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ABSTRACT 

 

Polypeptoid Chain Conformation and Its Role in Block Copolymer Self-Assembly 

by 

Beihang Yu 

 

Polymer chain conformation underlies polymer physical properties and impacts many of 

polymer functionalities. Understanding chain conformation is critical for predicting and 

controlling the structures and properties in polymeric systems. In block copolymers, chain 

conformation of the consisting blocks closely impacts the thermodynamics of microphase 

separation and the resultant structures, which are key to block copolymers as functional 

materials. However, the understanding of chain conformation effects beyond coil–coil block 

copolymers is yet nascent, partially due to the challenge to precisely control chain 

conformation without introducing other complicating factors. 

This dissertation utilizes sequence-defined polypeptoids to install precise chain 

conformation control into traditional polymer systems, to examine the role of chain 

conformation in block copolymer self-assembly. First, the polypeptoid chain conformation is 

examined in terms of local stiffness, overall chain size, and response to solvent quality by 

comparing chemically identical helical and coil polypeptoids in dilute solution. The detailed 

understanding from molecular length scale reveals that the helical secondary structure, driven 

by steric hindrance from side chains, makes the polypeptoid chains locally stiffer but overall 

more compact than the coil analogues. Further, we show these helical chains are relatively 

insensitive to solvent conditions due to their sterically defined nature. Then, through the 
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design of model polypeptoid-containing block copolymer systems, we are able to study the 

effects of the helical chain conformation, which has distinct space-filling characteristics from 

chemically analogous coil chains, on the melt self-assembly of block copolymers. In the 

lamellae-forming system, the helical chain conformation is shown to decrease the order–

disorder transition temperature through a combination of decreasing the enthalpic interaction 

between dissimilar blocks and experiencing amplified chain stretching. Further, polypeptoids 

are used as a conformation tuning handle and are shown to modulate network phase 

formation and stability as a conformationally tunable interfacial segment, which 

demonstrates the importance of chain conformation at the vicinity of the interface in 

determining the morphology of block copolymers. The findings in this dissertation highlight 

the importance of chain conformation on the self-assembly thermodynamics of block 

copolymers, and polypeptoids as highly-controlled, precise polymers to aid the fundamental 

understanding of polymeric materials.  
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Chapter 1 

 

Introduction 

 

Polymer chain conformation impacts physical properties of polymers, from microscopic 

length scale properties such as stiffness, space-filling and scaling behaviors, to macroscopic 

properties including mechanical, optical, and transport properties. Molecular level 

understanding of chain conformation is critical for predicting and controlling structures and 

properties of polymeric systems ranging from block copolymers, polymer composites, to 

polymer solutions and blends.  

Block copolymers consist of two or more chemically distinct polymer blocks, and can 

self-assemble to form periodic patterns on the nanometer length scale, making them 

appealing for many technological applications. This so-called microphase separation and the 

resultant structures of block copolymer melts are well-known to depend on chain 

conformation of the constituent blocks, with a relatively comprehensive understanding for 
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coil–coil block copolymers, where chain conformation of both blocks can be captured by 

Gaussian chain statistics. Block copolymers with chain conformations beyond flexible coils 

are practically important, as many newly developed polymers have variations in stiffness 

and/or secondary structures that are central for their application as functional materials. Yet 

the understanding of effects from these non-Gaussian chain conformations in block 

copolymers remains nascent. Challenges in traditional synthetic polymers persist due to the 

lack of ability to independently tune chain conformation without modifying other parameters, 

such as chain length and dispersity, in which variations are inevitable because of the 

statistical nature of polymerizations.  

With the adaption of solid-phase synthesis from polypeptides, polypeptoids–poly(N-

substituted glycine)s, integrate the sequence and length specificity of biopolymers, and the 

robustness of synthetic polymers. Further, the conformational diversity and the ability to 

precisely control conformation make polypeptoids an ideal system for investigating chain 

conformation effects. This dissertation utilizes polypeptoids as a polymer block of tunable 

chain conformation in block copolymers, to study the role of chain conformation in the self-

assembly of block copolymer melts. First, a background of block copolymer self-assembly 

with emphasis on polymer chain conformation effects is presented to set up the context. 

Next, strategies to control/tune polymer chain conformation are summarized. Finally, 

considerations of different parameters for tuning self-assembly are discussed to establish 

where chain conformation lies as a tuning handle for block copolymer self-assembly. 
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1.1 Polymer chain conformation in block copolymer self-assembly   

Block copolymers self-assemble into intricate structures on the nanometer length scale 

including lamellae, cylinders, spheres and bicontinuous phases, which render them unique 

physical properties as functional materials. The relationship between molecular structures 

and mesoscale structures for coil–coil block copolymer melts is well established through both 

experimental and theoretical approaches, with the assumption of random-walk chain 

conformations.1-3 While the knowledge of coil–coil block copolymers provides valuable 

basis towards understanding more complex block copolymer systems, the simple trade-off 

between enthalpic mixing and entropic chain stretching need to be carefully reexamined for 

non-classical polymers. 

 

1.1.1 Thermodynamics of classical block copolymer self-assembly  

In a classical linear diblock copolymer, both blocks observe Gaussian chain statistics 

with symmetric statistical segment lengths. The microphase separation is driven by the 

chemical incompatibility between the two blocks that is unfavorable for mixing, which is 

counterbalanced by entropic penalties from chains stretching to fill space at uniform density. 

As a result, the self-assembled structure reflects a free energy minimization, accounting for 

the enthalpic and entropic contributions. The strength of segregation is parameterized by cN, 

where c is the Flory–Huggins interaction parameter that describes the free energy cost from 

dissimilar blocks mixing and N is the number of segments (usually normalized by some 

reference volume v0). At sufficiently large segregation strength, block copolymers self-

assemble into periodic structures, with morphologies determined by the relative volume of 

each block. Phase diagrams of linear diblock copolymers are commonly constructed with the 
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segregation strength (cN) and the volume fraction of one block (fA), and have been readily 

established by both experimental and theoretical works (Figure 1.1).4-6  

 

 
Figure 1.1 Phase diagram for linear diblock copolymer melts calculated using SCFT 
The thermodynamically stable morphologies include: hexagonally close-packed spheres 
(Scp), body centered spheres (S), hexagonally packed cylinders (C), double gyroid (G), Fddd 
orthorhombic network (O70), lamellae (L). (Reprinted with permission from reference 4. 
Copyright 2012 American Chemical Society) 
 

A simple illustration of the theory is to consider a symmetric diblock copolymer with 

equal volume fractions (fA = 1/2) and an overall number of segments, N.1 The interaction 

energy per chain (enthalpic component) can be estimated by the product of A–B interfacial 

tension (gAB) and the interfacial area per chain (S), and the stretching energy (entropic 

component) can be approximated by Hookian elasticity based on the domain size (l) and the 

unperturbed chain size (~ Na2), leading to a free energy expression: 

F/kBT = (gAB/kBT) S + 3(l/2)2/(2Na2) 

Consequently, the domain period and the order–disorder transition can be determined. 

