading to low yields of the target sequence. 
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While a population of ‘perfect’ sequence-defined polymers lack all of the aforementioned 

forms of dispersity (perfectly defined in molecular weight, composition, and sequence, similar 

to a protein or small molecule level of purity), the statistical nature of polymer chains will still 

cause significant variability in adopted chain shape. In traditional polymer systems, monomer 

identity controls the polymer persistence length and resulting radius of gyration (polymer 

size). In polymer systems that exhibit self-assembly in the bulk, changes in polymer chain 

conformation, particularly near interfaces, have significant impacts on self-assembly.17, 18 For 

example, block copolymers exhibit significant changes in assembly in response to changes in 

local persistence length and nematic interactions.19-21 Further, even elements such as side 

chain chirality can drive significant changes in polymer conformation, such as from a coil to 

a helical moiety.22  The extreme of sequence-biased chain shape is found in polymer chains 

such as proteins assembled into well-defined conformations; the ‘foldamer’ community works 

to build synthetic mimics of these materials.23  Even in well-defined protein structures, 

significant conformational fluctuations and flexibility persist (and are important for function) 

and much of the utility in leveraging sequence ultimately is derived from the ability to 

selectively bias local polymer chain conformation.24, 25  Notably, changes in chain 

conformation are often intricately linked to materials with significant stimuli-response. For 

example, micelles can be engineered to transition from helix to coil chain conformations 

useful for drug release,26, 27  poly(N-isopropylacrylamide) demonstrates temperature 

responsive chain collapse/expansion,28 and liquid crystalline polymers demonstrate stimuli-

responsive changes in chain anisotropy.29  Highly controlled incorporation of stimuli-

responsive elements in sequence-defined materials is expected to enable the localization and 

degree of stimuli-responsive changes in material response, with implications for broader 
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material properties.  There are biological inspirations for this: protein domains that, depending 

on their local environment, sample different sets of conformational states (only some of which 

are ‘active’) are capable of serving as feedback control elements.30, 31  As we develop 

sequence-defined polymers for targeted material properties, it will be critical to develop more 

precise descriptors for the relationship between sequence and accessible chain conformation. 

Notably, while biological systems leverage sequence-defined materials to excellent 

effects, many critical biological materials are not fully defined by sequence, such as 

polysaccharides.  For example, seaweeds are largely composed of alginates, polysaccharides 

of mannuronate (M) and guluronate (G) residues.  These residues are organized into blocks 

which are themselves primarily M, primarily G, or an alternating sequence of the two.32 The 

block composition varies between species and tissue of the young vs. old seaweed, with 

accompanying differences in mechanical properties – an example of nature controlling 

properties via principles quite familiar to synthetic polymer science. Even in proteins, a 

precise sequence does not fully articulate the 3D arrangement of monomers; many proteins 

are now well-understood to lack a precisely defined structure, or are composed of a mixture 

of well controlled and disordered regions.24 This suggests that while defined monomer 

sequence is truly transformative and worth the additional challenge in synthesis and 

purification in some applications, other applications may be best served by imperfect sequence 

control.   

1.4 Synthetic approaches for controlling polymer sequence 

Early synthetic polymerization approaches proceeded via mechanisms that resulted in 

poorly controlled materials (homopolymers and random copolymers), but methods attaining 

increasing levels of control over polymer sequence and molecular weight have evolved 
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(biased copolymers,33, 34 block copolymers35). Biased copolymers leverage differences in 

reaction kinetics or controlled monomer addition to influence the arrangement of monomers 

while block copolymers allow complete reaction of one monomer type before adding the next.  

Modern methods that enable true sequence control generally fall into one of two categories 

(Figure 1.3). The first consists of methods with precise control over sequence and 

composition, but without molecular weight control (periodic polymers). These methods are 

generally based on repeats of precise monomers enabled via step growth or ring opening 

polymerization of precise, oligomeric monomers, enabling scalable synthesis. The second 

includes iterative methods that lead to both precise sequence and molecular weight control. 

Generally, it is this latter that are referred to as ‘sequence-defined’. Here, scalable synthesis 

remains generally out of reach. 
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Figure 1.3. Synthetic methods for attaining sequence control. 

Several polymerization methods produce sequence-controlled materials. Precise 

macromonomer approaches make use of sequence-specific macromonomers to make polymer 

with periodic sequences. Iterative exponential growth (IEG) and iterative sequential growth 

(ISG) approaches use sequential monomer additions to access complex sequences and control 

molecular weight. 

Several industrially scalable routes for synthesizing polymers with periodic sequence 

control from precise macromonomers are illustrated in Figure 1.3. Acyclic diene metathesis 

polymerization (ADMET) relies on step growth polymerization of symmetric a,w-diene 

monomers to regularly incorporate chemical functionalities along a polyethylene chain.36-38   

Both chain ends are identical, so ADMET forms precise sequences only when monomers are 

symmetrical. This means that non-symmetric monomers or polymers combining multiple 

monomers with different chemical functionality will not yield precise sequences. Other 

precise macromonomer addition methods address this limitation to some degree.  Here, 

macromonomers containing a uniform sequence of chemical functionalities are polymerized 
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together, resulting in repeating blocks of a specific sequence. Polymerization schemes include 

click chemistry of bifunctional macromonomers39 and regioselective ring opening metathesis 

(ROMP) of cyclic monomers.40, 41 Of these methods, ROMP generally provides the best 

molecular weight control, but all three methods enable less molecular weight control and 

sequence complexity than iterative methods. Multicomponent reactions offer another route to 

sequence control and, when performed iteratively, can also achieve molecular weight 

control.42, 43  

 Methods for the synthesis of synthetic sequence-defined materials with uniform 

molecular weight generally rely on either iterative exponential (IEG) or iterative sequential 

(ISG) growth methods. Generally, both IEG and ISG achieve a single coupling at a time via 

some form of orthogonal chemistry. We note that for these methods, particularly in solution, 

coupling efficiency decreases with increasing polymer length. In the IEG approach, a 

sequence may be composed by first synthesizing the component dimers, from them the 

component tetramers, and so forth, until a final coupling forms the entire desired chain, as 

shown in Figure 1.3.44, 45  Notably, stepwise product purification is required for these 

materials (Figure 1.4a). The doubling of molecular weight with each step enhances the 

efficiency and ease of separation, but even in-line purification via flow synthesis does not 

eliminate the requirement.46  Further, IEG methods require orthogonal ‘activation’ chemistries 

on the end groups: that can be achieved either via high efficiency protection-deprotection 

chemistries45 or, elegantly, via orthogonal light-based chemistries.47  While IEG achieves 

some distinct advantages over ISG methods, both approaches remain limited to only certain 

polymer backbones, and are challenged by the efficiency of individual steps, limiting the 

overall molecular weight.  
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Figure 1.4. Synthesis and purification workflows for iterative growth methods. 

a) IEG uses orthogonal deprotection chemistries to couple chains together, quickly leading 

to large molecular weight increases. Here, m reaction steps are needed to synthesize a 

polymer of length N, but molecular weight control depends on stepwise purification. Overall 

yields (Y) are plotted for several separation yields (Ys) given a highly efficient individual 

reaction yield (YR) of 99%, demonstrating that highly efficient separations are necessary to 

attain reasonable yields.  b) ISG methods, on the other hand, provide sequence control by 

adding each monomer individually. Reaction inefficiencies result in some chains missing at 

least one monomer. Subsequent purification generally involves isolating the target sequence 

via prep-HPLC. Overall yields are also plotted for ISG showing that very high reaction yields 

are necessary to attain even modest quantities of the target product. 

In contrast to IEG, ISG adds a single monomer at a time. Many ISG methods are 

performed on solid-phase supports, allowing high reagent concentrations to push each 

individual step to high yield and enabling step-wise addition by retaining the growing polymer 

chain on the solid support while a solvent flush removes the excess reagent (Figure 1.4b).48, 

49  This strategy is best known for synthesis of biological and bio-inspired materials such as 
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polypeptides (via protecting groups) and polypeptoids (via a sub-monomer strategy), but is 

also applicable to other highly efficient chemistries, such as thiolactone-based approaches.50 

Drawbacks of solid-phase synthesis include that it requires large amounts of support beads 

relative to polymer grown and tremendous quantities of excess reagent and solvent. Further, 

materials synthesized via solid-phase ISG methods typically require further purification post-

synthesis, with yields of the desired sequence scaling with molecular weight. If each synthetic 

step proceeds with 99% efficiency, a 10-mer will result in 90% of the desired product, while 

a 100-mer will result in only 37% of the desired product!  This means that only reactions with 

extraordinarily high yields are useful in iterative growth strategies, thus limiting possible 

backbones. Rigorous chromatographic methods of purification consume additional solvent 

and restrict the attainable quantities of product. Solution-phase ISG methods suffer from 

similar drawbacks. While they do not consume the same degree of support beads and solvent 

during earlier synthetic steps, they often do so in return for a reduced yield and require similar 

purification during the final steps in order to achieve a near-perfect sequence-defined material 

for additional studies and application. Ultimately, the need for significant purification – even 

when using some of the most efficient known chemistries for couplings – remains a substantial 

hurdle in the scale-up of materials synthesized via either iterative method. 

Of these sequence-defined materials, polypeptoids (Figure 1.3) are particularly useful for 

studying sequence effects due to their relative ease of synthesis, wide range of side chain 

functionality, lack of backbone hydrogen bonding, and ability to form secondary structures.  

Because of their advantages as model materials, polypeptoids are utilized extensively 

throughout this work.  
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1.5 Controlling spatial patterning 

 The explicit sequence of each polymer only tells part of the story in assembled polymer 

systems. A given monomer remains adjacent to the proceeding and subsequent monomer in 

its polymer chain; however, as that chain collapses into a single-chain polymer nanoparticle 

or is surrounded by other chains, the arrangement of monomers becomes much less obvious. 

Yes, directly adjacent monomers will always be nearest neighbors, but other nearest neighbors 

may reside in different segments of the polymer or different molecules entirely. Consequently, 

spatial patterning throughout assemblies is informed but not dictated by individual polymer 

sequence.  

Proteins exemplify the impact of polymer sequence on spatial patterning and, thus, 

function. Polypeptide chains are composed of specific sequences of amino acids that use 

disulfide bonds and differences in hydrophobicity, hydrogen bonding, and electrostatic 

interactions to fold into unique structures (Figure 1.5a).51  These structures vary widely with 

some being highly ordered and others intrinsically disordered, but all carry out critical 

biological functions. Protein functionality is largely enabled by areas of heterogeneity on the 

protein surface, both in chemistry and topology, that are an inherent result of the spatial 

arrangement of individual polypeptide repeating units.52 For example, spatial variation on the 

protein Chemotaxis Y influences the behavior of water near its surface.53  These variations in 

surface water behavior aid in site specific binding and are critical to its function. Furthermore, 

structural changes in response to external stimuli are also central to the function of many 

proteins, such as phototropin light switches in which the J𝛼-helix undocks and unfolds away 

from the protein.54  Understanding the underlying protein sequence responsible for this 

behavior has enabled use of systematic mutations to enhance the range of photoswitching.55, 
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56  While, significant progress has been made towards understanding and even predicting 

protein folding,55, 57-59 a thorough understanding of how to use polymer sequence to similarly 

control interactions and chain conformation, and through them spatial patterning and resulting 

functionality, in synthetic polymer assemblies is needed.  

 

Figure 1.5. Assembled polymer morphology is directed by sequence. 

a) A protein’s folded structure is prescribed by its exact sequence of amino acids because 

these chemical moieties determine intramolecular interactions and interactions with the 

solvent.  b) With as few as two chemical functionalities, protein-like synthetic polymer 

sequences mimic elements of protein folding in response to their solvent environment. Similar 

dramatic sequence-structure-function relationships observed in dilute systems provide 

inspiration for bulk materials. 

Amphiphilic copolymers show great promise in mimicking protein folding, as discussed 

recently;23 however, most studies of synthetic polymer collapse into single chain nanoparticles 

or globules have primarily focused on copolymers lacking the precise sequence control upon 

which proteins rely to achieve their structure. One class of sequence-defined polymers, 

polypeptoids, are particularly useful for studying sequence effects due to their ease of 

synthesis, wide range of side chain functionality, lack of backbone hydrogen bonding, and 

ability to form secondary structures.  An example of sequence-controlled single chain collapse 

is the demonstration that polypeptoid sequences show sequence-dependent globule stability. 

Notably, these sequences have only two side chain functionalities, in contrast to the 20 amino 
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acids commonly found in proteins (Figure 1.5b).9 Here, the placement of hydrophilic 

monomers in an otherwise hydrophobic chain controls the chain shape. In a good solvent, the 

chain extends, but in a poor solvent (water) the chain collapses with hydrophilic repeating 

units guiding which segments of the polymer chain are presented at the surface, thereby 

controlling surface patterning, globule density, and globule stability.  

Multichain polypeptoid assemblies elegantly access other protein mimetic structures. A 

few examples include ribbons,60 cyclic structures,61, 62 helices,63 multihelical bundles,8 

superhelices,64 and nanosheets.65  Of these, nanosheets are particularly interesting because 

they can be adapted to access a range of secondary structures,66 such as loops,67 and serve as 

scaffolds for further functionalization, as demonstrated with a biologically active streptavidin-

binding peptide sequence.68   Despite progress towards biomimicry, synthetic polymer folding 

fails to fully emulate the diversity and control over chain shape found in nature. However, 

given the extensive range of chemical diversity available to synthetic polymers, sequence-

defined polymers have the potential to achieve functionalized architectures rivaling the 

complexity of proteins.  

1.6 Characterizing polymer composition and conformation 

Much of the practical challenge of characterization arises from the diversity of constituent 

chemistries. Tremendous progress has been made in the characterization of biological 

polymers, in large part due to the presence of limited backbones and monomers as well as 

central importance to medical fields. Approaches span from identifying DNA69/RNA70 and 

protein sequences,71 to quantifying supramolecular interactions within DNA using magnetic 

tweezers,72 to characterizing structure via cryo-electron microscopy.73  However, 

characterization in synthetic sequence-defined polymers has lagged. Much of the challenge 
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lies in the fact that synthetic sequence-defined materials have diverse chemical structures and 

assemble to form structures with less definition than the structures probed by cryo-EM. 

However, the field has seen progress. For example, the Kerr effect has been used to identify 

structures and their locations along polymer chains74, 75 and 2D mass spectrometry techniques 

can consistently be leveraged to ‘decode’ or ‘read’ the sequences of non-natural polymers.76-

79  Despite this progress, significant process optimization per backbone and monomer 

chemistry is required, and computational methods must be used to identify ideal conditions 

and to interpret the data. Approaches to automate characterization processes for new 

chemistries will be essential for efficient implementation.   

In addition to the chemical composition of synthetic sequence-defined polymers, chain 

conformation is also important to material function. Classical methods for characterizing 

chain shape, such as static light scattering (SLS),80 small-angle X-ray scattering (SAXS),81, 82   

and small-angle neutron scattering (SANS),82, 83 primarily probe average properties. For dilute 

polymers, properties accessible by scattering techniques include the globularity, shape, and 

radius of gyration (Rg).  Small-angle scattering techniques, in particular, are advantageous in 

their ability to access time-resolved structures in near native conditions, but limited by low 

resolution (1-2 nm) and the need for additional parameters when using models to extract 

characteristics such as globule shape.82  Other metrics of understanding chain conformation 

will provide additional awareness into how changes in sequence affect spatial arrangement.  