Interested readers are referred to works by Helfand on free energy expressions of other 
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morphologies,7-9 and earlier reviews by Bates, Fredrickson et al. on the fundamental physics, 

seminal experimental and theoretical work of classical block copolymer self-assembly.2, 6  

 

1.1.2 Conformational asymmetry in flexible block copolymers 

In most circumstances, assuming symmetric chain conformation is sufficient to capture 

the phase behavior of flexible block copolymers, yet more evidence is showing that slight 

differences in chain conformation can lead to significant changes. Even for flexible polymer 

chains, chain conformations are not identical due to the intrinsic differences in their chemical 

structures. For example, poly(ethylene oxide) (PEO), polyethylene (PE), and polystyrene 

(PS), are all flexible polymers, but have different statistical segment lengths (of one repeat 

unit) and persistence lengths.10 Conventionally, the conformational property of polymers can 

be captured by a conformational symmetry parameter, b (b2 = Rg
2/V, a measure of space-

filling vs. volume-filling of a polymer chain), then the conformational difference between 

two polymer blocks can be quantified by a conformational asymmetry parameter, e (e = 

bA
2/bB

2).6, 11  

Conformational asymmetry has been shown to impact a number of aspects of block 

copolymer self-assembly. First, the conformational properties affect polymer–polymer 

interactions, inducing a nonlocal contribution to the free energy via impacting the effective 

coordination number that leads to changes in c–a phenomenon exists in both homopolymer 

blends and block copolymer melts.11-14 Second, conformational asymmetry induces 

spontaneous interfacial curvature in compositionally symmetric diblock copolymers (Figure 

1.2), and therefore shifts phase boundaries and leads to asymmetric cN–f phase diagrams 

with some phases occurring on only one side.6 More recently, conformational asymmetry has 
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been shown to be a critical factor to influence chain packing, leading to stabilization of low-

symmetry phases like the Frank–Kasper phases in diblock copolymers.15-17 

 

 
Figure 1.2 Compositional and conformational asymmetry induce spontaneous 
interfacial curvature 
f corresponds to the volume fraction of the block on the left (dashed line), e corresponds to 
the ratio of the conformational symmetry parameters of the two blocks (dashed line/solid 
line). When f = 1/2 and e > 1, the interface tends to curve toward (or around) the block with a 
larger b2 (i.e., occupies more space per chain volume). Proper choice of f > 1/2 and e > 1 
leads to a flat interface. (Reproduced from reference 6 with permission from the Royal 
Society of Chemistry) 
 

The conformational differences between polymers essentially reflect the differences in 

intra- and inter-molecular correlations of polymer segments. Polymer chains with identical 

volume do not necessarily fill the same amount of space, and this asymmetry in space-filling 

in polymer blends and block copolymers leads to excess contributions to the free energy. The 

concept of conformational asymmetry, although mostly used to depict coil–coil block 

copolymers, is introduced in this section to set context for the emerging conformational 

differences when polymer chains adopt secondary structures, which is the topic of this 

dissertation.   
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1.1.3 Block copolymer self-assembly with semiflexible and rod-like chains 

Beyond the flexible chain conformation regime, polymer chains can be semiflexible or 

rod-like (e.g., conjugated polymers, helical biomacromolecules). The self-assembly 

thermodynamics involving stiff chains is very different compared to that with coil chains, 

due to drastic differences in chain conformation and additional interactions between stiff 

chain segments. These lead to variations in the free energy and distinctly different phases in 

rod–coil systems. 

The additional liquid crystalline interaction between stiff chain segments is the most 

remarkable difference as polymer chains become rigid, and this alignment interaction can be 

parameterized by the Maier–Saupe interaction parameter, µN.18-20 There is also 

conformational mismatch between the rod and coil blocks that will affect the immiscibility21 

and chain packing,22 because the covalently linked blocks share the same interface and need 

to fill space at uniform density. Furthermore, chain stiffness impacts interfacial curvature and 

chain stretching entropy, and the orientational effects of stiff chains also give rise to strong 

fluctuation effects.18 

The semiflexible regime is more challenging to study experimentally, and tuning 

semiflexibility while keeping other parameters constant is almost prohibitive in most 

synthetic polymers. Therefore, works that specifically look at effects of varying 

semiflexibility are mostly theoretical studies, with the wormlike chain model (describes 

chains as connected rods of certain length to reflect chain flexibility) commonly used.18, 21-22 

The semiflexible–flexible or semiflexible–semiflexible block copolymers share similarities 

with rod–coil systems in terms of additional alignment interactions and chain packing 
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considerations, both of which are also factors to be considered when secondary structures 

change chain stiffness and the way chains occupy space.  

 

1.1.4 Polymer secondary structures in block copolymer self-assembly 

Another category of chain conformation that is gaining more attention is polymers with 

secondary structures. This dissertation focuses on polymers with helical secondary structures, 

a conformation that is observed in both biological and synthetic polymers (major helical 

polymer families: poly(amino acid)s, poly(isocynanide)s and poly(acetylene)s),23 and plays a 

critical role in polymer functionality. 

Adopting secondary structures automatically leads to chain conformation changes, as the 

monomers (repeat units) do not follow random-walk statistics, but instead are arranged along 

contours dictated by the specific secondary structures. This then leads to stiffness variations 

due to the additional correlations between monomers, which make the polymer chain persist 

over a longer distance in one direction (Figure 1.3). Indeed, polymers with helical secondary 

structures usually exhibit longer persistence lengths (lps). For example, double stranded DNA 

and the synthetic helical polymer, poly(n-hexyl isocyanate) have lps in the range of 30–60 

nm; another helical polymer, poly(g-benzyl- L-glutamate), has a lp ~ 150 nm, while most 

flexible polymers have lps below 1 nm.10 The persistence lengths of helical polymers are also 

shown to be larger than their chemically analogous counterparts under identical conditions.24-

25 Besides changes in stiffness, secondary structures also impact how polymer chains fill 

space. It should be noted that although helical secondary structures increase chain stiffness, 

monomers are also packed more densely; therefore, with the same number of monomers, a 

helical chain has fewer but stiffer segments (based on Kuhn length/persistence length) than 
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the equivalent coil chain, and this can lead to a smaller radius of gyration (Rg) of the helical 

chain (Figure 1.3).  

 

 
Figure 1.3 Helical secondary structures impact stiffness and space-filling of polymer 
chains 
For polymer chains adopting a helical secondary structure, the helix contour is defined as 
along the red line, which has a longer persistence length, lp,helix (left: adapted with permission 
from reference 26. Copyright 2018 American Chemical Society). As the monomers are 
packed more closely due to the helical secondary structure, the helical chain fills less space 
than an equivalent coil chain with the same number of monomers. 
 

Many helical building blocks studied in block copolymers are rod-like, such as poly(n-

hexyl isocyanate), poly(isocynanide), poly(g-benzyl- L-glutamate), all with persistence 

lengths on the order of tens of nanometers. Therefore, the self-assembly behavior resembles 

that of rod–coil block copolymers discussed in the last section, where the alignment 

interaction between the rigid blocks and the stiffness asymmetry between the rod and coil 

blocks are key factors impacting the self-assembly behavior.27-30  

Most helical secondary structures in polymer chains involve chirality and an intriguing 

phenomenon is the chirality transfer across difference length scales. Ho and coworkers have 

studied block copolymers of polystyrene (PS) and a helical poly(L-lactide) (PLLA) block and 

Helix contour

Projection of chain contour 
onto helix contour

Vector along chain contour

Rg,helix Rg,coil

Both chains have the same # of monomers
lp,helix > lp,coil Nhelix < Ncoil

Rg,helix < Rg,coil
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observed a long-lived metastable helical phase (H*) with P622 symmetry between the 

lamellar and cylindrical phases.31-32 The evolution of homochirality from molecular chirality 

into phase chirality is explained by a twisting and shifting mechanism of the disk-shaped 

block copolymer microdomains, a specific geometry driven by the locally stiffer chiral PLLA 

chain with helical steric hindrance.33 Diverse helical structures can be constructed from the 

self-assembly of polymers and block copolymers, either in synthetic or biological systems.34 

Understanding how chirality and helicity interact with the conventional driving forces in 

block copolymer self-assembly will lead to exciting opportunities for developing new 

functional materials, as well as understanding the homochiral evolution that could trace back 

to the origin of life.  

 

1.2 Chain conformation control in polymers 

With chain conformation being critical to polymer property and functionality, it is 

desirable to gain control over polymer chain conformation to utilize it as a handle to tune 

relevant properties. Besides the conformational differences associated with different 

backbone chemical structures, there are isomeric variations (sequence/positional, 

structural/geometric, stereo isomerism) that give additional conformational space for polymer 

chains. This section focuses on strategies to tune conformational properties of polymers 

including stiffness, size (radius of gyration), and secondary structures that closely correlate 

with the physical properties of polymeric systems. 

 

1.2.1 Strategies for intrinsically tuning polymer chain conformation  
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Most synthetic polymers are coil-like and observe Gaussian chain statistics when exceed 

certain chain lengths, although their local chain stiffness varies depending on the specific 

backbone and side chain chemical structures. The Flory’s characteristic ratio, C¥, reflects the 

local chain stiffness, which typically falls in the range of 7–9 for many flexible polymers.35 

Without alternation in the chemistry, chain stiffness can be tuned through isomeric 

variations. For example, regioregularity of conjugated polymers, which is associated with the 

position of side chains on adjacent thiophene rings, significantly impacts the persistence 

length of poly(3-alkylthiophene) (P3AT) polymers.36-38 Tuning the persistence length of 

P3ATs could impact the electronic properties and complex morphological behavior of the 

polymeric materials.39 Further, the cis/trans configuration also affects chain conformation, 

with trans favoring a planar conformation that leads to stiffer chains (e.g.,  in poly(p-

phenylenevinylene) derivatives40); however, adopting cis or trans configuration is mostly 

dictated by the steric hindrance of side chains.  

Tacticity/Stereoregularity is another factor that affects polymer chain conformation, and 

is often closely related to polymer secondary structures. A large category of synthetic helical 

polymers are isotactic polyolefins and other vinyl polymers adopting helical conformations 

in the solid state (crystalline regions), with tacticity controlled through synthesis using 

specific catalysts (e.g., the Ziegler–Natta catalyst for olefin polymerization).41 The helical 

chain conformation in solid state is interconnected with crystallinity to achieve optimized 

intra- and inter-chain packing, while in solution these isotactic polymers only attain highly 

dynamic conformations with short helix segments in solution. 

Biopolymers adopt a wider range of chain conformations, and have another tuning 

parameter–sequence, to further tune chain conformation. Natural proteins derived from 20 
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naturally occurring amino acids fold into hierarchical structures, with polypeptide chain 

segments adopting a variety of secondary structures including a-helix, b-sheets (two main 

secondary structures).42 The a-helix is regarded as the default conformation, while there are 

strategies like branching at the b-carbon, introducing side chains containing hydrogen-bond 

donors/acceptors, and incorporating steric residues to destabilize the a-helix structure.43  

 

1.2.2 Polymer chain conformation and surrounding environments 

Polymer chain conformation is almost always discussed in the context of its surrounding 

environments, either in melts/glasses (surrounded by other polymers of the same type), or in 

solution (including polymeric solvents). Essentially, polymer chain conformation is 

determined by the interplay between polymer–polymer (intra-molecular) and polymer–

molecule (inter-molecular) interactions. The studies on polymer chain conformation in dilute, 

semi-dilute, and concentrated solutions are comprehensive.44 Here the discussion is focused 

on scenarios when specific interactions present within polymer chains and/or between 

polymer chains and their surrounding environments.  

The chain conformations of biopolymers and biomimetic polymers are closely related to 

the solvent conditions (mostly aqueous) and undergo structural or conformational changes in 

response to external stimuli like temperature, pH, etc.45 For example, the most common 

conformational change, coil-to-globule transition, is mediated by hydrophobic interactions 

between solvents and polypeptide residues46–a concept that inspired designing protein-like 

polymers with sequence-dependent conformations.47-48 Further, the presence of secondary 

structures, which are stabilized by intra- and inter-molecular interactions including hydrogen-

bonding, electrostatic interactions, and hydrophobic interactions, adds to the diversity of 
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polymer conformation variations. Depending on the specific driving forces, polymers with 

secondary structures exhibit unique stimuli-responsive chain conformations and therefore 

physical properties. For example, the helix-to-coil transitions of poly(L-lysine) and poly(L-

glutamic acid) can be controlled by pH, which is attributed to the competing electric 

repulsion between the side chains and hydrogen-bonding interactions.43 Some synthetic 

helical polymers also have solvent-dependent or temperature-dependent chain 

conformations.49-50 Meanwhile, specific designs are also possible to produce relatively stable 

secondary structures that are insensitive to external stimuli.51 Understanding the molecular 

origin and the interactions that determine the chain conformation of polymers is key to 

predict and design polymer chains with tunable chain conformations.  

 

1.2.3 Tunable chain conformation of sequence-defined polypeptoids 

Polypeptoids are a class of bioinspired polymers that allow high structural tunability 

resembling natural biopolymers. The ability to precisely control the sequence, and high 

synthetic yields enabled by solid-phase synthesis (Figure 1.4),52-53 make polypeptoids an 

attractive candidate to achieve the structural and functional complexity comparable to 

biopolymers, yet with a larger library of available side chain functionalities.54 
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Figure 1.4 Solid-phase synthesis of polypeptoids 
Polypeptoids are synthesized via a two-step submonomer process: 1) acylation of a 
secondary amine with a haloacetic acid, 2) nucleophilic displacement of the halogen with a 
primary amine–a step to introduce side chains of interest.  
 