Potential approaches for achieving detailed sequence-structure insights include borrowing 

methods from biophysics that allow probes to be installed in specific sites along a polymer 

chain that can then leverage, for example, nuclear magnetic resonance (NMR),84, 85   

fluorescence methods,86 or electron paramagnetic resonance (EPR)87, 88 to probe distributions 
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of distances in polymer chains. Of these methods, 2D NMR is unique in that it can determine 

the structure of small proteins without the use of labels, but extension to longer molecules is 

made challenging by loss of resolution and increasingly convoluted spectra. Here, automated 

peak assignment, perdeuteration, and selective labeling enable characterization of larger 

molecules.85  Single molecule fluorescence resonance energy transfer (smFRET) and double 

electron-electron resonance (DEER), on the other hand, rely exclusively on interactions 

between label pairs to extract distances.  The necessity of probes, however, may skew results 

in some instances and should be carefully considered. For example, smFRET and SAXS 

experiments routinely draw conflicting conclusions regarding protein response to chemical 

denaturation, indicating fluorophore interactions promote chain collapse.89-91 In contrast, 

DEER utilizes smaller magnetic spin probes, requires fewer assumptions during data 

processing,91, 92 and averages over more molecules, leading to more accurate distance 

distributions than smFRET.  For all of these techniques, sequence-defined polymers offer a 

straightforward method to install probes anywhere in a sequence, opening doors to molecular-

level information difficult to access through more traditional methods.  Because of these 

advantages, DEER and other EPR-based methods are utilized extensively throughout this 

thesis. 

1.7 EPR Methods for Characterizing Polymer Conformation 

DEER is an electron paramagnetic resonance technique that provides unique access to 

conformational ensemble information by measuring the full distance distribution from a 

composite time domain signal that reports on distances between pairs of spin-labels.88 It is 

especially advantageous for comparison with simulations because its probes are relatively 

small,93 minimally perturb the conformational ensemble,93 and can be directly simulated.94 
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DEER has traditionally been used to probe distances in structured biomacromolecules88 or 

average distances in unstructured systems. In recent years, its ability to detail the full 

probability distribution over accessible distance ranges has garnered significant interest. The 

application of DEER to characterize disordered biological and synthetic polymeric systems 

through this distance distribution is emerging,95-101 and methodological developments are 

continually improving the accurate resolution of the shape as well as the width of broad 

distributions.102-106  Recent work on aqueous solutions of polyethylene oxide, a canonical 

disordered, synthetic polymer, demonstrates consistency between the broad distance 

distributions determined by DEER and simulation,101 suggesting that DEER is well-positioned 

to characterize the conformational landscape of disordered macromolecules. Single-molecule 

Förster resonance energy transfer (FRET) also probes conformational distributions,107 but 

DEER requires fewer assumptions91, 92 and captures far more molecules, resulting in more 

accurate distance distributions. The accessible distance range for DEER is generally 

considered to be between 20	Å and 80	Å.88, 108  

DEER spectroscopy probes conformational distributions, rather than just averaged 

quantities, because the time domain signal is a composite representing the product of 

individual dipole-dipole interactions of the molecular ensemble that can be decomposed into 

its constituents. Figure 1.6a-c provides an overview of the workflow by which DEER 

spectroscopy generates an end-to-end distance distribution. DEER involves the application of 

microwave pulses to doubly spin-labeled macromolecules in a static magnetic field according 

to the sequence illustrated in Figure 1.6a. The microwave pulses with the (probe) frequency 

𝜔! excite a subset of electron spins (called “𝜔! spins”), while the pulse with the (pump) 

frequency 𝜔" excites a separate subset (called “𝜔" spins”). The 𝜔! sequence leads to a 
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refocused electron spin echo (ESE) at time 2(𝜏# + 𝜏$) with an amplitude that depends 

primarily on the bandwidths of the pulses and the relaxation times of the excited spins. With 

application of the pump pulse at 𝜔" that results in excitation of 𝜔" spins, any of the 𝜔! spins 

that are dipolar coupled to 𝜔" spins will experience changes in their local magnetic fields, 

communicated through their dipolar couplings. Because the relaxation mechanisms that 

govern the contributions of 𝜔! spins to the refocused ESE depend on the local magnetic fields 

at the 𝜔! spins, this will have the effect of attenuating the ESE relative to the 𝜔! sequence in 

the absence of the pump pulse at 𝜔". As the 𝜔" pulse is moved in time between the second 

and third 𝜔! pulses, the ESE amplitude is modulated at the frequencies corresponding to the 

strengths of the dipolar couplings between 𝜔! and 𝜔" spins. In this way, a time domain signal 

is generated that consists of frequencies that can be related to dipole-dipole distances. In the 

time domain, the DEER signal consists of a form factor, 𝐹(𝑡), that contains the dipole-dipole 

interaction information of interest, and a background decay. The background decay is owed 

primarily to inter-molecular interactions and is removed using division of the overall signal 

by (typically) a stretched-exponential function.103  
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Figure 1.6. DEER enables resolution of distributions of distances. 

(a) A pump pulse at frequency 𝝎𝑩 inverts the population of spins at that frequency 

(represented here by spin B), consequently inverting the local field of spin B on spins at the 

observer frequency, 𝝎𝑨, (spin A, in this case). Interaction between the 𝝎𝑨 and 𝝎𝑩 spin 

populations changes the frequency of spin A, observed in the echo intensity measured at 𝝎𝑨 

as a function of the time corresponding to the pump pulse position.  In the pulse schematic 

shown, p pulses fully invert spins while p/2 pulses tip the spins only 90°. The times between 

observer frequency pulses are denoted as 𝝉𝟏 and 𝝉𝟐 (b) Inversion of this time domain signal 

yields a distribution of distances in the form of a 𝑷(𝑹𝒆𝒆). (c) The distance between the spin 

labels determines the frequency of the oscillations in the time domain data with shorter 

distances resulting in faster oscillations, so the observed time domain signal is a product of 

the frequencies corresponding to each distance in the ensemble. 

Most commonly, conversion of 𝐹(𝑡) to a distance distribution, 𝑃(𝑟), is achieved using 

Tikhonov regularization where the mathematical inversion of 𝐹(𝑡) occurs through a modified 

least-squares regression to find a solution for 𝑃(𝑟).103 This method, however, can struggle to 
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find a unique solution, especially when 	𝐹(𝑡) represents a broad and/or multi-modal 𝑃(𝑟). 

Method development for deriving reliable 𝑃(𝑟) from 𝐹(𝑡) is an active area of research, and 

several recent publications propose various solutions, e.g. neural network processing,109 

DeerLab,103 and singular value decomposition.105, 106  Of particular interest are the techniques 

using singular value decomposition (SVD) that have been developed by Srivastava and Freed 

(designated as SF-SVD). These methods involve factorization of the time domain signal into 

discrete distance regions, such that 𝑃(𝑟) is constructed from a linear combination of individual 

“singular valued” components.105, 106  This approach has been shown to be robust for analyzing 

broad and multi-modal distributions.110, 111  Each distance distribution is obtained by denoising 

the data using WavPDS,112 then fitting the denoised data with the software 

SVDReconstruction.105  

The lower limit of the DEER technique is approximately 20Å.88, 108, 113  For this reason, 

DEER-derived distributions are presented with the region below 20Å in shaded.  

Supplementing DEER at shorter distances, is the analysis of Continuous Wave Electron 

Paramagnetic Resonance (cw-EPR, Figure 1.7) lineshapes where the dipolar interaction 

between two spin labels with distances between 8 − 25	Å leads to broadening of the spectrum 

that can be related to the distances between them by spectral simulation. Unlike DEER, cw-

EPR cannot fully resolve multi-featured distributions but is a complementary probe of the 

existence and approximate width and character of the distribution in the short-distance region.  
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Figure 1.7. Cw-EPR probes distances less than 𝟐𝟓Å. 

Short distances inaccessible with DEER can be determined from dipolar broadening accessed 

with cw-EPR. Deconvolution analysis iteratively fits a Gaussian approximation of the 

distance distribution, 𝑃(𝑅**), parameterized by average distance, 〈𝑅**〉, and width, 𝜎, to the 

EPR spectrum of a doubly labeled sample by convoluting the EPR spectrum of a singly labeled 

sample with the dipolar broadening from the distance distribution. 

This technique extracts end-to-end distances from the effects of dipolar coupling between 

nearby unpaired electrons. When the extent of EPR line broadening by the dipole-dipole 

interactions exceeds the intrinsic cw-EPR linewidth of the spin label under the given 

experimental condition, its effect results in spectral broadening that can be related to dipolar 

distances through spectral simulation.114 Line broadening is observed for doubly labeled 

polypeptoids where dipolar coupling originates from distances typically below 18-25 Å.108, 115   

Quantitative analyses leading to distance distributions are commonly performed using the 

ShortDistances spectral simulation software.116, 117 As Figure 1.7 illustrates, deconvolution 

analysis starts with generating Gaussian distance distributions parameterized by an average 

distance, 〈𝑅**〉, and width, 𝜎 (full width at half maximum). The distributions are convoluted 

with EPR spectra of singly labeled samples (representing spectra unaffected by dipolar 

broadening) and compared to the experimental EPR spectra for doubly labeled samples. The 
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parameters, 〈𝑅**〉 and 𝜎, are iteratively varied until the parameters best reproduce the 

broadened EPR spectrum, and then are used to calculate the 𝑃(𝑅**). 

To demonstrate the ability of DEER and cw-EPR to capture polypeptoid conformations, 

we measured 𝑃(𝑅**) for fully hydrophilic polypeptoids with increasing chain length.  We 

synthesized the polypeptoid with alternating hydrophilic methoxyethyl and propanol groups, 

varying the number of hydrophilic monomers: 𝑁 = 9, 11, 15, 19. We attached spin labels to 

both ends of all polypeptoids for DEER measurements and carried out 4-pulse DEER 

experiments and obtain the end-to-end distance distributions, 𝑃(𝑅**), through SF-SVD.  

When compared to fully atomistic molecular dynamics simulations conducted by the Shell 

group at UCSB, both methods capture trends in conformation and demonstrate excluded-

volume scaling.  

Figure 1.8 shows the end-to-end distance distributions for lengths 𝑁 = 9, 11, 15, 19. In 

the accessible region, simulations and DEER show excellent agreement, which offers strong 

cross-validation of both workflows. The locations of the peaks and the shapes of the long-

distance tails of the distributions are especially well reproduced. Both methods consistently 

show not only the expected shift in the mean end-to-end distance, but also a broadening of the 

distribution with length, characteristic of disordered polymers.   
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Figure 1.8. End-to-end distance distributions measured with DEER and computed 

from simulation are in excellent agreement. 

The orange lines and shaded regions are the fitted DEER distributions and the grey lines are 

the simulated distributions (Shell group). All distributions are normalized such that the 

integral above 20Å is 1. The light blue shaded box denotes the region below the accessible 

region for DEER. The snapshots to the right of the figures are representative conformations. 

We also validated cw-EPR as a probe the distance distributions whose end-to-end distance 

distribution largely lies below 20Å, and thus below the accessible region of DEER. Figure 

1.9 shows that the Gaussian approximation of the distance distribution of a 3-mer polypeptoid 

from the cw-EPR experiment agrees with the longer-distance peak in the simulated 

distribution. The simulated distribution also contains a shorter-distance peak at around 8Å that 

is also seen for longer polypeptoids, and here similarly indicates spin-label aggregation. While 

cw-EPR extends our insight into the experimental conformational distributions at distances 
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below the DEER-accessible regime, the narrow range of accessibility limits its utility in 

polymeric systems. 

 

Figure 1.9. Continuous wave electron paramagnetic resonance allows access to the low-

distance region and agrees with simulations. 

For the 𝑁 = 3 polypeptoid, the Gaussian approximation of the end-to-end distance 

distribution from cw-EPR (orange) agrees with the simulated distribution in the accessible 

region for cw-EPR (black dashed line gives the full distribution; the blue line is a Gaussian 

with the same mean and standard deviation as the simulated distribution in the cw-EPR 

accessible region). The shaded and hatched blue box denotes the region below the accessible 

region for cw-EPR. (Inset) The raw cw-EPR spectra for the doubly labeled 3mer (dashed red) 

and singly labeled 3mer (solid green) normalized by maximum peak height. 

1.8 Mapping Hydration Water Diffusivity with ODNP  

Overhauser dynamic nuclear polarization spectroscopy (ODNP) is unique among 

techniques for measuring water characteristics in that it can isolate water dynamics within 

about 1 nm of an experimental probe.118, 119  The ability to control spin label position thus 

enables water property mapping throughout macromolecules and macromolecule assemblies.  

In particular, developments in the site directed spin labeling enables ODNP to characterize 

water diffusivity near specific regions of complex surfaces, such as proteins, under ambient 

conditions.  Representative ODNP studies have, as a result, resolved spatial heterogeneities 
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in protein hydration, demonstrated that surface water behavior that impact protein and 

catalytic function, and mapped water dynamics throughout the cross-section of nanofibrils.53, 

120-124   

ODNP gains its site-sensitivity by combining EPR with NMR to measure water dynamics 

in the vicinity of precisely placed spin labels (Figure 1.10).  Electrons spins have a vastly 

larger gyromagnetic ratio than 1H nuclear spins.  As a result, transfer of spin polarization from 

the electron spin of a spin label to surrounding water protons greatly enhances the NMR signal 

of water molecules in the vicinity of the spin label.  Polarization transfer relies on close 

interaction between the electron and proton nuclear spin, so the relative speed of protons 

compared to the electron spin can be observed in the polarization transfer efficiency.  Because 

polarization can only transfer within about 1 nm, observed signal amplifications isolate the 

water closest to the spin probe from bulk water.   

 

Figure 1.10. ODNP isolates water within 1 nm of a spin probe. 

Microwave irradiation saturates the unpaired electron of the spin label.  Polarization is then 

transferred to nearby waters, enhancing their NMR signal.   

Practically, spin polarization is transferred by saturation of the EPR signal of the spin 

probe and the resulting NMR signal enhancement is tracked as a function of microwave 

power.118, 119  NMR signal enhancements are used to determine the electron-nuclear spin 

cross-relaxation rate, 𝑘+.  Translational motions of water in the 1-100 ps timescale impact 
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𝑘+.53  In order to access an overall local water diffusivity (𝐷,-./,), proton spin-lattice 

relaxation times (T1) for labeled and unlabeled samples (T1,0,0) must be obtained by an 

inversion-recovery pulse sequence.118   Then,  𝐷,-./, can be determined using previously 

established methods implemented through the Python-based software package called 

dnpLab.118, 125 In brief, 𝑘+, is extracted from the NMR saturation and combined with T1,0,0 to 

determine the self-relaxation rate (𝑘0). Dividing 𝑘+ by the self-relaxation rate (𝑘0) yields the 

coupling factor (𝜉).  𝜉 is combined with the analytical form of the spectral density function 

using the force free hard sphere model to calculate the correlation time (𝜏.-11).  Ultimately, 

𝐷,-./, is calculated using Equation 1.1 where 𝜏.-11,34,5 is 𝜏.-11 for bulk water, 𝐷6!7 is the 

diffusivity of water, and 𝐷89 is the diffusivity of the spin label. 

𝐷,-./, ≡
:"#$$,&'()
:"#$$

(𝐷6!7 + 𝐷89)   (Equation. 1.1) 

1.9 Thesis Outline  

This thesis provides a step towards protein-inspired functional soft materials.  In 

particular, bio-inspired polypeptoids are used to control the sequence of monomers within 

each polymer chain, much like proteins.  Sequence control enables incorporation of precisely 

placed functional groups with controlled polarity and charge that alter polymer structure and 

functionality (Figure 1.11).  In addition, polypeptoids enable facile incorporation of nitroxide 

spin labels for EPR experiments.  EPR techniques such as DEER and ODNP provide unique 

measures of polymer conformation and nearby water dynamics and are heavily utilized 

throughout this thesis.  
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Figure 1.11. Dictating the sequence of monomers within a polymer chain controls 

polymer conformation and nearby water dynamics. 