One intriguing feature of polypeptoids is the capability to form secondary structures, 

despite the lack of chiral centers and hydrogen-bond donors on the backbone. Helical 

conformations are the main category of secondary structures observed in polypeptoids, and 

are mainly stabilized by steric hindrance from bulky side chains (and electrostatic repulsion 

between backbone carbonyls and p clouds of side chain aromatic rings).55 Repeat units with 

different types of side chains have been shown as helical conformation promoting residues, 

all of which possess the bulkiness in the side chain with chiral centers (Figure 1.5).56-59 The 

steric hindrance from side chains makes the backbone favor the cis configuration, which 

promotes helix formation. Studies by Kirshenbaum et al. further show that different side 

chains lead to different cis/trans ratios of the backbone configuration, and a higher ratio is 

likely related to more persistent (stiffer) helical chains.58-59 Design rules regarding sequence 

and chain length of making stable helical secondary structures are also established.55, 60-61 

Further, the polypeptoid helices are highly dynamic, which is distinctly different from the 

rod-like peptide a-helix. This is an important feature of polypeptoid helices and is further 

studied in Chapter 2. 
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Figure 1.5 Side chains promoting helical conformation in polypeptoids 
 

Other types of secondary structures including ribbons, square-helices have been observed 

for polypeptoid chains in solution.62-63 Further modifications have also been attempted to the 

peptoid backbone to make N/Ca-substituted peptoid analogues. These peptide/peptoid hybrid 

chains are more rigid, but are synthetically very challenging to access long chains.64 The 

large library of side chain chemistry, together with precise sequence control and high 

synthesis yields, make polypeptoids an ideal system to study design rules of hierarchical 

foldings, as well as investigate chain conformation effects in block copolymers. 

 

1.3 Consideration of parameters for tuning block copolymer self-assembly 

1.3.1 Common tunable parameters and scaling behaviors 

There are a variety of strategies and parameters for tuning the self-assembly behavior of 

block copolymers: chain length (N) and molecular weight distribution (MWD), 

homopolymer blending, and architectural variations (multiblock, branched, star, miktoarm) 

etc. Here we constrict the discussion to strategies that do not alter the chemical identity of 
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constituent blocks and corresponding domains, as the chemistry of block copolymer 

materials oftentimes needs to be kept constant for specific chemical functionalities purposes. 

Chain length is probably the first parameter studied and tuned for block copolymer self-

assembly (except for volume fraction). Relationships between chain length/molecular weight 

(N) and the length scale of self-assembled structures are well established, with a scaling 

relation of the domain size d ~ c1/6N2/3 at strong segregation predicted by theoretical 

studies65-66 and proved by experimental results.67-68 The order–disorder transition of a 

symmetric linear diblock copolymer, is predicted to be at cN = 10.5 (cN = 10.495 + 41.022 

N-1/3 when fluctuation effects are considered69).3 Further, interfacial width (t) is shown to be 

independent of N, but has a scaling relation of t ~ c-1/2 with respect to the Flory–Huggins 

interaction parameter.  

Polydispersity is intrinsic for traditional synthetic polymers due to the statistical nature of 

polymerizations. For block copolymers prepared with living anionic polymerization, the 

molecule weight distributions are typically narrow, and the assumption of monodispersity 

works reasonably well for theoretic predictions. Nevertheless, as more synthetic methods are 

developed and block copolymers with broader molecular weight distribution (MWD) are 

commonly seen and used in commercial products, it is important to evaluate the effects of 

MWD on the phase behavior of block copolymers. In general, an increase in block 

polydispersity will bring the disordered melt closer to its spinodal (the order–disorder 

transition, ODT) at fixed segregation strength (cN), increase the domain periodicity and 

interfacial thickness relative to the monodisperse counterpart, and shift phase boundaries, as 

summarized in the review by Lynd and Hillmyer.70 Many of the effects are attributed to the 

changes in entropy as a broader MWD favorably lowers the entropic penalty to stretch an 
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ensemble of chains. Furthermore, researchers are now able to control the shape of MWD via 

temporal regulation of initiation,71-73 and the morphology, domain size and mechanical 

properties of block copolymers can be tuned correspondingly.74-76 Homopolymer blending 

shares similar merit with increasing polydispersity in terms of changing the thermodynamics 

of self-assembly and therefore is abbreviated here to avoid repetition.  

Beyond the simplest AB diblock copolymers, there are unlimited variety of different 

architectures for two-component block copolymers (e.g., ABA, ABAB…, ABn). The phase 

diagrams of symmetric ABA triblock and infinite linear (ABAB…) multiblock copolymers 

are very similar to that of the AB diblock copolymer, while comb, miktoarm star block 

copolymers typically have phase boundaries deflected.4, 77-78 The deflection of phase 

boundaries allows access to morphologies at extreme volume fractions, which could find 

useful application for thermoplastic elastomers with unique mechanical properties.78-81 

 

1.3.2 Significance/Amplitude of chain conformation effects compared to other parameters 

Compared to the aforementioned parameters, chain conformation is much less 

investigated and nowhere near a systematic understanding. This is partially due to the 

challenge to establish appropriate experimental systems, as well as the diversity and 

complexity chain conformation could possibly get. The conformational asymmetry 

parameter, e, and the geometric asymmetry parameter, v, are examples of parameterizing 

chain conformation effects in coil–coil and rod–coil block copolymers, respectively. 

However, they are not likely to capture as well for chains with secondary structures and those 

accompanied by complex inter- and intra-molecular interactions. 
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Pure conformational effects are likely subtle compared to changes induced by 

polydispersity and architectural variations. For example, upon a symmetric polydispersity 

increase from 1 to 1.5, (cN)ODT changes approximately from 10.5 to 4 for symmetric diblock 

copolymers,70 while the cN difference observed between block copolymers of different chain 

conformation is smaller than 1 in this dissertation. Chain length (N) is a less interesting 

parameter to tune as it mostly moves vertically along cN, while chain conformation provides 

the opportunity to explore wider phase space in both directions (cN, f) and beyond. Further, 

when polymer chain conformation is accompanied with other interactions (hydrogen-

bonding, charge–charge interactions) or induces specific inter-chain packing, more drastic 

effects on self-assembly are expected. 

Developing universalized rules to capture chain conformation effects will be challenging, 

yet understanding and predicting phase behaviors of block copolymers with complex chain 

conformations require much more progress as molecular designs are getting complicated 

with an unprecedented speed. 