A fundamental understanding of how to guide polymer sequence effects could enable protein-

like polymer-solute interactions in synthetic systems.  Such control over polymer-solute 

interactions is of interest for catalysis, membrane science, and marine antifouling 

applications. 

 Chapter 2 demonstrates how polymer sequence can be used to tune polymer 

conformation in dilute solution. DEER spectroscopy is central to Chapter 2, but one limitation 

of this technique is that it is insensitive to distances below 2 nm.  Chapter 3 pushes this lower 

limit with short polypeptoid chains to determine what information can be extracted when 

conformational landscapes largely extend below the lower cut-off of DEER.  

While chemical patterning of polypeptoids influences their conformation and 

hydration in dilute solutions,87, 126 more dramatic effects can often be achieved in assembled 

systems.  Chapter 4 uses polymeric micelles to show that excluded volume tunes local water 

diffusivity in non-polar polymer assemblies.  Chapter 5 builds on this work by drawing 

connections between local water diffusivity and protein-inspired organocatalysis in these 

assemblies.    
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Chapter 2 – Control Over Conformational 

Landscapes of Short Polypeptoids by Monomer 

Sequence Patterning 

 

2.1 Abstract 

The ability to program chain conformation and structure through control over the monomer 

sequence of synthetic polymers has broad implications for next-generation material design. 

While related problems of protein-folding and de novo design have generated accurate 

predictions of 3D folded chain structures, generalization to synthetic polymers remains 

intractable due to the requirement of large structural databases and the intrinsically disordered 

nature of polymeric building blocks. In this work, polypeptoids, a class of peptidomimetic 

synthetic polymers, are utilized to build a general workflow for the study of relationships 

between monomer sequence and dynamic 3D chain structure in solution.  This work 

demonstrates how control over the monomer sequence can alter the conformational landscape 
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of synthetic polymers to deviate dramatically from classical chain statistics. Specifically, the 

distribution of end-to-end distances, as measured by double electron-electron resonance 

spectroscopy in dilute solvent, is systematically skewed towards shorter distances with an 

increasing number of hydrophobes and further refined by hydrophobe arrangement in 

amphiphilic polypeptoid chains.  

All synthesis and much of the data analysis was performed by Shawn Mengel (Segalman 

group).  Of key importance, he determined how to achieve nearly full spin labeling efficiency.  

Morgan Bates helped develop the polypeptoid purification strategy.  Sally Jiao (Shell group) 

implemented the coarse-grained simulation model.   

2.2 Introduction 

Polymer properties relate to a hierarchy of chain structures that originates from the 

sequence of monomers and evolves due to combined effects of intramolecular forces and 

intermolecular interactions present in the given environment.  The importance of sequence on 

chain conformation is best exemplified by biological macromolecules, such as proteins, where 

the precise arrangement of amino acids controls the formation of helical- and sheet-shaped 

segments, which guide the chain into a specific three-dimensional shape.  The protein’s folded 

shape then dictates its unique function.  Replication of specificity in function through precise 

sequence control in synthetic polymer systems can similarly afford opportunities to design 

highly tunable materials for optoelectronic devices, catalysis, lithography, stimuli-responsive 

materials, and drug delivery.127, 128  A large class of protein sequences give rise to partially or 

fully intrinsically disordered protein architectures that still exert important biological function, 

despite or because of this disorder, and whose ensemble conformational distribution is 

therefore critical to its property and function. 
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This grand challenge is closely related to the protein folding and de novo protein design 

problems, which rely heavily on AI-based algorithms for protein structure prediction. 

However, such methods lack fundamental insights into sequence/structure relationships and 

are ungeneralizable to synthetic backbone chemistries due to their reliance on statistical 

learning methods applied to large structural datasets of known protein structures in highly 

complex sequence space.129-131 As a result, application of sequence control to synthetic 

polymers has been limited to block copolymers with relatively few blocks (typically ≤3) to 

restrict the design space to an experimentally manageable size, which has now been 

thoroughly explored. Increases in sequence complexity through post-functionalization of 

block copolymers with additional interaction types has demonstrated improved control over 

polymer structure and properties, motivating study of more precise sequence effects132 and an 

expanded design space. Future advancements in synthetic polymer sequence design hence 

require new approaches to investigate this space and understand the interplay between 

chemical information and the resulting polymeric structure.1, 133  

Polypeptoids bridge proteins and traditional synthetic polymers, providing an excellent 

platform for studying sequence-structure relationships.  Solid-phase polypeptoid synthesis 

enables precise control over monomer sequence akin to polypeptides, while accessing a wider 

library of sidechain functionalities through the addition of primary amines rather than amino 

acids. N-substitution of the side chains simplifies intramolecular interactions by eliminating 

backbone chirality and hydrogen bonding.48, 134 Previous studies leveraged these advantages 

to demonstrate sequence effects on solvent-induced single chain conformational changes and 

block copolymer self-assembly.18, 135-139 It remains unclear, however, what design elements of 

the chain sequence stabilize polymer chain conformation.  Inspired by the importance of 
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hydrophobic/hydrophilic patterning in determining protein structure,140, 141 this study 

demonstrates relationships that describe how amphiphilic polymer sequences affects chain 

shape in dilute solution.  

Intuitive rules of solvophobic/solvophilic interactions can inform limited design of 

sequence-defined polymers, but do not provide concrete sequence design principles.  Further, 

even simple design motifs (e.g., binary) cannot be exhaustively searched through experiment, 

as their sequence possibilities grow exponentially with chain length.  The lengths considered 

here exceed 69 trillion sequence possibilities.  To navigate sequence space and resulting chain 

structures, low-cost computational models capable of high-throughput screening have become 

an important tool, particularly for protein-inspired macromolecular design.133, 142  Validated 

atomistic simulations provide accurate and detailed conformational ensembles.  However, 

their computational expense limits their utility in design workflows searching large sequence 

spaces, and they must be paired with coarser models or statistical learning methods.  In 

particular, long conformational transition timescales prohibit the use of atomistic simulations 

for the 38-mer polypeptoids used in this study.87     The sequences here are hence designed for 

compatibility with atomistic simulation methods and compared to a low-cost computational 

bead-spring model to validate the accuracy for future development of high-throughput 

sequence screening methods.  
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Figure 2.1. Amphiphilic patterns to control polypeptoid conformation. 

(a) Flory theory connects the average end-to-end distance, 〈𝑅ee$ 〉
*
!, to the radius of 

gyration, 〈𝑅g$〉
*
!, but few methods exist for experimentally measuring 〈𝑅ee$ 〉

*
!. (b) Incorporation 

of nitroxide labels at both ends of each polypeptoid uniquely enables characterization of the 

distribution of Ree from an ensemble of polypeptoids via double electron-electron resonance 

(DEER). Polypeptoids with varying hydrophobe content and arrangement along the polymer 

chain (patterning) modulate polymer conformation. 

Achieving chain shape control requires both the ability to pattern intra- and inter-

molecular interactions along the polymer backbone and a means for observing conformational 

changes.  While folded proteins exhibit precise conformations with well-defined atomic 

locations and intrachain contacts, polymer chain conformations are disordered and transient.   

Ideal polymer chains are classically described by end-to-end distance, 𝑹ee, and radius of 

gyration, 𝑹g, vectors (Figure 2.1a), both of which exhibit Gaussian distributions.143 These 

distributions can be extended to real polymer chains through use of renormalization group 

theory to account for excluded volume effects.144  A combination of X-ray scattering and 

magnetic resonance techniques are widely used to characterize the structure of both folded 

and, more recently, intrinsically disordered proteins.145, 146 In contrast, characterization of 

polymer chain conformations is typically limited to small angle neutron or X-ray scattering, 
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which yield an average radius of gyration, 〈𝑅g$〉
*
!.  Few methods exist for experimentally 

determining 〈𝑅ee$ 〉
*
!.87, 88, 101, 147, 148  Rather, the two are frequently linked by a proportionality 

constant predicted by Flory theory (〈𝑅g$〉 =
#
=
〈𝑅ee$ 〉) with minor corrections for excluded 

volume effects.144, 149-152  Introduction of protein-like sequence control will, by design, induce 

modest to complete deviation from Flory theory by programming chain shapes with narrower, 

non-Gaussian distributions of Ree and Rg.  Theoretical predictions of such deviations already 

exist for block copolymers; however, validation of these theories is challenging by scattering 

alone and it remains unclear how to extrapolate to sequences of arbitrary complexity.153-157  

Direct measurement of 〈𝑅ee$ 〉
*
! is hence highly desirable to quantify sequence effects on 

polymer conformations.  Critically, the average value 〈𝑅ee$ 〉
*
! offers limited information.  

Instead, measurement of the entire end-to-end distance distribution, P(Ree), is needed to obtain 

more detailed insight into the variation of conformations that reflect on the degree and nature 

of disorder.  The P(Ree) originating from the full conformational ensemble is uniquely 

accessible by double electron-electron resonance (DEER) spectroscopy, a pulsed electron 

paramagnetic resonance technique that can measure distances between 2-8 nm, depending on 

the experimental conditions. DEER is most widely used for studying structural biology of 

biomolecular complexes,88 with comparatively few demonstrations in polymer physics.101, 158  

DEER measures a time domain decay of an ensemble of pairwise dipolar couplings between 

radical spin labels that is then transformed into an ensemble distribution of distances between 

the labels.87, 88  In this case, these distances are the magnitude of the end-to-end vector, Ree, 

without any angular information. 
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Here, control over the conformational ensembles of short, amphiphilic polypeptoids by 

precise monomer sequencing is demonstrated via DEER spectroscopy and coarse-grained 

molecular simulations. Sequence control and determination of the P(Ree) uncovers how the 

number of hydrophobes and their arrangement affects the chains’ conformational ensemble 

(Figure 2.1b).  Nitroxide labels at both ends of all sequences enable detection of the intra-

polymer distances between chain ends by DEER.  Together, the synthetic, characterization, 

and simulation approaches described here provide foundations for a cohesive workflow 

capable of identifying polymer sequences with user-defined properties.  

2.3 Experimental Methods 

End-to-end distance distributions were measured for each polypeptoid sequence using 

DEER (Figure 2.2), as described previously.87 Briefly, samples containing approximately 100 

µM of polypeptoid were dissolved in 50/50 v/v D2O/d-THF to ensure full solubility across a 

range of hydrophobic contents. Solutions were cryo-protected with 30% deuterated glycerol, 

by volume.   Then, approximately 40 µL of solution was loaded into a 3 mm OD, 2 mm ID 

quartz tube. Samples were flash frozen in liquid nitrogen immediately prior to performing 

DEER. A Bruker/ColdEdge FlexLine Cryostat (Model ER 4118HV-CF100) maintained the 

sample temperature at 60 K. All DEER spectra were obtained using a Bruker QT-II resonator 

with a pulsed Q-band Bruker E580 Elexsys spectrometer with an Applied Systems 

Engineering, Model 177 Ka 300 W TWT amplifier. The following four pulse DEER sequence 

was applied to all samples: πobs/2- τ1-πobs-(t-πpump)- (τ2-t)-πobs- τ2-echo. Nutation experiments 

were used to determine optimal observer pulses (approximately 10 ns for 90 pulses and 20 ns 

for 180 pulses). The linear chirp πpump frequency width was set at 80 MHz and its duration at 

100 ns, while πobs was 90 MHz above the center of the pump frequency range. τ1 was set at 
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126 ns and τ2 was set at 6 µs. All DEER experiments were signal averaged over at least 10 

averages. Distance distributions were extracted from time-domain DEER signals using 

“model-free” Tikhonov regularization, as implemented by the LongDistances software.159 

Raw data, background-corrected data, and fits are plotted in the appendix.  

 

Figure 2.2. Measuring end-to-end distance distributions via DEER. 

(a) A four-pulse sequence measures changes in the electron spin echo due to manipulation of 

the local microwave field between two spins on a macromolecule. (b) Raw DEER data (V(t)) 

contains the amplitude of the electron spin echo as a function of the pump pulse delay. (c) V(t) 

is background corrected to remove effects from intermolecular interaction and isolate 

intramolecular interactions. (d) Tikhonov regularization is typically used to extract a 

distribution of distances, in this case (P(Ree)), from the background corrected time-domain 

data (F(t)). 

2.4 Results and Discussion 

In this work, we present a combined computational and experimental platform for 

controlling polymer conformation via monomer sequence.  Polypeptoids with precisely 

defined monomer sequences are synthesized with systematically changing hydrophobic 

compositions and patterning as a preliminary screening of the sequence design space. 

Experimental measurements of end-to-end distance distributions indicate the role of sequence 

parameters on chain conformations and offer new tools for quantifying chain shape. A 
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computationally inexpensive bead-spring model qualitatively reproduces the trends in the 

polymer Ree obtained by DEER spectroscopy, suggesting the utility of coarse-grained 

molecular dynamics simulations in predicting material properties and motivating future 

development of high-throughput sequence screening algorithms. 

This study considers conformations of polypeptoid sequences with increasing 

hydrophobicity and varying hydrophobe arrangement of two lengths (Figure 2.3).  In 

particular, the effect of hydrophobic content is determined using sequences with increasing 

number of hydrophobic monomers at both ends (“0H” to “4H”).  Because “3H” 

experimentally shows the maximum deviation from the fully hydrophilic sequence (“0H”), 

additional sequences of equivalent composition but varied placement of the hydrophobic 

monomers along the polymer backbone are considered to determine the extent to which 

sequence patterning can tune chain shape.   

 

Figure 2.3. Complete list of polypeptoid sequences tested in this study. 

Each sequence is comprised of precisely patterned hydrophilic (blue beads) and hydrophobic 

(yellow beads) monomers. TEMPO spin probes at the chain ends (red beads) enable 

measurement of P(Ree) by DEER spectroscopy.  These sequences probe the effects of 

increasing hydrophobic content and patterning.  
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The patterned set of sequences are designed using intuition from block copolymers and 

hydrophobic/hydrophilic patterning common to protein folding. Hydrophobic interactions 

between the aromatic side chains and the surrounding solvent are expected to drive the 

hydrophobes together to minimize solvent-hydrophobe contacts.160  Sequences “ends,” “AB,” 

and “mid” therefore test the extremes of this effect. Sequences “2B” to “12B” vary the 

hydrophobic block size, which has previously been shown to control the density of 

hydrophobic/hydrophilic copolymer globules.9, 161, 162 

While longer polypeptoids are expected to be more capable of achieving protein-like 

structural control, even state-of-the-art atomistic simulations possess chain length limitations 

of around 20 residues.87 The development of coarse-grained methods capable of accurately 

simulating longer polymer sequences, therefore, will be necessary to reach the full potential 

of polypeptoids as biomimetic materials. Toward this goal, this work considers polypeptoids 

of two chain lengths, 20- and 38-mers. The longer 38-mers possess larger sequence effects 

and Ree values centered in the 2–8 nm range, making them better suited for DEER 

spectroscopy. Although pushing the lower boundaries of the DEER technique, the 20-mers 

offer a bridge to connect experimental measurements with atomistic simulations for the future 

development of coarse-grained models. Together, these materials demonstrate that sequence 

can be used to tune chain shape and motivate the use of high throughput computational models 

to guide non-intuitive sequence discovery.  

Distributions of Ree (P(Ree)) obtained from DEER show that increasing the polypeptoid 

hydrophobicity at the chain ends drives them together, shifting the ensemble of chain 

conformations toward more compact structures (Figure 2.4a). This effect is most drastically 

seen in the root-mean-squared end-to-end distances of each sequence, with an increasing 
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number of hydrophobes resulting in shorter average Ree values (Figure 2.4b). Despite 

equivalent contour lengths across all sequences, the more hydrophobic polypeptoids exhibit a 

clear trend toward more compact chain conformations, likely because increasing the 

hydrophobicity of the polymer changes the effective solvent quality experienced by the 

chains. As the chain becomes more hydrophobic, it is more poorly solvated, resulting in 

contraction of the chains toward the globule limit.  

In addition to average chain composition, the arrangement of a fixed number of 

hydrophobes also influences the P(Ree), as shown by the compositionally equivalent series of 

sequences (Figure 2.5a).  Placing the hydrophobic residues at the center of the chain (“Mid” 

sequence, Figure 2.5b) extends the 〈𝑅ee$ 〉
*
!, while placement at the chain ends (“Ends”) 

contracts 〈𝑅ee$ 〉
*
! in comparison to the more evenly distributed “6B” sequence. This indicates 

that chain contraction due to solvent interaction is influenced by engineering of monomer 

sequence in the polypeptoids to achieve specific chain conformations, rather than averaged 

mixing effects. This result is consistent with previously observed sequence-dependent 

variations in polypeptoid hydration water diffusivity.126  The 〈𝑅ee$ 〉
*
! values of all the patterned 

sequences are smaller than that of the hydrophilic chain (“0H”), suggesting that some chain 

contraction still occurs, potentially due to global effects of decreased effective solvent quality 

with increasing peptoid hydrophobicity.  However, placing the hydrophobic residues in the 

center or ends of the chain restricts globular collapse to those portions of the chain, while the 

rest fluctuates in a more extended state. 
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Figure 2.4. Increasing the number of hydrophobes on both ends leads to more 

compact conformations. 

(a) P(Ree) narrow and shift to shorter distances with increasing hydrophobicity for both 20-

mer and 38-mer sequences.  (b) The rotationally averaged end-to-end distance, 〈𝑅ee$ 〉
*
!, central 

to Flory theory reflects the trend of chain collapse with increased hydrophobic content. 
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Figure 2.5. Patterning a set number of hydrophobes fine-tunes polymer conformation. 

(a)  The longest polymers considered in this study (38-mer) best exemplify sequence-

dependent conformational changes. For ease of viewing, several sequences are highlighted.  

These sequences show that placing the hydrophobes on both ends (“Ends”) leads to more 

compact conformations than more evenly distributed hydrophobes (“6B”).  Placing all 

hydrophobes at the middle of the sequence (“Mid”) leads to relatively extended conformations 

compared to the other patterns considered.  (b) Trends in 〈𝑅ee$ 〉
*
! remain consistent for both 

chain lengths, suggesting that monomer sequence provides a handle to tune polymer 

conformation. 

Sequence-dependent variations in Ree are generally consistent between the two chain 

lengths. In both lengths, the “mid” sequences possess greater 〈𝑅ee$ 〉
*
! than the “ends” 

sequences, with the blocky “6B” in between. However, differences in P(Ree) between the 
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sequences are more pronounced among the 38-mer polypeptoids compared to the 20-mers. 

This is likely due to the reduced conformational freedom of the shorter chains, which reduces 

the range of possible Ree values, as well as limitations in the measurable length scale of the 

DEER technique. Based on the typical 〈𝑅ee$ 〉
*
! values measured by DEER (approximately 3 

nm), roughly 15% of the P(Ree) distribution for the 20-mer sequences should lie outside of the 

range accessible to DEER, reducing the technique’s ability to resolve differences in 〈𝑅ee$ 〉
*
!. 

Nonetheless, the general agreement of the shorter sequences with the 38-mers suggests that 

they can still provide basic information relating sequence to chain shape for future 

development of coarse-grained simulation models. 

While atomistic simulations provide high resolution, they are prohibitively expensive for 

screening large design spaces for new, non-intuitive sequence designs. Bead-spring models 

by contrast are computationally inexpensive, even for long chains or multi-chain systems, but 

lack chemical information, making them difficult to relate to real materials. Coarse-grained 

models offer a compromise between cost and atomistic resolution, yet it is not currently 

understood what level of resolution is required to accurately model monomer sequence 

effects. To better understand this trade-off, a bead-spring model capturing the main interaction 

forces (hydrophobic attractions) is used to simulate the 20-mer and 38-mer sequences. 

Simulations from the bead-spring model reflect trends in 〈𝑅ee$ 〉
*
! due to changes in chain 

length, hydrophobic fraction, and sequence patterning effects. As seen in Figure 2.6, there 

exists a general positive correlation between the experimentally measured 〈𝑅ee$ 〉
*
! and those 

calculated from the simulation. The 38-mers all possess larger average values than the 20-

mers. The “0H” to “4H” series (represented as diamond symbols) and the 38-mer patterned 
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sequences (circle symbols) are also correlated. However, experiments show small differences 

in 〈𝑅ee$ 〉
*
! among 20-mer patterned sequences that are not predicted by simulation.  The 2 nm 

lower cut-off intrinsic to the DEER technique likely accounts for some of the deviation 

between the model and experiment for the shorter patterned polypeptoids, while extending 

sequences to 38 monomers largely overcomes this limitation.  From the computational side, 

variations in chain stiffness not captured in the model may also contribute to differences in 

〈𝑅ee$ 〉
*
!.  While unable to resolve the most nuanced sequence effects, this simplistic model 

demonstrates a baseline of conformational resolution that predicts compositional and 

sequence effects well.  We expect that incorporation of some atomistic detail through coarse-

grained MD simulations will further improve predictions to enable nuanced, high throughput 

screening of vast sequence spaces.  

 

Figure 2.6. Low-cost bead model predicts conformational changes. 

Trends in 〈𝑅ee$ 〉
*
!  generally agree with experiment, partially replicating experimental results 

for the patterned sequences.  Because the model represents each monomer as a bead with size 

σ, computed 〈𝑅ee$ 〉
*
! are plotted in units of σ, rather than Å. 
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Measurement of the entire P(Ree) by DEER, rather than an average value, provides 

additional insights into the conformational ensembles as a function of polypeptoid sequence 

through analysis of higher order statistical moments of the distributions (e.g., width and skew).  

Due to the DEER cutoff, higher order moments are only calculated for the 38-mer 

polypeptoids, where an estimated 92% of P(Ree) is estimated to reside within the measurable 

range.163  Underlying variations in 〈𝑅ee$ 〉
*
!, the variance and skewness of the 38-mer P(Ree) are 

sequence-dependent (Figure 2.7). Here, the variance (distribution width) and skewness 

(distribution symmetry) are calculated as the second central and third standardized moments, 

respectively, from P(Ree) distributions above the 2 nm DEER cutoff. The variance is 

normalized by the first moment (distribution mean) squared to provide a size-independent 

metric of the distribution width. A positive skewness indicates a higher density of shorter 

conformations with a tail at higher Ree values.  Differences in variance between the sequences 

are small, consistent with the design that all of the polypeptoid ensembles studied here have 

significant disorder and hence access a similarly wide range of conformations. The measured 

variances are smaller than those computed from the excluded volume chain due to artificial 

reduction of the distribution width imposed by the DEER cutoff.  The presence and sequence 

of hydrophobic moieties cause the ensemble to skew substantially from excluded volume 

behavior previously observed for hydrophilic polypeptoids.87  In particular, the “ends” 

sequence shows the greatest skew because the hydrophobic chain ends give rise to a greater 

proportion of short Ree.  Shifting the position of the hydrophobic blocks closer to the center 

decreases skewness (“2B” and “mid”).  Increasing the number of hydrophobic blocks also 

brings the skewness closer to that of ideal excluded volume polymers. As the number of 

hydrophobic blocks increases, the block size decreases, yielding a more homogenous 
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composition among each blob along the backbone. The decreasing skewness toward the 

excluded volume model limit hence provides experimental evidence of an upper limit on the 

level of sequence complexity that can tune chain shape of disordered polymers, where 

sequence features smaller than the polymer blob size become averaged out by neighboring 

residues. The blob size of disordered polypeptides has been estimated to be 5-7 residues, 

which reasonably matches the length scale over which the patterned polypeptoid sequences 

become more ideal.164 This study observes conformational differences between polypeptoid 

sequences of equivalent overall composition, indicating an expected, but previously difficult 

to observe, sequence-induced deviation from Flory theory.149   

 

Figure 2.7. Measurement of full P(Ree) enables analysis of higher order moments. 

(a) Polymer conformations are often characterized in terms of average quantities such as Rg 

and 〈𝑅ee$ 〉
*
!.  For the 38-mer sequences considered here, 〈𝑅ee$ 〉

*
! is shortest when hydrophobes 

are placed at both ends (“Ends”), longest when all hydrophobes are placed at the center of 

the polymer chain (“Mid”), in between the two extremes when the hydrophobes are 

distributed into blocks (“2B” to “12B”).  (b)  Distribution variances show small sequence 

effects, and all are lower than that predicted for excluded volume chains, due in part to the 

lower limit of the DEER technique falling at 2nm.  (c)  Sequence more strongly impacts 

skewness with decreasing the block size of evenly distributed blocks (“2B” to “12B”) 

generally leading to less positive skewness. 
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2.5 Conclusions 

This study demonstrates that control over polypeptoid conformational ensembles can be 

achieved through precise monomer sequence patterning.  Measurement of P(Ree) and 〈𝑅g$〉
*
! 

reveals that both chain composition and exact hydrophobe placement create deviations from 

classical polymer theory.  Initial results agree qualitatively with theories and experimental 

observations of BAB triblock copolymers155 and hydrophobic self-associating polymers165 in 

selective solvents but demonstrate new capabilities for characterizing more complicated 

sequence-defined polymers. Past studies have been limited by indirect measures of chain 

conformation (e.g., viscometry) as well as poor sequence precision and high dispersity. The 

workflow presented here that relies on direct measurement of the full Ree distribution by 

DEER overcomes these issues while generalizing to arbitrary sequence complexity. The low-

cost computational model presented here produces trends that generally match experimental 

results, predicting both the compositional and patterning effects on chain conformations. This 

demonstrates the potential of high-throughput models to screen and predict sequence-encoded 

properties and motivates further development of coarse-grained models to improve resolution 

in nuanced sequence effects. Together, this work moves beyond analysis of averaged scaling 

laws to provide a powerful approach for elucidating sequence-structure relationships of 

synthetic polymers.  Such capabilities are necessary for achieving chain shape design rivaling 

the structural complexity of proteins.  

2.6 Acknowledgements 

The polymer synthesis and characterization were supported by the National Science 

Foundation under Grant No. 2203179 (SDM, AJD, RAS) leveraging facilities and expertise 

from the BioPACIFIC Materials Innovation Platform of the National Science Foundation 



 

 48 

under Award No. DMR-1933487 (MWB).  Development of the DEER technique and 

computational model was supported by the Center for Materials for Water and Energy 

Systems (M-WET), an Energy Frontier Research Center funded by the U.S. Department of 

Energy, Office of Science, Basic Energy Sciences under Award #DE-SC0019272.  SDM and 

SJ acknowledge support from the National Science Foundation Graduate Research Fellowship 

(DGE 2139319, DGE 1650114).  AJD acknowledges support from the Department of Defense 

through the National Defense Science & Engineering Graduate (NDSEG) Fellowship 

Program.  SH thanks the National Institute of General Medicine grant (R35GM126411) for 

support.  We also thank Dr. Xiangxi (Zoey) Meng for optimizing the polypeptoid 

submonomer method for 2-CTC resin.  

  



 

 49 

2.7 Appendix 

Table 2.1. Polypeptoid sequence names, lengths, monomer order, and theoretical 

molecular weight. 

Label Chain 
Length 

Sequence Theoretical 
MW (g/mol) 

0H 20 TP18T 2555 

1H 20 THP16HT 2647 

2H 20 TH2P14H2T 2739 

3H/Ends 20 TH3P12H3T 2831 

Mid 20 TP6H6P6T 2831 

4H 20 TH4P10H4T 2923 

AB 20 TP12H6T 2831 

2B 20 TP2H3P8H3P2T 2831 

3B 20 T(P2H2P2)3T 2831 

6B 20 T(PHP)6T 2831 

1+5 20 THP12H5T 2831 

0H 38 TP36T 4626 

Mid 38 TP12H12P12T 5180 

Ends 38 TH6P24H6T 5180 

2B 38 TP4H4P16H4P4T 5180 

3B 38 T(P4H4P4)3T 5180 

6B 38 T(P2H2P2)6T 5180 

12B 38 T(PHP)12T 5180 

1+5 38 TH2P24H10T 5180 
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Figure 2.8. DEER time domain signal for 0H 20-mer. 

Example of raw DEER time domain signal (left) and background corrected signal with fit 

(right) for the 0H 20-mer peptoid. 

 

Figure 2.9. DEER time domain signal for 0H 38-mer. 

Example of raw DEER time domain signal (left) and background corrected signal with fit 

(right) for the 0H 38-mer peptoid.  
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Chapter 3 – Measurement of Polymer End-to-end 

Distances Near the Lower DEER Cut-off 

3.1 Abstract 

Electron paramagnetic resonance enables determination of polymer conformations by 

measurement of intramolecular distances between two spin labels.  In particular, double 

electron—electron resonance (DEER) spectroscopy is capable of measuring distributions of 

distances in the range of 20-80 Å.  Many intramolecular distance distributions, however, 

extend below this sensitivity range.  This work utilizes monodisperse polypeptoids with 

simulated conformational landscapes to determine how to interpret DEER measurements 

taken in this borderline distance regime.  While DEER systematically overestimates label-

label distances, trends obtained by DEER generally reflect those obtained by simulation, even 

when most distances reside below the DEER accessible range.  
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All synthesis was performed by Shawn Mengel (Segalman group).  Daniela Rivera 

Mirabal (Shell group) performed all molecular dynamics simulations.  

3.2 Introduction 

Polymer chain conformation is central to the performance of both biological and synthetic 

polymers.  Proteins, for example, fold into secondary structures capable of carrying out unique 

processes, such as phototropin light switches.54  A protein’s unique structure is encoded into 

the primary sequence of amino acid monomers that make up its polymer chain and changes 

in this sequence often lead to changes in protein folded structure.  In the case of phototropin 

light switches, mutations have been engineered into the protein monomer sequence to fine-

tune the switching range of the Jα-helix.55, 56  While relationships connecting protein sequence 

to folded structure are well developed and often predictable for structured proteins,57-59 

intrinsically disordered regions remain challenging to predict and engineer.166  Furthermore, 

generalization of protein-derived design rules to other polymer systems is challenging due to 

differences in backbone and side chain chemistry.  As some level of disorder is intrinsic to 

most polymer systems, identifying relationships between polymer chemistry, chain 

conformation, and resulting functionality relies on developing generalizable methods for 

characterizing ensembles of polymer chain conformations.  

Critically, recent advances in the synthesis of sequence-defined polymers have drastically 

increased the ability to produce materials with uniform chemical composition, thus 

simplifying identification of chemistry effects on polymer conformation and functionality.133, 

142  Sequence-defined polymers are characterized by precise control over the chemical identity 

of each monomer in the polymer chain, often resulting in nearly monodisperse materials.  
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Because function is enabled by structure, achieving protein-like control over polymer 

conformation could yield synthetic materials with functionalities akin to proteins while 

retaining the processing and scalability advantages of synthetic polymers.127, 128  Identifying 

just what polymer to make for a given application, however, will rely on development of 

fundamental design rules connecting polymer chemical structure with conformation.   