 

1.4 Motivation and dissertation outline 

In this dissertation, sequence-defined polypeptoids are leveraged as conformational 

tunable polymer blocks to understand the effects of chain conformation on the 

thermodynamics of block copolymer self-assembly. Polypeptoids are unique at the crossover 

between synthetic and biological polymers, and integrated some of the important features of 

biopolymers (sequence control, monodispersity) and synthetic polymers (synthetic yield, 

chemical robustness). As molecular precision and perfection being the overarching 

considerations in the state of art of block copolymer design (the 50th anniversary perspective 
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on block copolymers82), polypeptoids come in as an ideal candidate to investigate some of 

the most fundamental questions, as have been demonstrated by previous studies on the 

effects of precise monomer composition and sequence.83-86 The role of chain conformation in 

self-assembly has been a persistent topic in the block copolymer community, especially as 

more block types with various chain conformations are incorporated into block copolymers. 

Understanding how these non-classical polymer blocks impact the melt self-assembly and the 

underlying governing rules is critical to the design of next generation of block copolymer 

materials. 

This dissertation studies polymer chain conformation, with the focus on the helical chain 

conformation and its role in block copolymer self-assembly, using polypeptoids as a block of 

tunable chain conformation. Chapter 2 comprises a study on the local stiffness, overall chain 

size, and responses to solvent quality of polypeptoid helical chains relative to their coil 

counterparts in dilute solution, providing a detailed understanding of the molecular 

characteristics of these sterically defined helical chains. Chapter 3 investigates the effects of 

helical chain conformation on the order–disorder transition and alteration of the Flory–

Huggins interaction parameter (c) in lamellae-forming block copolymer melts. Chapter 4 

further explores the polypeptoids as a conformation tuning handle to study the role of chain 

conformation near the interface in accessing network phases (the double gyroid phase) in 

block copolymers. Chapter 5 summarizes the major conclusions of this work and provides 

perspectives on the future challenges and opportunities. The appendix includes the 

development of a block copolymer system with imidazole-bearing polypeptoids, for studying 

precise ion placement on ion aggregation, self-assembly, and ionic conductivity in block 

copolymers.  
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Chapter 2 

 

Insensitivity of Sterically Defined Helical 

Chain Conformation to Solvent Quality in 

Dilute Solution 

 

2.1 Abstract 

The interplay between polymer–polymer and polymer–solvent interactions as well as 

interactions that impose secondary structures determines the conformation of polymer chains 

in dilute solution. Polypeptoids–poly(N-substituted glycine)s have been shown to form 

helical secondary structures primarily driven by steric interactions from chiral, bulky side 

chains, while polypeptoids with a racemic mixture of the same side chains lead to 

unstructured coil chains with a shorter Kuhn length. Small-angle neutron scattering (SANS) 
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of the polypeptoids in dilute solution reveals that the helical polypeptoids are only locally 

stiffer than the coil chains formed from the racemic analogue, but exhibit overall flexibility. 

We show that chain conformations of both helical and coil polypeptoids (in terms of radius 

of gyration, Rg) are insensitive to solvent quality (parameterized by the second virial 

coefficient, A2). Potential effects from the bulky, chiral/racemic side chains dominating chain 

conformations are excluded by comparison with an achiral polypeptoid lacking side chain 

chirality. The specific interactions between polypeptoid segments are likely dominating the 

chain conformations in this type of polypeptoids as opposed to polymer–solvent interactions 

or energetic contributions from the helical secondary structure.  

 

2.2 Introduction 

Polymer chains, whose conformations in dilute solution are determined by the balance of 

enthalpic interactions due to contacts with self or solvents, entropic interactions from chain 

stretching, as well as chain connectivity, deviate from ideal chain conformations depending 

on the quality of the suspending solvent.35, 44, 87 Polymer chain conformation in dilute 

solution is critical in dictating properties ranging from solution viscosity25, 88 to solubility49 

and light scattering89. While traditional scaling theories and protein crystallization clearly 

occupy opposite ends of a spectrum of possibilities from completely random chain 

trajectories to trajectories entirely dictated by specific and designed interactions, the ability to 

predict and understand chain conformations between these extremes under different 

conditions is critical for the future development of functional polymer solutions. For 

polymers containing secondary structures, the chain conformations are dictated by 

interactions (intra-chain interactions or polymer–solvent interactions) that stabilize the 
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secondary structures. These interactions may depend sensitively on solvent conditions, 

leading to altered chain conformations as in the cases of polypeptides altering their secondary 

structures upon solution pH change,43, 90 and synthetic helical polymers–poly(2-oxazoline)s, 

exhibiting unique temperature dependence of helicity in hydrogen-bonding solvents.49 In 

sterically defined helical polymers, the driving force comes from the steric hindrance of side 

groups, which contrasts with those specific interactions that are highly dependent on external 

conditions, and it raises questions on how sensitive the driving force is to solvent conditions. 

Nevertheless, the helical secondary structure alters the chain trajectory and possibly also 

affects the polymer–solvent interactions compared to chemically identical coil polymers. The 

chain trajectory of the helical chain differs from an unstructured coil chain because the 

monomers are arranged along the helical contour; thus, the correlation between monomers is 

substantially different from that in a coil chain. Additionally, the entropic penalty from chain 

stretching is also likely to change with the presence of the helical secondary structure. It is 

not clear how these contributions from the sterically defined helical secondary structure 

impact the chain conformation and its response to solvent quality compared with the coil 

analogues (Figure 2.1). 
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Figure 2.1 A schematic overview of the questions addressed within the study  
Effects of polymer–solvent interactions and contributions from the helical secondary 
structure on polymer chain conformations are examined. The Kuhn length of the helical 
chain (bhelix) is defined over the helical contour, as opposed to the coil chain Kuhn length 
(bcoil) defined over the chain contour. 
 

Helices are a common secondary structure in both synthetic and biopolymers. Helical 

polymers can be relatively stiff, rod-like helices such as poly(hexyl isocyanate),91-92 or have 

relatively flexible helical secondary structures, where the helix persists over length scales 

that are much shorter than the helical contour length.93 Here, polypeptoids–poly(N-

substituted glycine)s, which are capable of folding to well-defined, repetitive helical 

secondary structures, are used to investigate the chain conformations of helical polymers in 

dilute solution.56, 58-59 Unlike helical secondary structures in biological macromolecules, 

which are usually induced by charge–charge or hydrogen-bonding interactions, helices in 

polypeptoid systems are primarily driven by steric interactions. Polypeptoids used in this 

work are designed to form either a helical secondary structure or an unstructured coil, 

depending on the chirality of the side chains (chiral or racemic) (Figure 2.2).60 This class of 
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polypeptoids forms a polyproline I-type helix with 3 residues per turn and a helical pitch ~ 6 

Å, which has been confirmed by circular dichroism and 2D NMR.56, 94 

 

 
Figure 2.2 Molecular structure and chain shape of polypeptoids  
Chiral, bulky side chains with the same chirality induce helix formation in Chir36, while a 
racemic mixture of the same side chains or chemically analogous achiral side chains result in 
unstructured coil chains in Rac36 and Achir36. Chir36 is a flexible helical chain made of 
jointed helix segments due to defects (shown as filled blue circles) along the chain. Number 
of repeat units, 𝑛 = 6, and number of residues, 𝑚 = 36. 
 