Central to determining how to control polymer conformation is the need for a method to 

measure conformational changes.  Uniform protein structures are classically determined by 

X-ray diffraction,167 but uncrystallized, non-uniform polymer conformations are not 

accessible by this method.  At the other end of the spectrum, traditional measures of synthetic 

polymer conformation include metrics such as the radius of hydration, hydrodynamic ratio, 

and globularity obtained by small angle neutron scattering,82, 83 small-angle X-ray 

scattering,81, 82 and static light scattering.80  These techniques often rely on model parameters 

and have a resolutions around 1-2 nm that are inadequate for capture minor conformation 

changes, especially for short polymer chains.82  Furthermore, classical methods for defining 

chain conformation produce average quantities that may not capture nuanced shifts in 

conformational landscapes. 

Label-based methods such as single molecule fluorescence resonance energy transfer 

(smFRET) and double electron-electron resonance (DEER) offer an intriguing route to 

provide detailed characterization of disordered systems.88, 107  These techniques measure 

distances between experimental probes installed on polymer chains.  Controlling spin probe 

locations enables measurement of well-defined intramolecular distances and, critically, the 

distribution of these distances.  Of these methods, DEER is advantageous because it utilizes 
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smaller labels, probes far more molecules, and relies on fewer assumptions during data 

processing.89-92  

DEER is a pulsed electron paramagnetic resonance (EPR) technique capable of measuring 

distributions of distances in the range of 20 and 80 Å between two spin labels on a 

macromolecule (Figure 3.1). 88, 108  While historically used to measure narrow distance 

distributions within structured biomacromolecules, application of DEER to less ordered 

systems such as intrinsically disordered proteins and polymers is being developed with great 

potential.87, 95-106  One challenge of applying DEER to disordered polymer systems is that 

distance distributions may extend above or below the DEER accessible range.  

 

Figure 3.1. EPR techniques measure intramolecular distances.   

Cw-EPR and DEER can measure distributions of distances between two spin labels, in this 

case end-to-end distances (Ree).  While cw-EPR utilizes dipolar broadening that does not 

occur past 2 nm, DEER uses microwave pulses to manipulate local magnetic fields and is 

sensitive to longer distances.  Fully atomistic simulations offer the potential to draw 

connections between both experimental techniques to access the fully end-to-end distance 

distribution P(Ree).  

Another EPR technique, continuous wave EPR lineshape analysis, uses changes in 

lineshape broadening due to dipolar interactions to measure intramolecular distances in the 

range of 8-17 Å.108, 115  Together, cw-EPR and DEER provide an extended range of sensitivity, 
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~8-80 Å.   Consequently, combination of these techniques can accurately reflect intermediate 

distances.108  Achieving the highest accuracy in this borderline region requires advanced data 

processing and EPR experience,108 but EPR-based measurements are becoming increasingly 

accessible to users without extensive quantum mechanical backgrounds.  Software packages 

such as DeerLab,103 LongDistances,159 and ShortDistances116 have drastically lowered the 

barrier to entry and can implement advanced processing workflows.  As access to EPR 

spectroscopy experiments increases, relatively simple workflows, sometimes with qualitative 

outcomes, may be more feasible for many users with recognition of the limitations of such 

analysis.  Such simplified methods have already showed utility, such as revealing differences 

in polymer stiffness based on backbone identify.95  Understanding what we can learn from 

simple analysis of EPR experiments for materials that span both cw-EPR and DEER regimes 

will help enable characterization of broad polymer conformational landscapes.   

This study combines DEER and cw-EPR experiments with fully atomistic molecular 

dynamic simulations to determine the potential of combining EPR-based techniques to access 

full conformational landscapes of broad distributions.  Polypeptoids with precisely controlled 

length, but disordered conformations, serve as a model platform to examine the applicability 

of DEER and cw-EPR lineshape analysis in measuring broad conformational landscapes that 

extend well outside the ideal range of each technique.  In particular, hydrophilic polypeptoids 

with 6, 8, 14, and 20 monomers (H series, Figure 3.2) provide an example of a relatively 

simple homopolymer.  A second amphiphilic series (A series) incorporates hydrophobic 

moieties on both ends of each sequence.  All sequences contain a nitroxide spin label as the 

first and last monomer to enable measurement end-to-end distances.  Comparison of P(Ree) 

obtained by cw-EPR, DEER, and MD simulations reveal that DEER better represents trends 
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in conformation than cw-EPR and suggests its utility even in materials that largely extend 

below the lower limit of sensitivity.  

 

Figure 3.2. Polypeptoids span a range of backbone lengths with near monodispersity. 

This study focuses on polypeptoids with precisely defined length and monomer order that span 

lengths from 6 to 20 monomers.  The “H” series is fully hydrophilic while the “A” series is 

amphiphilic.  All polypeptoids include nitroxide spin labels on both ends that are ideal for 

electron paramagnetic resonance spectroscopy experiments.  

3.3 Methods 

DEER measurement of P(Ree) 

P(Ree) are measured for polypeptoids dissolved in 37.5/37.5/30 v/v/v D2O/d-THF/d-

glycerol at a concentration of 140 µM.  This concentration and solvent composition prevents 

polypeptoid aggregation and preserves polypeptoid conformation upon freezing.  About 30 

µL of solution is loaded into a 3 mm OD, 2 mm ID quartz tube and flash frozen in liquid 

nitrogen.  Samples are maintained at 60 K using a Bruker/ColdEdge FlexLine Cryostat (Model 
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ER 4118HV-CF100).  DEER experiments are conducted using a Bruker QT-II resonator with 

a pulsed Q-band Bruker E580 Elexsys spectrometer with an Applied Systems Engineering, 

Model 177 Ka 300 W TWT amplifier. A standard four pulse DEER sequence is applied to all 

samples: πobs/2- τ1-πobs-(t-πpump)- (τ2-t)-πobs- τ2-echo where πobs is the observer pulse, πpump is 

the pump pulse, t is the delay before the pump pulse, and τ1 and τ2 are pulse spacings.  Optimal 

observer pulse lengths are determined by nutation experiments (~10 ns for 90 pulses and ~20 

ns for 180 pulses).  The linear chirp πpump frequency width is set at 80 MHz and its duration 

at 100 ns, while πobs is 90 MHz above the center of the pump frequency range.  Artifacts from 

electron spin echo envelope modulation are suppressed by using a series of 8 τ1 values in 16 

ns increments. τ2 was set at 6 µs for all experiments.  All DEER experiments are signal 

averaged over at least 10 averages. “Model-free” Tikhonov regularization as executed by the 

LongDistances software159 is used to produce P(Ree) from the time-domain DEER data.  

Cw-EPR measurement of P(Ree) 

P(Ree) are determined by comparing the frozen cw-EPR spectra of singly and doubly 

labeled polypeptoids using the ShortDistances software.116  Polypeptoids are dissolved in 

37.5/37.5/30 v/v/v D2O/d-THF/d-glycerol at a concentration of 140 µM.   A sample size of 30 

µL is loaded into a 3 mm OD, 2 mm ID quartz tube and flash frozen in liquid nitrogen.  

Samples are maintained at 150 K using a nitrogen cryostat.  Dispersive EPR spectra are obtain 

using a Bruker EMXplus X-band EPR spectrometer equipped with a Bruker ER4119DM 

resonator.  All spectra are obtained using a fixed frequency of 9.8 GHz at 20dB, a modulation 

frequency of 140.0 kHz, and a modulation amplitude of 1.0 G.  All cw-EPR spectra are plotted 

in Figure 3.3. 
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Figure 3.3. Dipolar interactions broaden cw-EPR spectra. 

Low temperature cw-EPR spectra of doubly labeled polypeptoids (colored traces) are 

broadened compared to singly labeled polypeptoids (black traces) in both the (a) hydrophilic 

and (b) amphiphilic series.  Because broadening due to dipolar interactions is stronger for 

shorter distances and unobservable for distances above 17 Å, this effect is most pronounced 

for conformational landscapes which primarily reside below 17 Å. Consequently, 

polypeptoids composed of the smallest number of monomers, in this case the H-6 and A-6 

samples, show significant broadening compared to their singly labeled analogs. The longer 

samples considered (H-8, H-14, A-8, and A-14) produce less broadening because more of 

their P(Ree) extends above the observable dipolar broadening limit.    
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3.4 Results and Discussion 

To determine the efficacy of EPR methods for characterizing broad end-to-end distance 

distributions of short polymer chains, P(Ree) are measured for hydrophilic polypeptoids 

ranging from 6 monomers in length to 20 monomers in length via DEER, cw-EPR, and MD 

simulations (Figure 3.4a).  MD simulations can access the entire P(Ree), whereas DEER is 

sensitive to distance above 20 Å and cw-EPR lineshapes broaden in response to distances 

below this lower DEER cut-off.  Because of these experimental limitations, simulated P(Ree) 

most accurately represent the entire P(Ree) of these samples.  For all chain lengths considered, 

DEER overestimates the presence of long Ree while cw-EPR overemphasizes the presence of 

short Ree.  This result is expected because both techniques are only sensitive to one side of 20 

Å while the true distributions span either side of 20 Å.108  Increasing the polymer chain length 

from 6 monomers to 20 monomers shifts more of the P(Ree) above this cut-off, so DEER more 

accurately portrays longer polymers.  Cw-EPR, on the other hand, only reveals slight shifts in 

P(Ree) for the shortest polymer lengths considered.   

While at the surface neither cw-EPR or DEER can fully capture the conformational 

landscapes of polymers in their borderline region, more detailed analysis provides indicators 

of polymer chain shape.  Measures of trends in conformational landscapes reflect those 

predicted by MD.  For example, average end-to-end distances calculated from each 

distribution, 〈𝑅ee$ 〉
*
!, show excellent agreement in general trend between MD and DEER 

(Figure 3.4a).  In particular, both MD and DEER show that 〈𝑅ee$ 〉
*
! increases with chain length, 

as expected, but the exact distances are longer for DEER than for MD.  Overestimation of the 

〈𝑅ee$ 〉
*
! by DEER makes sense, given that this technique is insensitive to the distances below 
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20 Å that contribute substantially to the true conformational landscape.  〈𝑅ee$ 〉
*
! calculated from 

cw-EPR, however, show only slight changes with chain length, suggesting that DEER is better 

able to capture changes in broad distributions.  

Conformational landscape changes also drive observables not reflected in the P(Ree).108 

Specifically, P(Ree) are calculated from oscillations in the time-domain spectra, but the 

modulation depth of this signal depends on the fraction of the P(Ree) that falls within the DEER 

sensitive regime. Figure 3.4b plots background corrected time-domain data as well as the 

modulation depths of these spectra as a function of the portion of the MD P(Ree) that falls 

below the DEER cut-off.  Samples H-8, H-14, and H-20 follow the expectation that 

modulation depth decreases as the fraction of inaccessible spin-spin distances (Ree below 20 

Å) increases.  The shortest polypeptoid considered, H-6, has a deeper modulation depth than 

H-8 despite simulation predicting that more of the distribution will be inaccessible.  This 

inconsistency could be due to experimental factors such as imperfections in spin labeling or 

be a result of this relationship breaking down when the vast majority of expected distances 

fall below the DEER cut-off.   As a result, modulation depth can be a useful indicator of the 

relative proportions of the P(Ree) accessible to DEER but should be used in concert with 

simulation or other measures of conformation.  
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Figure 3.4. Multi-method characterization of polypeptoids that span the lower DEER 

cutoff. 

(a) The P(Ree) of fully hydrophilic polypeptoid are characterized by MD simulation, DEER, 

and cw-EPR for four chain lengths. While MD simulations capture the entire P(Ree), neither 

experimental technique is sensitive to the full ensemble.  DEER, however, better captures the 

increases in the average Ree due to chain contour length predicted by simulation.  (b) The 

modulation depths of time-domain DEER signals are sensitive to the number of spins being 

probed.  As a result, for similar sample environments with consistent labeling efficiency, 

signal modulation depths will be larger when more of the population is above the lower cut-

off of DEER.  Samples H-8, H-14, and H-20 follow this trend, but the shortest chain length 

considered, H-6, does not.  This suggests that modulation depth should be not relied upon 

when the vast majority of expected distances fall outside the DEER-resolvable range. For 

clarity, time-domain signals are truncated from 6 µs to 3 µs.   

Fully hydrophilic polypeptoids follow classical excluded volume scaling,87 but interest is 

increasing in co-polymers that deviate from classical scaling relationships, especially 

polymers with some level of sequence control.142  These polymers have the potential to 
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achieve protein-like functionality, but their development is limited by a lack of understanding 

of how to control polymer conformation.  To evaluate the potential of DEER to contribute to 

studies of short, multifunctional polypeptoids, we examined a series of amphiphilic 

polypeptoids (Figure 3.5).  These polypeptoid sequences increase in length and contain 

hydrophobes divided evenly between both ends.  As in the case of fully hydrophilic 

polypeptoids, the DEER P(Ree) shows better agreement with the simulated P(Ree) than cw-

EPR and this agreement improves as the distribution shifts to longer distances.  Also similar 

to the simpler polymers, trends in 〈𝑅ee$ 〉
*
! extracted from DEER agree with those from 

simulation.  While differences in modulation depth match the expected trend, these differences 

are minor.  Clearer differences in 〈𝑅ee$ 〉
*
! than in modulation depth suggest that 〈𝑅ee$ 〉

*
! may the 

more useful measure of conformation.   
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Figure 3. 5. Application of combined characterization approach to amphiphilic 

polypeptoids. 

 (a) The P(Ree) of amphiphilic polypeptoid of increasing length are characterized by MD 

simulation, DEER, and cw-EPR.  Average Ree extracted from DEER increases with chain 

length, as expected based on MD simulations, but distances determined by cw-EPR vary little. 

These results suggest that cw-EPR is of limited utility for systems in which a large portion of 

the P(Ree) extends above 1 nm.  (b) Modulation depths show less variation for the amphiphilic 

series than for the fully hydrophilic series despite covering similar distribution ranges.  These 

results suggest that interpretation of modulation depth as an indicator of the distribution 

portion below 2 nm is non-trivial.  Overall, trends in average Ree extracted from DEER are 

the most reflective experimental indicator examined here of trends in simulated distributions. 

For clarity, time-domain signals are truncated from 6 µs to 3 µs.   

3.5 Conclusions 

This work combines DEER and cw-EPR with MD simulations to characterize end-to-end 

distance distributions of monodisperse polypeptoid samples spanning a range of chain lengths 

and hydrophobic contents.  While DEER and cw-EPR together span the entire range of 
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possible end-to-end distances, trends in DEER better align with those observed by simulation.  

This suggests that qualitative trends in intramolecular distances extracted from DEER can be 

useful indicators of polymer conformation, even when the distance distribution falls primarily 

below the lower limit of DEER.  
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Chapter 4 – Design of Soft Materials with 

Rationally Tuned Water Diffusivity 

 

4.1 Abstract 

Water structure and dynamics can be key modulators of adsorption, separations, and reactions 

at soft material interfaces, but systematically tuning water environments in an aqueous, 

accessible, and functionalizable material platform has been elusive. This work leverages 

variations in excluded volume to control, and measure, water diffusivity as a function of 

position within polymeric micelles using Overhauser dynamic nuclear polarization 

spectroscopy. Specifically, a versatile materials platform consisting of sequence-defined 

polypeptoids simultaneously offers a route to control functional group position and a unique 

opportunity to generate a water diffusivity gradient extending away from the polymer micelle 

core. These results demonstrate an avenue to rationally design not only the chemical and 

structural property of polymer surfaces, but also design and tune the local water dynamics 

that, in turn, can adjust the local activity for solutes.   
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My Nguyen (Fredrickson group) performed all molecular dynamics simulations. This 

chapter was reproduced in part with permission from:  

DeStefano, A. J.; Nguyen, M.; Fredrickson, G. H.; Han, S.; Segalman, R. A. Design of 

Soft Materials with Rationally Tuned Water Diffusivity. ACS Central Science, 2023, 9 (5), 

1019-1024. DOI: 10.1021/acscentsci.3c00208. Copyright 2023 American Chemical Society.  

4.2. Introduction 

Equilibrium dynamics of hydration water mediate surface-solute interactions critical to 

sensing, catalysis, drug delivery, and advanced separations.  Underlying water dynamics is 

the strong correlation between water diffusivity and local water structure, as well as solvation 

thermodynamic properties.  Development of next generation functional materials for use in 

aqueous environments, therefore, necessitates the ability to design and tune surface water 

structure, dynamics, and thermodynamics.53, 126, 168, 169  While some progress has been made 

in using surface chemistry and geometry to tune surface water properties,169-173 the 

engineering of versatile surfaces capable of producing multiple water environments, i.e. with 

different water volume fraction, diffusivity and/or structure, that are readily accessible to 

solutes has not been achieved to date.  This study demonstrates that water diffusivities can be 

made to vary as a function of radial distance in the fully hydrated corona of polymeric 

micelles, suggesting that incorporating functionalities at specific points within polymeric 

chains may enable us to access a range of user-defined water properties. The ability to access 

multiple water conditions within one material system will enable precise engineering of 

specialized and even multifunctional waterborne materials.  

Bioinspired materials, much like enzymes, can offer a route to produce local environments 

capable of facilitating interactions or reactions that require an environment that is distinct from 



 

 67 

bulk water.  As one example, the amino acid L-proline catalyzes reactions that form carbon-

carbon bonds via aldol condensation,174 but the L-proline-catalyzed aldol condensation 

reaction is inactive in bulk water.  Only when proline is incorporated on the surface of 

hydrophobic pockets formed by collapsed single-chain polymers, can such reactions proceed 

in water.175  Critically, changing the chemistry of the hydrophobic monomers that line the 

folded hydrophobic pockets in which the reaction is carried out has been shown to tune the 

catalytic activity of L-proline while also decreasing the local water diffusivity.123, 175 Water 

structuring has been proposed to stabilize transition states in aldol condensation reactions, but 

studies of how the water environment of catalyst surfaces tune broader classes of catalytic 

processes are only beginning.175-179  Again, what is missing is a materials platform that allows 

access to multiple water environments, enabling a systematic investigation of water properties 

on catalytic processes.  In this study, we focus on spatially and systematically tuning the local 

water density and diffusivity within the same soft material system.  

Current theories suggest that the presence of a surface impacts water diffusivity by altering 

the governing hydrogen bond exchange mechanism in two ways.180, 181  Bond exchange slows 

near interfaces due to (1) the steric hinderance of interacting with the surface and (2) the 

strength of hydrogen bonds between water and the surface.180  This suggests that functional 

group position and chemistry on a surface or interface (or in this case within a polymer 

assembly) can tune local water diffusivity.  Discussions on the extent or size of the hydration 

shell and the degree to which water slows within it remain active.182  Differences in surface 

geometries, chemical compositions, and the sparsity of direct characterization techniques of 

hydration water make it highly challenging to generate a unified understanding of spatial 

variation of water properties with respect to materials or molecular surfaces.  It is generally 
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agreed that water within the first few hydration layers (< 1nm) diffuses slower than bulk water, 

but few experiments offer the spatial resolution required to measure how far perturbations 

extend from a given surface.183  The determination and tuning of an experimental profile of 

water dynamic relative to a hydrated surface has been, therefore, elusive.  

Here, polypeptoids serve as a class of model polymers in which the sequence of monomers 

and, therefore, functional group or experimental probe position can be controlled.134, 142    

Indeed, Zhang and coworkers recently showed that the incorporation of charged groups at 

specific locations in polypeptoid amphiphiles allows for exquisite control over aqueous 

micelle size and structure.136  Our incorporation of nitroxide radical-based spin probes enables 

the use of Overhauser dynamic nuclear polarization (ODNP), a magnetic resonance technique 

uniquely capable of mapping translational water dynamics with ~1 nm resolution.  ODNP 

uses saturation of the electron paramagnetic resonance (EPR) signal of the spin probe to 

transfer polarization from the electron spin of the spin probe to nearby 1H nuclear spins of 

water, and is described thoroughly elsewhere.118, 119  Briefly, transferring electron spin 

polarization to nearby nuclei and subsequent exchange with bulk water enhances the 1H 

nuclear magnetic resonance (NMR) signal of water. Because the polarization transfer requires 

direct and close interaction between the electron and 1H nuclear spin and the transfer 

efficiency depends on the relative speed of movement of 1H with respect to the electron spin, 

the signal amplification effect is exclusively due to the dynamics of water within about 1 nm 

of a spin probe.  Critically, site directed spin labeling enables ODNP to characterize water 

diffusivity near specific regions of complex surfaces under ambient conditions.  As a result, 

ODNP has, among other things, resolved spatial heterogeneities in protein hydration and 

demonstrated that changes in surface chemistry drive differences in surface water behavior 
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that impact protein and catalytic function.53, 120-123  ODNP has also been successfully 

employed to map out the hydration profile across a peptide amphiphile (PA) fibril cross 

section, but the different water environments resolved in the study were focused on the water-

depleted fibril interior, not the dynamic PA fibril surface accessible to interactions with 

various molecular constituents in solution.124 

Measuring how water properties transition between the surface and bulk water, however, 

remains difficult even with ODNP because it is highly challenging to control the spatial 

location of the spin probe relative to the surface of interest.  This study leverages the sequence-

specificity of polypeptoids to control spin probe position within micelles formed from 

amphiphilic polypeptoid chains, and therefore enables measurements of water dynamics as a 

function of radial position within the micelle.  Because the polypeptoid monomers are 

generally lacking in hydrogen bond donors (with the exception of a single monomer used to 

control micelle size), this model system allows hydrogen bond efficiency to be controlled by 

choice of side chain and, thereby, simplify polymer-water interactions to probe universal 

effects associated with polymer excluded volume.   

4.3. Experimental MethodsPolypeptoid Synthesis 

Micelle-forming polypeptoids with precisely placed nitroxide spin labels are synthesized 

using established methods on an automated Prelude peptide synthesizer.184 All polypeptoids 

are grown on a rink-amide resin (loading 0.62 mmol/g, 100 μmol scale). The resin is 

deprotected with 20% 4-methylpiperdine in dimethylformamide (DMF). Each monomer 

addition is then divided into two steps separated by DMF washes. All steps are performed at 

room temperature. The first a consists of bromoacetylation for 20 minutes with 1.2 M 

bromoacetic acid and 0.4 M N,N’-Dissopropylcarbodiimide in DMF. The second imparts 
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monomer functionality through incorporation of a primary amine (1 M in DMF) for 2 hours. 

A hydrophobic block of 5 monomers is first synthesized using N-decylamine (Ndc) followed 

by one monomer from N-methoxyethylamine (Nme) and one from β-Alanine tert-butyl ester 

(Nce). Finally, 18 monomers are incorporated from N-methyoxyethylamine. For each spin 

labeled sequence, a solution of 4-amino-2,2,6,6-tetramethylpiperidinyloxyl (Ntmp) is used 

rather than N-methoxyethylamine at the specified position with monomer one being the initial 

hydrophobic group. For example, sequence S-6 contains a spin label at position 6 rather than 

a methoxyethyl sidechain at the hydrophobic-hydrophilic interface.  Upon completion of the 

polypeptoid sequence, the polypeptoids are acetylated for 30 minutes in 0.4 M pyridine and 

0.4 M acetic anhydride. We note that formylation would likely be preferable to acetylation to 

prevent end group cleavage if it does not impact polypeptoid self-assembly.184-186  β-Alanine 

tert-butyl ester is purchases as a hydrochloride and extracted from ethyl acetate and basic 

water.  All other chemicals are used as received.  

A cocktail of trifluoroacetic acid : water : triisopropylsilane (95 : 2.5 : 2.5, v/v/v) is used 

to cleave polypeptoids from the solid support. After immersion in the cocktail for 2 hours, the 

resin is filtered and washed with dichloromethane. The collected solution is dried under 

vacuum and lyophilized from acetonitrile and water (1 : 1, v/v).  Because the cleavage process 

causes spin labels to disproportionate, polypeptoids are stirred in a 7 N ammonia in methanol 

: water (9 : 1, v/v) solution for 4-12 hours. The solutions is then removed by vacuum and the 

samples are lyophilized from acetonitrile and water (1 : 1, v/v).  This method does not 

regenerate all radicals, but enables sufficient labeling for EPR and ODNP experiments.  

To confirm the presence of the target compounds, polypeptoid samples are 

characterized with matrix-assisted laser desorption/ionization (MALDI) spectrometry and 
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high-pressure liquid chromatography (HPLC).  MALDI is done on a Bruker Microflex LRF 

MALDI TOF mass spectrometer. Alpha-cyano matrix is prepared in tetrahydrofuran. Matrix-

sample mixtures are spotted onto a polished steel MALDI target plate. Mass spectra are 

collected in positive reflectron mode. HPLC is done on a Waters Acquity H-class Ultra High 

Pressure Liquid Chromatography system.  All samples are dissolved in acetonitrile and water 

(1 : 1, v/v) with 0.1% formic acid and separated using a 50-100% acetonitrile gradient.  The 

detected wavelength is 214 nm.  

Table 4. 1. Polypeptoid sequences and molecular weights. 

Sample Sequence Calc (m/z) Found (m/z) Ion type 

Unlabeled Nme18NceNmeNdc5 3362.24 3363.6 [M+H]+ 

C6 Nme18NceNtmpNdc5 3457.38 3482.6 [M+Na]+ 

C8 Nme17NtmpNceNmeNdc5 3458.48 3481.1 [M+Na]+ 

C10 Nme15NtmpNme2NceNmeNdc5 3458.48 3481.2 [M+Na]+ 

C12 Nme13NtmpNme4NceNmeNdc5 3458.48 3482.3 [M+Na]+ 

C18 Nme7NtmpNme10NceNmeNdc5 3457.38 3482.0 [M+Na]+ 

C24 Nme1NtmpNme16NceNmeNdc5 3457.38 3481.2 [M+Na]+ 

C26 NtmpNme18NceNmeNdc5 3572.53 3597.3 [M+Na]+ 
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Figure 4.1. MALDI confirms presence of desired product. 

The dominant biproduct for most samples is a sequence in which the terminal monomer is 

removed during the peptoid cleavage process. 

 



 

 73 

 

Figure 4. 2. HPLC traces for labeled and unlabeled polypeptoids. 

Micelle AssemblyMicelles are prepared by suspending 5 mg/mL of polypeptoid in filtered, 

ultrapure water following the method described by Sternhagen et al.136 Fewer than one spin 

label chain, on average, is incorporated into each micelle to target a spin concentration of 100-

200 μM.  The pH is adjusted to 9 using sodium chloride.   

Hydrodynamic radii (Rh) are measured with light scattering to confirm that spin label 

incorporation does not change micelle size. All measurements are conducted at 20 °C at a 

concentration of 5 mg/mL using a Brookhaven Instruments BI-200SM goniometer with a 

scattering angle of 90°. The system utilizes a 500 mW dye-pumped solid state laser that 

operates at 532 nm. The unlabeled sample yielded a Rh of 33 nm while the C6 sample had a 

Rh of 30 nm. The Rh measured here are larger than those reported by Sternhagen et al.136 This 
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is likely due to differences in filtering protocols during sample preparation or the presence of 

small numbers of worm-like micelles (also reported by Sternhagen et al).  

Electron Paramagnetic Resonance (EPR) 

Spin label concentrations and spin label mobilities are measured via cw-EPR on micelle 

solutions prepared at a concentration of 5 mg/mL in water with spin concentrations of 100-

200 μM. A quartz round capillary tube of 0.60 mm inner diameter and 0.84 mm outer diameter 

is loaded with 3.5 μL of solution and sealed at one end with beeswax and at the other with 

Critoseal. The dispersive electron paramagnetic resonance (EPR) spectrum is obtained with a 

fixed frequency (9.8 GHz) at 20 dB, while the magnetic field is swept with a modulation 

frequency of 140.0 kHz and a modulation amplitude of 0.70 G.  Spin concentrations were 

obtained by double integration of the spectrum. Lineshape analysis is performed using the 

Multicomponent software187 to obtain rotational correlation times (𝜏>) for each sample. Cw-

EPR spectra and fits are shown in Figure 4.3.  
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Figure 4.3. Continuous-wave electron paramagnetic resonance. 

Raw cw-EPR spectra (black) and their corresponding fits (blue) for seven spin label positions 

within the polymeric micelles.  
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Overhauser Dynamic Nuclear Polarization (ODNP) 

ODNP experiments utilize samples as prepared for EPR.  Sample temperature is 

maintained at 18°C in the ER4123D dielectric resonator using a stream of compressed air. 

ODNP is performed at 0.35 T at a 14.8 MHz 1H Larmor frequency and at 9.8 GHz electron 

spin Larmor frequency using a home-built U-shaped NMR coil. An inversion-recovery pulse 

sequence acquires proton spin-lattice relaxation times (T1). Following the protocol described 

by Franck et al.,119 T1,0,0 is determined to be 2.37 for unlabeled micelles. Hydration parameters 

(T1,0, T1,0,0, 𝑘+, coupling factor (𝜉), the translational correlation time of water interacting with 

the electron spin by dipolar cross-relaxation (𝜏.-11), and 𝐷,-./,) are calculated from ODNP 

experiments using previously established methods implemented through the Python-based 

software package called dnpLab.125 In brief, the Overhauser effect causes an enhancement in 

NMR signal by saturation of the EPR signal by microwave irradiation. The electron-nuclear 

spin cross-relaxation rate, 𝑘+, is extracted from this saturation and combined with T1,0,0 to 

determine the self-relaxation rate (𝑘0). Dividing 𝑘+ by 𝑘0 yields 𝜉.  𝜉 is combined with the 

analytical form of the spectral density function using the force free hard sphere model to 

calculate 𝜏.-11.  Finally, the local water diffusivity within 1 nm of the spin probe is calculated 

using equation 1 where 𝜏.-11,34,5 is 𝜏.-11 for bulk water, 𝐷6!7 is the diffusivity of water, and 

𝐷89 is the diffusivity of the spin label. 

𝐷,-./, ≡
:"#$$,&'()
:"#$$

(𝐷6!7 + 𝐷89)   (Eqn. 1) 

Hydration parameters (T1,0, x, and Dlocal) are listed in Table 4.2 for each sample.  The 

environment of water can be estimated by 𝜏>?@@ and x .  
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Figure 4.4. Micelle hydration parameters. 

The buried, intermediate, or surface-like character of water is classified by the coupling factor 

(𝜉) and the translational correlation time of water interacting with the electron spin by dipolar 

cross-relaxation (𝜏>?@@). The dashed line represents the relationship between 𝜉 and 𝜏>?@@ as 

connected through the force-free hard sphere model at a field strength of 0.35 T.119 

Table 4.2. Hydration parameters (T1,0, x, and Dlocal) obtained via ODNP 

Hydration parameters obtained via ODNP for micelle samples with varied spin probe 

position. Standard deviations are calculated based on three experimental trials. 