The helical polypeptoids have been shown to be flexible (i.e., the helical chain is made of 

jointed helix segments rather than one stiff helix) in a marginal solvent acetonitrile, with a 

larger helical persistence length than the chemically identical coil chains.24 The flexibility 

comes from the defects along the chain, which likely form due to some residues adopting 

trans backbone configuration that interrupt the helical turns, whereas the cis configuration 
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promotes helix formation.56, 59 In polypeptoids with a-chiral, aromatic side chains, helices 

are primarily stabilized by steric hindrance from the bulky side chains (as well as 

electrostatic repulsion between backbone carbonyls and 𝜋 clouds of aromatic rings).55, 95 Due 

to the absence of hydrogen-bonding and other specific interactions such as charge–charge 

interactions, these polypeptoids serve as a simple model system to compare the response of 

chain conformations of chemically identical helical and coil polymers to solvent condition 

changes. This also sheds light on the melt chain conformations of these sterically defined 

helical polypeptoids, which have been incorporated into block copolymers that exhibited 

different chain packing and thermal stability of the self-assembled structure in bulk.26, 96 

 

2.3 Experimental section 

2.3.1 Materials 

Solvents and reagents were purchased from commercial suppliers and used without 

further purification, unless otherwise noted. HPLC-grade acetonitrile (ACN), tetrahydrofuran 

(THF), acetone (ACE), and N,N-dimethylformamide (DMF) were used for static light 

scattering measurements. Deuterated solvents (ACN-d3, THF-d8, ACE-d6, DMF-d7) were 

purchased from Cambridge Isotope Laboratories, Inc., and used for small-angle neutron 

scattering measurements. 

 

2.3.2 Synthesis and purification of polypeptoids 

Polypeptoids were synthesized on a custom robotic synthesizer using commercially 

available amine submonomers. Rink amide resin (100-200 mesh, Novabiochem) with 

intermediate loading (~ 0.50 mmol g-1) was used. Rink amide resin was first swelled in DMF 
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for 10 min, and deprotected twice with 4-methylpiperidine (68 equiv., 20 % v/v in DMF). 

Bromoacetylation: bromoacetic acid (12 equiv., 0.6 M in DMF) and diisopropylcarbodiimide 

(DIC, 12.5 equiv., 59 % v/v in DMF) were added and mixed for 20 min. Nucleophilic 

displacement: Amine (methoxyethylamine, ((R)-(+)-a-methylbenzylamine, 

phenylethylamine, or propargylamine, 16 equiv., 1 M in DMF) was added and mixed for 1 h. 

For the Chir36 and Rac36 sequences with chiral aromatic side chains, bromoacetylation steps 

were performed twice to enable high yields of the desired product. For the Npe36 sequence, 

1.5 h displacement step was used for the second half of the repeat units to improve reaction 

efficiency. The resin was washed with DMF between each synthetic step. The chain end was 

finally acetylated with equimolar acetic anhydride and pyridine (11.4 equiv., 0.4 M in DMF) 

for 30 min, washed with DMF, then dichloromethane (DCM), and dried with nitrogen flow.  

Polypeptoids were cleaved from the resin using a trifluoroacetic acid (TFA) cleavage 

cocktail (DCM: TFA (4:1, v/v) with another 2.5 % HPLC grade H2O) for 10 min. The resin 

was filtered and rinsed with more cleavage cocktail and then DCM twice. The collected 

solution was dried in vacuo and lyophilized from ACN : H2O (1:1, v/v) solutions to yield 

white powders. The crude product was then dissolved in ACN at a 10 mg mL-1 concentration. 

H2O was added until the product started to precipitate, and another 20 % v/v H2O was added 

to enable sufficient precipitation of the desired product. Precipitates were collected and 

lyophilized from ACN : H2O (1:1, v/v) solutions to yield white powders of purified product. 

 

2.3.3 Ultrahigh-pressure liquid chromatography mass spectrometry (UPLC-MS).  

UPLC-MS was performed on a Waters Xevo G2-XS, equipped with a time-of-flight mass 

spectrometer. Polypeptoid samples were dissolved at ~ 0.5 mg mL-1 in ACN : H2O (1:1, v/v) 
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mixtures (with 0.1 % formic acid). Separation was achieved on a Waters BEH C18 column 

with eluent gradients changing from 50 % ACN/50 % H2O to 100 % ACN over 10 min. 

Polypeptoid materials were detected by UV absorption at 214 nm, and charged polypeptoid 

species were detected in the mass spectrometer (Figure 2.3). 

 

 

Figure 2.3 UPLC traces of polypeptoid 36-mers 
Polypeptoids were detected by UV absorption at 214 nm, and charged polypeptoid species 
were detected in the mass spectrometer. Chir36, Rac36, and Achir36 (main product peak 
labeled with ★) have the same chemical formula and a molecular weight of 5128.2 g mol-1 
(theoretical m/z: 5126.73 (100 %), 5127.74 (90.6 %), …). For Chir36 and Rac36, peaks 
labeled with ▽ before the main product peak are peaks of 36-mers with one methylbenzyl 
side chain (104 g mol-1) cleaved off (m/z: 5022.67 (100 %)). Nme36: 4203.8 g mol-1 
(theoretical m/z: 4202.3 (100 %), 4203.3 (97.9 %), …), and all three peaks labeled with ★ 
are target product but with different types of charges, therefore eluded at different times; 
Npe36: 5862.4 g mol-1 (theoretical m/z: 5861.1 (100 %), 5862.1 (94.8 %),…).	
 

2.3.4 Circular dichroism (CD) 

CD measurements were performed on a J-1500 CD spectrometer. Polypeptoid solutions 

were prepared at a concentration of 0.1 mg mL-1, and CD spectra of the solutions were 

collected using quartz cells (Starna Cells) with a 1 mm path length. A scan speed of 200 nm 

min-1 was used, and 5 measurements were averaged for each sample. Vibrational circular 
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dichroism (VCD) measurements were performed on a JASCO FVS-6000 VCD spectrometer. 

Polypeptoid solutions were prepared at a concentration of 26 mg mL-1, and VCD spectra of 

the solutions were collected using liquid cells with a 0.5 mm path length. A resolution of 4 

cm-1 min-1 was used, and 4000 accumulations were averaged for each sample. 