Sample T1,0 x Dlocal [1010 m2/s] 

C6 1.77 ± 0.01 0.014 ± 0.001 2.05 ± 0.09 

C8 1.26 ± 0.01 0.028 ± 0.001 3.22 ± 0.06 

C10 1.67 ± 0.09 0.056 ± 0.014 5.15 ± 0.91 

C12 1.92 ± 0.06 0.053 ± 0.011 4.98 ± 0.75 

C18 1.93 ± 0.13 0.083 ± 0.029 6.96 ± 1.98 

C24 1.98 ± 0.08 0.081 ± 0.026 6.81 ± 1.71 

C26 2.03 ± 0.03 0.93 ± 0.016 7.61 ± 1.08 

4.4. Results and Discussion  

In this study, the hydrophobic core of a polymeric micelle serves as a model surface 

surrounded by a water-rich corona.  As shown in Figure 4.5a, spherical micelles are formed 

by amphiphilic polypeptoid chains containing hydrophobic and hydrophilic blocks, with the 
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hydrophobic block forming the dry core (pink in Figure 4.5) and the hydrophilic block 

spanning the hydrated corona (blue in Figure 4.5) of the micelle.   The ether-like hydrophilic 

side chain is suitable for probing excluded volume effects because, despite containing one 

hydrogen bond acceptor, the side chain has shown very similar impacts on water behavior as 

those induced by nonpolar polypeptoids, suggesting inefficient hydrogen bonding.126  The size 

of the micelle (in water at an adjusted pH of 9) can be further adjusted via the position of a 

single charged peptoid monomer within the sequence (light blue star in Figure 4.5) whose 

position is controlled by sequence specific polypeptoid synthesis.136 In this work, the position 

of the charged peptoid monomer is held fixed to produce consistently sized micelles.  To map 

water properties near the surface, we functionalize approximately one polypeptoid per micelle 

with a nitroxide spin label whose position is also precisely defined during synthesis (yellow 

star in Figure 4.5b).  The position of the spin labeled monomer in terms of distance from the 

hydrophobic micelle core is determined by coarse-grained molecular dynamics (MD) 

simulations (Figure 4.6).  The local water diffusivity near the specific spin probe within the 

micelle is measured via ODNP to determine how water properties vary with distance from the 

hydrophobic micelle core surface.   
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Figure 4.5. Sequence-defined polypeptoids enable spatial mapping of polymer and 

water properties. 

(a) Polypeptoids containing a hydrophobic 5-mer block and a hydrophilic 20-mer block self-

assemble into spherical micelles. (b) Approximately one polypeptoid with a paramagnetic 

spin label is incorporated into each micelle. Precisely controlling spin label position within 

the polypeptoid chain enables characterization of average segmental motion and local water 

dynamics throughout the micelle. 
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Figure 4.6. Distributions of monomer position relative to the micelle core (R – Rcore) are 

determined by coarse-grained MD simulations. 

Distributions are plotted for each hydrophilic peptoid monomer where C6 refers to the first 

hydrophilic monomer at the hydrophobic/hydrophilic transition and C25 represents the 

terminal hydrophilic monomer. The darker blue distributions represent distinct monomer 

positions within the polypeptoid chains at which local water dynamics are measured by 

ODNP. Because C26 utilizes a spin label attached to the hydrated chain end, C25 is used as 

an approximate position. 

Combining knowledge of the position of the spin label within the micelle corona with 

sequence-controlled synthesis and ODNP experiments allow us to map out the water 

diffusivity gradient in the micelle corona.  Specifically, local water diffusivities (Dlocal) are 

measured at seven distinct monomer positions.  The measured local water diffusivities, Dlocal, 

normalized by the measured water diffusivity near the core, Dcore, are plotted as a function of 

distance from the hydrophobic surface in Figure 4.7. The most dramatic retardation in water 

diffusivity occurs within about 1 nm of the hydrophobic micelle core surface.  Beyond 1 nm, 

but still within the corona, water translational diffusivities are observed to reduce to about 1/3 

of that of bulk water.  Figure 4.7 divides the corona into 3 regions (indicated in different 

shades of blue), based on ODNP hydration parameters from prior studies (Figure 4.4).119  This 
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comparison suggests that water closest to the micelle core interacts strongly with the polymer 

chains, similar to buried water in polymers, proteins, and lipid vesicles.  In contrast, water 

closest to the outside of the micelles shows surface-like water behavior, while water in 

between the two regimes exhibits intermediate dynamic characteristics.  Previous studies also 

observed retarded water diffusivity near polymeric macromolecules and more extended soft 

surfaces,53, 123, 126, 188 but spatially resolving water dynamics relied on the 3D structure of a 

protein scaffold and was never done as a function of distance from a surface within fully water 

accessible volumes. 
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Figure 4.7. Water diffusivity is experimentally mapped throughout the micelle corona 

using seven distinct spin label positions. 

Dlocal is slowest within about 1 nm of the hydrophobic surface and approaches a diffusivity 

about 1/3 of bulk water towards the outside of the corona.  Water diffusivity correlates more 

closely with water volume fraction (< 𝜙ABC*@ >	) within the corona than with distance from 

the surface. This suggests that excluded volume predicts water behavior near non-polar 

hydrophobic surfaces (hydrophobic micelle core here).  The average distance from the core 

is calculated by coarse-grained MD simulations and the average water volume fraction is 

calculated by < 𝜙ABC*@ >	= 	1	 − 	𝜙D?EFG*@	(< 𝑅 >).  The diffusivity of bulk water is 

obtained from ref 119.  Dark blue shading represents water with buried character, while light 

blue shading denotes surface-like behavior. 

Because both the micelle core and corona consist almost entirely of monomers that do not 

efficiently hydrogen bond, universal polymer brush physics are assumed to describe water 

behavior.  Figure 4.7 uses the volume fraction of water (𝜙I/JK1) as a proxy for the local 

environment because 𝜙I/JK1 will increase as 𝜙L-,MNK1 decreases with distance from the 

micelle core.  The radial distance from the center of the micelle core (R) relates to the polymer 

volume fraction (𝜙L-,MNK1) at a given point within the corona of charge-neutral block 

copolymer micelles by Equation 4.1, 189-191   
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𝜙L-,MNK1(𝑅) ≅ (√P
B	

Q
Q"#$+

)R
,-.*
/    (Equation 4.1) 

For polypeptoid micelles bearing a single ionic group per chain, Sternhagen et al. found 

that the model shown in Eqn. 1 works well to describe corresponding neutron scattering data. 

Here we employ Eqn. 1 to relate distance from the hydrophobic micelle surface within the 

corona to water volume fraction,  𝜙I/JK1(𝑅) = 1 -	𝜙L-,MNK1	(𝑅).  The specific parameters 

selected are Rcore=1.8 nm (radius of the core) and s =3.1 nm2 (interfacial area per polymer 

chain).136  The Flory exponent, 𝜐, is equal to 3/5 under good solvent conditions and the 

monomer size, a, is taken as 0.37 nm for polypeptoids in trans-amide conformations.135   

When correlating the so obtained water volume fraction, 𝜙I/JK1, with the retardation of 

the ODNP-derived water diffusivity, Dlocal/Dcore, we found a linear dependence as shown in 

Figure 4.7, validating our hypothesis that the excluded volume inside the hydrated micelle 

corona closely correlates with local water diffusivity.  Our finding is consistent with previous 

observations that protein hydration water diffusivity correlates with excluded volume near 

hydrophilic sites.53  This result suggests that enthalpic interactions between water and the 

polymer chains in polypeptoid micelles devoid of efficient hydrogen bond functionality is not 

the sole determinant of the water diffusivity gradient.  Rather, steric effects play key roles in 

the inefficiently hydrogen bonding systems studied here.  Consequently, changing the 

geometry of polymer assemblies and surfaces, such as by moving the charged monomer 

location in the corona of our material system to make larger micelles, will likely alter the 

range and location of accessible water environments.  We expect that variation of polypeptoid 

chemistry to include specific interactions such as efficient hydrogen bonding or charged 

residues will impose further alterations in the water diffusivity landscape with respect to the 

micelle core surface.  Nonetheless, our study demonstrates that proximity to a surface can be 
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employed to systematically and significantly tune water diffusivity, and so the water 

environment within water accessible locations in the micelle corona.  

Because changes in water motion are often underpinned by variations in water structure,183 

confinement may cause differences in water structuring that most likely underpin water’s 

reduced mobility near the hydrophobic surface.  The structure of interfacial water balances 

packing forces with maximizing the number of hydrogen bonds, and has been proposed to 

form “dangling bonds” in which one bonding group orients towards the hydrophobic surface 

rather than interacting with nearby water molecules.192  Because the polypeptoids used in this 

study do not hydrogen bond efficiently, the first hydration layer cannot form efficient 

hydrogen bonds with the surface and instead may reorient to form dangling bonds.  

Alternatively, water that do not efficiently bond to the polypeptoid surface may engage in 

stronger lateral interactions with neighboring water molecules, forming what has been 

introduced as a “wrap” water network in recent literature.193  Differences in water orientation 

and packing influenced by interactions with nearby surfaces and chemical functionalities have 

been shown to consequently alter the water density and tetrahedrality that are descriptors of 

water structural property.182, 183, 194  Indeed, molecular dynamics simulations predict increased 

water tetrahedrality with increasing hydrophobicity near single chain polypeptoids, i.e. small-

scale hydrophobic sites below 1 nm,  that has been shown to correlate with slowed local water 

diffusivity.126 Furthermore, water with slowed local water diffusivity and increased 

tetrahedrality has also been shown to correlate with lower water entropy,126, 183, 195-198 and 

hence can be exploited to tune solute-surface interaction. 

Understanding how water diffusivity varies spatially necessitates knowledge of where 

each monomer, on average, is positioned.  This study utilized coarse-grained molecular 
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dynamics simulations to estimate distance from the core, while EPR may provide an 

experimental tool to approximate relative spin label position.  In addition to probing water 

properties with ODNP, spin labels enable polymer mobility mapping within assemblies by 

continuous wave EPR (cw-EPR).199  Lineshape analysis of cw-EPR spectra can be used to 

extract the rotational correlation time (𝜏.) of spin probes that correspond to the time that the 

probe loses correlation to its initial orientation due to rotational motion.200  In the case of spin 

probes incorporated directly into the polypeptoid backbone, 𝜏. is expected to reflect site-

specific polymer segmental mobility.201, 202   Normalized 𝜏.’s plotted in Figure 4.8 

demonstrate that mobility is most hindered closest to the micelle core, as expected.  In fact, 

the monomer distance from the micelle core derived from MD simulation scales linearly with 

𝜏.  determined from cw-EPR lineshape analysis.  Hence, cw-EPR provides a valuable 

experimental method to determine the relative position of the spin label from a surface within 

water accessible volumes.   
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Figure 4.8. Spin label mobility serves as a proxy for distance from the surface. 

Monomer distance from the micelle core (calculated by coarse-grained MD simulations) 

correlates linearly with the rotational correlation time (𝜏>) of EPR spin probes at seven spin 

label positions.  Because spin probes are incorporated into the polymer backbone, changes 

in rotational correlation times are expected to reflect changes in segmental motion. Close to 

the micelle core, polymer chains are highly hindered (large 𝜏>) due to dense packing in the 

core, while more water rich regions experience higher mobility (short 𝜏>).  For each spin 

label position, 𝜏> is normalized to the range between the largest (edge of core, 𝜏>,>?@*) and 

shortest (hydrophilic chain end, 𝜏>,S$=) 𝜏>. 

4.5. Conclusions 

In this study, we demonstrate that variations in excluded volume within a micellar corona 

can be utilized to tune the translational water diffusivity to by up to a factor of 4 by combining 

sequence-defined polypeptoids capable of precisely defining functional group position with 

ODNP.  Local water diffusivity slows dramatically in the immediate vicinity of a hydrophobic 

surface, but rapidly doubles within a distance of approximately 1 nm, likely due to increased 

free volume driving changes in water structure.  This study showcases that controlling the 

proximity of functional groups to a surface offers a promising route to tuning material 
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interactions with aqueous solutes for applications ranging from catalysis to water purification.  

Functional handles, such as proline that can catalyze aldol condensation reactions, can be 

readily incorporated into polypeptoids, making them an intriguing platform for probing the 

effect of local water environments on material performance, such as catalytic activity.   
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Chapter 5 – Sequence-defined Polymers as a 

Platform to Tune Catalytic Activity 

 

5.1 Abstract 

Polymeric supports create of hydration environments that enable selective solute interactions, 

such as catalysis.  Current methods for designing polymeric supports result in statistically 

distributed functional groups.  Sequence-defined polymers enable precise control over 

functional group position, thereby offering an opportunity to determine the potential benefits 

of finer synthetic control.  This study utilizes a series of polypeptoid micelles with precisely 

defined catalyst positions to access multiple hydration environments within a single polymeric 

assembly. Our results demonstrate that catalyst position can be used as a tool to tune catalytic 

activity and provide design guidance for polymeric supports.  
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5.2 Introduction 

Polymer-based catalyst carriers are advantageous for enabling reactions in water, in part 

due to their ability to create compartmentalized water environments in which water diffusivity 

and structure differ from bulk water.123, 203, 204  These materials take inspiration from enzymes 

that leverage their often well-defined three-dimensional structures to facilitate selective solute 

interactions.  Two of the main approaches for creating such water compartments with 

synthetic polymers are manipulating the conformations of single polymer chains (single chain 

nanoparticles)175, 205-210 and incorporating multiple polymer chains into assemblies such as 

micelles.211-218  Resulting “compartments” or “pockets” provide shielding and stabilization 

benefits as well as increasing the local concentration of reactants with poor solubility in 

water.203   

While enzymes gain their functionality from precisely defined amino acid sequences, 

current polymer catalysts largely make use of co-polymers in which the position of each 

monomer type is controlled statistically.  Such synthetic methods result in disperse polymer 

ensembles with chain-to-chain variations in molecular weight, monomer composition, and 

monomer arrangement.  Precision polymers with readily controlled monomer arrangement 

and molecular weight could be transformative for advancing polymeric catalysts. Use of 

sequence-defined polymers, however, has been limited due to the challenge of synthesizing 

these materials on sufficient scales.205  One class of sequence-controlled polymers, 

polypeptoids, presents a particularly viable model platform for catalyst development by 

coupling the scalability and processability of synthetic polymers with the monomer sequence 

control so crucial to many biological materials.48, 142, 184   
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Choosing where and how to incorporate catalytic moieties is of central importance to 

polymer catalyst design.  In the case of single chain nanoparticles, catalytic functional groups 

are typically statistically distributed along the polymer backbone.175, 205-210  For assemblies 

based on co-polymers, the catalyst is usually incorporated non-covalently into hydrophobic 

domains216-218 or co-polymerized with one block.211-215  More precisely controlling functional 

group position could improve catalyst performance and versatility.  Tandem catalysis, for 

example, has been realized in polymeric micelles by separating two types of catalysts into the 

hydrophilic (corona) and hydrophobic (core) polymer domains.219-221   

The effects of functional group position beyond simply hydrophilic or hydrophobic 

domains on polymer-solute interactions remain an open question.  Does specific functional 

group position within a given domain matter?  Differences in hydration environment impact 

catalytic activity123 and polymer assemblies can access a range of water environments,124, 222 

suggesting the potential impact of precisely placing catalytic moieties.  The water-rich corona 

of a polymeric micelle, in particular, spans a range of hydration water diffusivities that 

correlates with changes in water volume fraction throughout the corona cross-section.222   

This study makes use of nearly monodisperse, sequence-defined polypeptoids to test the 

effect of catalyst position within the corona of polymer micelles on catalyst performance.  The 

polypeptoid system used here consists of a 5-mer hydrophobic block (pink in Figure 5.1) and 

a 20-mer hydrophilic block (blue in Figure 5.1).  These block sizes drive polymer self-

assembly into micelles in water.  The sequence-specificity of polypeptoids enables facile 

incorporation of catalytic piperidine side chains at user-defined locations (yellow star in 

Figure 5.1).  Specifically, seven samples are prepared in which piperidine takes the place of 

one of the inert hydrophilic monomers.  These catalyst positions within the polymer chains 
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correspond to a range of locations and hydration environments within the micelle corona, thus 

probing the effect of catalyst position on catalytic performance.  

 

Figure 5.1. Catalyst-loaded polypeptoid micelles. 

Polypeptoids containing hydrophilic (blue) and hydrophobic (pink) blocks self-assemble to 

form micelles in aqueous solution.  To test the effect of catalyst location within polymeric 

assemblies on catalytic performance, the position of one catalytic monomer (yellow star) is 

shifted within a series of micelle-forming polypeptoids.  Sample S-06 refers to the sequence 

in which a piperidine functionality is installed at the hydrophilic/hydrophobic interface 

whereas in S-26 the piperidine monomer is located at the other end of the hydrophilic block 

(furthest from the hydrophobic block).  
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5.3 Methods 

Polypeptoid synthesis and purification 

Polypeptoids with precisely defined catalyst positions are synthesized using a step-wise 

method implemented on an automated Prelude synthesizer.184  All chemicals are used as 

received.  Rink amide resin (loading 0.62 mmol/g, 100 μmol scale) is used as a substrate. A 

20% 4-methylpiperidine in dimethylformamide (DMF) solution is used to deprotect the resin 

immediately prior to polymer synthesis.  After deprotection, each monomer addition is 

separated into two self-limited reactions separated by DMF washes to attain sequence control.  

The first half reaction is bromoactylation with 0.6 M bromoacetic acid and 0.6 M N,N’-

Dissopropylcarbodiimide (DIC) in DMF for 20 minutes.  Bromoacetylation is repeated after 

the bulky hydrophobic monomers to improve reaction yield.  Monomer functionality is then 

defined by incorporating an amine (1 M in DMF).  The hydrophilic block is synthesized using 

N-methoxyethylamine (Nme) and 1 hour reaction times.  Reaction times are extended to two 

hours for the bulkier hydrophobic (N-decylamine, Ndc) and catalytic (1-Boc-3-

(aminomethyl)piperidine, Npip) monomers.  Prior to removal from the resin, polypeptoids are 

formylated twice for 30 minutes using 1 M DIC and 1 M formic acid in N-methyl-2-

pyrrolidone (NMP) so ensure full chain end termination.  Polypeptoids are cleaved from the 

resin using a cocktail of trifluoroacetic acid (TFA) : water : triisopropylsilane (95 : 2.5 : 2.5, 

v/v/v) for 2 hours.  Polypeptoids are then rinsed from the resin with dichloromethane (DCM).  

TFA and DCM are removed under vacuum and the polypeptoids are lyophilized from 

acetonitrile and water.   

Polypeptoids are purified using preparative high performance liquid chromatography 

(HPLC) with a Shimadzu Nexera Hybride reverse phase HPLC coupled with a single quad 
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mass spectrometer.   Samples are dissolved at 50 mg/mL in a 50 : 50 water : acetonitrile 

mixture then filtered through a 0.45 μm PVDF filter.  Polypeptoids are separated on a C4 

column (XBridge Protein BEH C4 OBD Column, 300 Å, 5 µm) using a 50-100% acetonitrile 

with 0.1% v/v TFA gradient over 30 minutes.  Water with 0.1% v/v TFA was used as the 

second solvent.  To confirm isolation of the targeted polypeptoid sequences, all purified 

polypeptoid samples are characterized by ultra-high-performance liquid chromatography-

mass spectroscopy (UPLC-MS) (Figure 5.2, Table 5.1).  A Waters Acquity H-class UPLC 

coupled with a Waters Xevo G2-XS time-of-flight mass spectrometer is utilized.  Samples are 

dissolved in 1 : 1 water : acetonitrile with 0.1% formic acid and separated using a 20-100% 

acetonitrile gradient.  Use of TFA during cleavage and purification results in polypeptoids in 

conjugate acid form, so polypeptoids are converted to their base form using Amberlyst A26 

ion exchange beads prior to catalytic testing.   
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Figure 5.2. HPLC confirms sample purity. 

Samples elute as a single peak after preparative HPLC, confirming isolation of a 

monodisperse product for all seven polypeptoid sequences. 
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Table 5.1. Polypeptoid sequences and molecular weights. 

Sample Sequence Calc (m/z) Found (m/z) Ion type 

S-06 Fm-Ndc5-Npip-Nme19 3371.2 1709.1 [M/2+Na]+ 

S-08 Fm-Ndc5-Nme2-Npip-Nme17 3371.2 1709.1 [M/2+Na]+ 

S-10 Fm-Ndc5-Nme4-Npip-Nme15 3371.2 1709.1 [M/2+Na]+ 

S-12 Fm-Ndc5-Nme6-Npip-Nme13 3371.2 1709.1 [M/2+Na]+ 

S-18 Fm-Ndc5-Nme12-Npip-Nme7 3371.2 1709.6 [M/2+Na]+ 

S-24 Fm-Ndc5-Nme23-Npip-Nme 3371.2 1709.1 [M/2+Na]+ 

S-26 Fm-Ndc5-Nme25-Npip 3486.3 1767.1 [M/2+Na]+ 

Micelle Assembly 

Polypeptoids are dissolved at a concentration of 5 mg/mL in water and stirred 

overnight to form micelles.  Micelle formation is confirmed by dynamic light scattering 

(Malvern Zetasizer μV, model ZMV2000).  A hydrodynamic radius of 5 ± 2 nm is observed 

for S-24.  This size is within the range reported by Donghui Zhang and coworkers for similar 

polypeptoid micelles containing one charged group within the corona.136  

Catalytic Testing 

The aldol reaction between cyclohexanone and p-nitrobenzaldehyde (Figure 5.3) serves 

as a model reaction commonly used in the study of polymeric catalysts.175, 211, 223, 224   

Aldehyde (1 eq., 0.025 mmol) and ketone (5 eq., 0.125 mmol) are added to the catalytic 

micelle solution (0.5 mL, 0.03 equiv, 0.00074 mmol).  Reaction mixtures are stirred at room 

temperature.  Aldol products are extracted with diethyl ether.  Products are dried under air and 

analyzed by 1H NMR without further purification (Figure 5.4).  
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Figure 5.3. Model aldol reaction. 

Piperidine containing micelles catalyze the reaction of cyclohexanone and p-

nitrobenzaldehyde into an aldol product.  

 

 

Figure 5.4. Reaction yields are determined by 1H NMR. 

Reaction conversion from p-nitrobenzaldehyde (top) to the aldol product (bottom) is 

monitored by 1H NMR.  
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5.4 Results and Discussion 

Local hydration environments change throughout the water-rich corona of polymeric 

micelles because polymer volume fraction increases close to the micelle core.222   To 

determine if these hydration environments can be leveraged for catalysis, catalytic activity is 

mapped across the cross-section of a polymeric micelle using polypeptoids with precisely 

defined catalyst position.  Specifically, piperidine moieties capable of catalyzing aldol 

reactions are incorporated at seven positions within the hydrophilic corona.  Aldol reaction 

yields reveal a dependence on piperidine location, suggesting that catalyst position can be 

used as a handle to tune catalytic activity.  

Micelles with a range of catalyst locations demonstrate site-dependent aldol product yields 

(Figure 5.5).  Sample S-26 shows the lowest reaction yield but shifting the catalytic functional 

group away from the chain end by two monomer positions (S-24) more than doubles the 

reaction yield.  Reaction yield further increases away from the micelle exterior until 

decreasing again for positions closest to the micelles core.  Of the catalyst positions 

considered, sample S-12 results in the highest reaction yield.  Reaction conversion between 

cyclohexanone and p-nitrobenzaldehyde is expected to increase with water content (Figure 

5.7 in the Appendix),211, 225, 226 but improved solvent accessibility does not explain the superior 

performance of S-12 relative to S-18, S-14, and S-26.  While the micelle corona is water rich, 

the S-12 catalyst position will correspond to slightly lower water volume fraction than catalyst 

position further from the micelle core.222  Rather, variations in hydration environment likely 

underpin improved performance, as previously observed for catalytic single chain 

nanoparticles.123 
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Figure 5.5. Intermediate monomer position enables highest aldol yield. 

Conversion of aldehyde to an aldol product after 24 hours is highest for the S-12 sample. 

Samples in which the catalyst is closer to the core (S-06, S-08, S-10) or further from the core 

(S-18, S-24, S-26) result in lower reaction conversions.  Interestingly, the ratio between syn- 

and anti- enantiomers in the product increases close to the micelle core, suggesting that 

catalyst position can tune enantioselection.  

To demonstrate the effect of hydration environment on catalyst efficacy, reaction yields 

are plotted as a function of normalized local water diffusivity (Dlocal) in Figure 5.6.  Dlocal and 

hydration environments (buried-, intermediate-, or surface-like) are approximated from 

Overhauser Dynamic Nuclear Polarization spectroscopy experiments of a closely related 

micelle system.222  Water closest to the micelle core (S-06) moves about 10 times slower than 

bulk water and corresponds to a buried water character, while the S-26 sample is hydrated by 

more surface-like water.222  Even this surface-like water diffuses at less than half the speed of 

bulk water (Dbulk).  The maximum reaction yields observed in this system correspond to 

hydration environments with intermediate water characteristics.  These intermediate regions 
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are likely advantageous because they balance solute accessibility with a stabilizing hydration 

environment.   

 

Figure 5.6. Slowed water diffusivity enhances catalytic activity. 

Aldol yields are plotted as a function of normalized local water diffusivity (Dlocal/Dbulk).  

Catalyst positions corresponding to the slowest and fastest water Dlocal have lower aldol 

conversions than positions in more intermediate regions. Rather than benefitting from 

intermediate water dynamics, enantiomer selectivity correlates directly with water diffusivity, 

with slower water environments (higher polymer volume fraction) corresponding to larger 

syn enantiomer populations. These results confirm that hydration environment as controlled 

by local water volume fraction is central to catalyst performance and can be modulated within 

polymer assemblies.   

5.5 Conclusions 

This study demonstrates that catalytic performance can be tuned by precisely defining 

catalyst position within polymeric assemblies.  Polymers self-assemble into multi-chain 

structures such as micelles and bilayers that contain water rich regions with distinct water 

properties.  These hydration environments are elegantly accessed with polypeptoids because 
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sequence-specific synthesis enables control over catalytic moiety position.  In the case of a 

model aldol reaction, reaction yield varied by more than two-fold depending on catalyst 

position within the micelle corona. The best performing catalyst are located in regions where 

local water diffusivity is about one quarter that of bulk water.  The ability of sequence-specific 

polymers to control functional group position and access user-defined hydration environments 

opens the door for not only optimized and multifunctional polymer catalyst supports, but also 

other applications where selective interactions are desired at soft interfaces, such as water 

purification membranes.   
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5.7 Appendix 

 

Figure 5.7. DMSO reduces reaction yield. 

Reaction conversion between p-nitrobenzaldehyde and cyclohexanone catalyzed by 4-methyl-

piperidine is lower for a 50/50 water/DMSO than for pure water.  Reactions are performed 

at room temperature over 6 hours with 1 equivalent aldehyde, 5 equivalents ketone, and 0.03 

equivalent catalyst. 
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Chapter 6 – Conclusions and Outlook 

Sequence-defined polymer offer a promising route to produce soft materials that are able to 

selectively interact with solutes in water.  This dissertation spans two elements of designing 

polymers with specific interactions: controlling polymer conformation (Chapters 2 and 3) and 

local water dynamics (Chapter 4).  It then applies these concepts to design polymer micelles 

capable of catalyzing aldol reactions in water (Chapter 5).  While promising, these results only 

scratch the surface of the potential for polymer sequence control to guide chain conformation 

and hydration.  Likewise, the application of the electron paramagnetic resonance (EPR) 

techniques critical in this work to other polymeric systems is in its infancy.  

Chapters 2 and 3 focused on controlling the conformation of polypeptoid chains in 

solution and measuring those conformational changes by double electron-electron resonance 

(DEER) spectroscopy.  Ongoing work between the Segalman, Han, and Shell groups seeks to 

accelerate sequence discovery via a synthesis-characterization-simulation/machine learning 

workflow.  Focusing these efforts on long polypeptoid chains (38-50mers) and strongly 

interacting or repulsing monomer types, such as charged monomers, will likely produce larger 
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conformational differences than shorter chains with similar side chain chemistries.  Further 

extending capabilities to assembled systems, such as micelles or bilayers, will open more 

doors for accessing variations in polymer chain shape and provide insight into how polymer 

assembly impacts chain shape relative to dilute solution. 

A natural extension of the micelle hydration (Chapter 4) and catalysis (Chapter 5) work 

will be to compare the excluded volume effects on hydration and catalysis observed for 

micelles to polymer systems with other geometries.  Do these rules hold for bilayers or 

hydrogels, for example?  In the case of bilayers, changing the hydrophilic/hydrophobic ratios 

of the micelle forming polypeptoids will enable analogous bilayer formation.  For hydrogels, 

water volume fraction can be controlled by cross-linking density.  Confirming that excluded 

volume predicts both water diffusivity and catalytic activity for multiple materials platforms 

will validate it as a design rule.  

Water diffusivity near polymer surfaces is influenced by sterics and hydrogen bonding. 

The micelle hydration work of Chapter 4 utilized almost entirely non-polar hydrophilic 

monomers, but the polypeptoid platform is amenable to a wide range of chemistries.  Varying 

the chemistry of the hydrophilic corona to include polar monomers could probe the effect of 

hydrogen bonding on local water behavior.  Changes in side-chain chemistry will likely also 

drive differences in micelle morphology that must be controlled for to isolate effects 

associated with hydrogen bonding strength.  

One intriguing area in which sequence-defined polymers and the DEER technique have 

enormous potential is in understanding chain conformations within hydrogels.  Hydrogel 

networks are often highly heterogeneous, and DEER could provide insight on this disorder.  

Unlike techniques such as stimulated emission depletion microscopy that rely on tracer 
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molecules,227 DEER directly measures chain shape.  Furthermore, because EPR techniques 

can tolerate “dirty” samples, the effects of additives on chain conformation could easily be 

tracked.  As with many EPR studies, preparing samples with optimal spin labeling will likely 

be challenging.  Here, sequence-defined polymers could offer a way to produce hydrogel 

networks with precisely positioned spin labels. Another challenge associated with performing 

DEER on hydrogels will be achieving the correct sample geometry as samples must fit within 

a 3 mm OD and 2 mm ID tube.  Advances in hydrogel microparticle synthesis make this form 

factor highly feasible.228    

In conclusion, this thesis provides evidence for the synergistic potential of sequence-

defined polymers and EPR techniques.  Work presented here demonstrates that hydrophobic 

and hydrophilic sequencing can tune polymer chain conformation.  It also maps out a water 

diffusivity gradient in polymeric micelles and leverages this to control catalytic activity for 

an aqueous reaction.  Future work combining sequence-defined polymers and EPR techniques 

will produce further design rules for functional polymers and polymer surfaces, such as water 

filtration membranes and antifouling coatings.   
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