 

2.3.5 Static light scattering (SLS) 

For each polypeptoid–solvent pair, ~ 300–500 mg polypeptoids were dissolved in double 

filtered solvent and sonicated for 30 min. The solution was then filtered twice (filtered with 

Teflon filter with 0.2 µm pores) to remove dust particles and transferred to volumetric flask 

to make a 10 mL solution. The solution was then transferred to a 20 mL scintillation vial for 

SLS measurements. Volumetric flasks and scintillation vials used were rinsed with double 

filtered solvent and dried in an oven. SLS measurements were taken on a Brookhaven BI-

200SM light scattering instrument with a HeNe diode laser at 532 nm. The sample cell was 

equilibrated for 15 min in a Decalin bath with temperature set to 20 °C before the 

measurements were taken. The solution was diluted to another 5 lower concentrations to get 

averaged scattering light intensity at angles of 90°, 105°, 120°, 135°. The second virial 

coefficient, A2, was extracted from the slope of Kc/R ~ c (Figure 2.3). After SLS 

measurements, the solution was dried on a EZ-2 Genevac (SP Scientific) and materials were 

lyophilized from ACN : H2O (1:1, v/v) solutions to determine the actual solution 

concentration used for SLS. Refractive index increments were determined using a Waters 

e2695 GPC equipped with a 2414 refractive index detector. The flow cell in the RI detector 

was purged with corresponding solvents before injection of samples. For each polypeptoid–

solvent pair, 3 concentrations were prepared and each injected with injection volumes of 10, 
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20, 30, 40 µL. Polystyrene (in THF and DMF) and poly(methyl methacrylate) (in ACN and 

ACE) solutions were measured in the same way to determine the calibration constant for the 

RI detector to give the correct refractive index increment (dn/dc) value for each polypeptoid–

solvent pair (Table 2.1). 

 

 

Figure 2.4 SLS of polypeptoids in different solvents 
The scattering intensity showed minimal angular dependence as these polypeptoids are 
relatively small, therefore averaged values of intensity at angles of 90°, 105°, 120°, 135° 
were used to calculate Kc/R (symbols: black-ACN, blue-THF, yellow-ACE, red-DMF). 
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Table 2.1. Refractive index increment (dn/dc) of each polymer–solvent pair 
polymer–solvent pair dn/dc (mL g-1) polymer–solvent pair dn/dc (mL g-1) 

THF 

PS 0.185 

ACE 

PMMA 0.134 

Chir36 0.129 ± 0.006 Chir36 0.206 ± 0.007 

Rac36 0.131 ± 0.006 Rac36 0.199 ± 0.011 

Achir36 0.131 ± 0.006 Achir36 0.204 ± 0.010 

Nme36 0.090 ± 0.009 Nme36 0.163 ± 0.010 

Npe36 0.141 ± 0.013 Npe36 / 

DMF 

PS 0.159 

ACN 

PMMA 0.137 

Chir36 0.113 ± 0.001 Chir36 0.196 ± 0.018 

Rac36 0.112 ± 0.004 Rac36 0.193 ± 0.020 

Achir36 0.106 ± 0.005 Achir36 0.190 ± 0.016 

Nme36 0.068 ± 0.009 Nme36 0.160 ± 0.016 

Npe36 0.177 ± 0.017 Npe36 / 

dn/dc values for PS–THF and PS–DMF: reference 97, PMMA–ACE and PMMA–ACN: 
reference 98. 
 

2.3.6 Small-angle neutron scattering (SANS) 

SANS studies were conducted at the extended Q-range small-angle neutron scattering 

diffractometer line (EQ-SANS BL-6) at the Spallation Neutron Source (SNS) at Oak Ridge 

National Laboratory (ORNL). Samples were prepared at a concentration of 20 mg mL-1 in 

deuterated solvents (ACN-d3, THF-d8, ACE-d6, DMF-d7) to enhance contrast between the 

polypeptoids and the solvents. Solutions were sonicated for 30 min and sit overnight to allow 

sufficient dissolution. Quartz banjo cells with a path length of 2 mm were used in a multiple 

position sample holder with temperature set to 20 °C. 3 different configurations of sample-to-

detector distance and neutron wavelength (4 m-2.5 Å, 1.3 m-2.5 Å, and 1.3 m-1 Å) were used. 

Data reduction followed standard procedures implemented in MantidPlot.99 The measured 
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intensity was corrected for detector sensitivity and the scattering contributions from the 

solvent and empty cells, and calibrated to an absolute scale using a Porasil B standard.100 

 

2.3.7 SANS data fitting 

SANS data fitting was carried out in the SasView software, using the flexible cylinder 

model with excluded volume. The chain model is a parametrization of simulations of discrete 

representation of the wormlike chain model of Kratky and Porod applied in the 

pseudocontinuous limit with original equations developed by Pedersen and Schurtenberger 

and the corrected formula was used.101-102  

The total scattering function of a wormlike chain is given by 

𝐼&'( 𝑞, 𝐿(, 𝑏, 𝑅 =
𝑐𝑀
𝜌𝑁34

∆𝜌6𝑆&'( 𝑞, 𝐿(, 𝑏 𝑃(9 𝑞, 𝑅 + 𝐼;<= 

where c is the concentration, M is the molecular weight of the polymer, r is the mass density, 

Nav is Avogadro’s number, Dr is the scattering length density difference between the 

polymer and the solvent, LC is the contour length, b is the Kuhn length, R is the radius of the 

cylinder, Iinc is the incoherent background scattering. The scattering function from the cross 

section of a rigid rod is given by 

𝑃(9 𝑞, 𝑅 =
2𝐽@ 𝑞𝑅
𝑞𝑅

6

 

where J1(x) denotes the Bessel function of the first kind. SWLC (q, LC, b) is the scattering 

function of single semiflexible chain with excluded volume effects and is given by 
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𝑆&'( 𝑞, 𝐿(, 𝑏 = 1 − 𝑤 𝑞𝑅D 𝑆EFGHF 𝑞, 𝐿(, 𝑏
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𝐶 𝑛G = 3.06𝑛GJL.cc		𝑓𝑜𝑟	𝐿( > 10𝑏
1																						𝑓𝑜𝑟	𝐿( ≤ 10𝑏 

Fitting parameters include scale, background, contour length (LC), Kuhn length (b) and 

radius (R). In particular, the contour lengths were estimated based on the cis/trans ratio of 

polypeptoid backbone configurations, where an all trans polypeptoid 36-mer will have a 

contour length of ~13.9 nm, and an all cis polypeptoid 36-mer will have a contour length of 
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~11 nm.103 For the helical polypeptoids, the backbone preferentially adopts cis configuration 

in the helical geometry with 3 residues per turn and a helical pitch ~ 6 Å, and the overall 

cis/trans ration is ~ 3.3.56, 59-60 This gives a helix contour length for the helical polypeptoids 

(LC,helix) of ~ 8.7 nm and the fitting range for LC,helix is set to 7.2–10.5 nm. For the coil 

polypeptoids, a 1:1 cis/trans ratio is estimated as the isomerization energy is relatively low 

for residues with these types of side chains,104 which then gives a chain contour length 

(LC,coil) of ~ 12.4 nm and the fitting range for LC,coil is set to 11–13.9 nm. The fitting range for 

Kuhn length (b) is set to 1–3 nm. Fitting results are presented in Figure 2.5 and Table 2.2. 
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Figure 2.5 SANS data fitting in SasView 
SANS data were fit to the flexible cylinder model with excluded volume in SasView. 
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Table 2.2 Fitting results (LC, b, R, chi2) and calculated radius of gyration, Rg 
 Solvent LC (nm) b (nm) R* 

(nm) 

Chi2 Rg (nm) 

Chir36 

ACN 8.75 ± 0.24 2.27 ± 0.12 0.73 1.45 1.14 ± 0.04 

THF 8.72 ± 0.08 2.57 ± 0.05 0.65 6.80 1.20 ± 0.02 

ACE 8.86 ± 0.33 1.89 ± 0.13 0.70 1.17 1.07 ± 0.05 

DMF 8.68 ± 0.25 1.79 ± 0.10 0.69 1.19 1.04 ± 0.04 

Rac36 

ACN 12.81 ± 0.59 1.21 ± 0.09 0.70 0.99 1.17 ± 0.06 

THF 9.78 ± 0.18 2.00 ± 0.07 0.65 5.83 1.17 ± 0.03 

ACE 12.30 ± 0.15 1.23 ± 0.00 0.65 1.44 1.15 ± 0.01 

DMF 11.80 ± 0.11 1.18 ± 0.00 0.64 1.22 1.10 ± 0.01 
*Radius (R) has negligible errors from the fitting, therefore errors of R are not listed. 
 

2.4 Polypeptoid helical conformation persists across different solvents 

The polypeptoids with chiral, bulky side chains of identical chirality (Chir36) display 

characteristic circular dichroism (CD) spectra that correspond to the repeating helical 

secondary structure adopted by the polypeptoid chains in solution. A distinct peak at 220–

225 nm (from the 𝑛 → 𝜋∗ amplification43, 55) is observed in the range of solvents–

tetrahydrofuran (THF), acetone (ACE), acetonitrile (ACN) examined, while the coil 

polypeptoids (Rac36) do not give any peaks associated with a secondary structure (Figure 

2.6a). For the fourth solvent used in this study, dimethylformamide (DMF), the wavelength 

range of interest (180–220 nm) is below the solvent cutoff (DMF absorbance cutoff: ~267 

nm), thus no characteristic peaks could be observed in the CD spectrum to confirm the 

helical conformations of Chir36 in DMF. Nevertheless, these polypeptoid helices are 

designed to be stable with a length of 36 residues and 50 % of a-chiral, aromatic side chains, 

including one placed at the C-terminus. The helical secondary structure has been shown to be 

stable across a wide range of solvents and at elevated temperatures.55, 60, 105 In the present 
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system, there is no obvious interactions associating the solvent molecules with the 

polypeptoid chains in dilute solution. Further, with molecular volumes of solvents (diameter 

~ 5.5–6.3 Å) comparable to the helical pitch of Chir36 (~ 6 Å), the solvent molecules are 

unlikely to reside in between helical turns. Therefore, the local conformation on the length 

scale within a helix segment is defined by the chemical structure of the polypeptoids and is 

unlikely to vary with solvent conditions, while the conformation on the whole-chain length 

scale can still vary with solvent conditions. 

 

 

Figure 2.6 CD and VCD spectra of helical and coil polypeptoids in solution 
a) Circular dichroism (CD) spectra of helical (Chir36) and coil (Rac36) polypeptoids in 
tetrahydrofuran (THF), acetone (ACE) and acetonitrile (ACN). The peak around 220–225 nm 
from 𝑛 → 𝜋∗ amplification is observed for the helical polypeptoids in all three solvents, 
indicating the existence of a helical secondary structure. The coil polypeptoids do not show 
characteristic peaks associated with a secondary structure. b) Vibrational circular dichroism 
(VCD) spectra and corresponding FT-IR absorption spectra of Chir36 and Rac36 in dilute 
solution of d-chloroform. The positive VCD signal at 1665 cm-1 (C=O stretching motions, 
perpendicular to the main-chain) indicates a helical conformation adopted by the polypeptoid 
backbone.   
 

Polypeptoid backbone helical conformation is further confirmed with vibrational circular 

dichroism (VCD), which probes the vibrational coupling between two chromophores.106 

Cotton effects with a positive VCD band at 1665 cm-1 are found, corresponding to the 
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characteristic absorption of the C=O stretching motions, which are perpendicular to the main-

chain and can be used to represent a helical conformation adopted by the polypeptoid 

backbone (Figure 2.6b). Furthermore, the coil polypeptoids (Rac36) also show similar 

positive Cotton effects, but with much lower intensity. This slight positive VCD signal is 

attributed to the non-equal population between cis and trans backbone configurations, where 

neighboring glycine units both adopting cis configuration will have a rotation angle between 

neighboring C=O bonds, leading to a net VCD signal. The stronger signal at 1665 cm-1 

observed for Chir36 indicates a preferential helical conformation adopted by the polypeptoid 

backbone, in consistent with previous studies on this type of polypeptoids.55, 60 

 

2.5 Chain conformation response to solvent quality variations 

For sterically defined helical polypeptoids, the helical secondary structure changes chain 

trajectory, chain stretching penalty, and the joints/defects between helix segments can also be 

stabilized differently depending on solvent conditions. With these possible energetic 

contributions from the helical secondary structure, we further examine the chain 

conformation change of chemically identically helical and coil polypeptoids as a function of 

solvent quality on the whole-chain length scale, where the chain conformations are 

parameterized by radius of gyration (Rg, measured via small-angle neutron scattering, SANS) 

and solvent quality is parameterized by the second virial coefficient (A2, determined via static 

light scattering, SLS). 

Both helical and coil polypeptoids show a polymer coil characteristic of the scattering 

intensity I(q), without features present from the helical secondary structure due to the small 

characteristic length scales of the helix segment (i.e., helical pitch, radius) expected only at 
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higher q, where the incoherent scattering dominates (Figure 2.7a). In each solvent, the 

absolute intensity in the low-q region of the helical polypeptoids is consistently lower than 

that of the coil polypeptoids. Recall that both polypeptoids should have the same scattering 

length density (SLD) since they are chemically identical; therefore, the smaller low-q 

intensity of the helical polypeptoids indicates a higher density than the coil analogue, which 

likely results from a more compact packing of monomers imposed by the helical secondary 

structure (Figure 2.8). In the Guinier regime, the radius of gyration, Rg, of polypeptoids in 

different solvents can be extracted without a priori knowledge of chain shapes (Figure 2.7b, 

results are summarized in Table 2.3). 

 

 
Figure 2.7 SANS of helical polypeptoids in dilute solution and Rg determination 
a) Representative SANS data (solvent background subtracted) of the helical polypeptoids 
(Chir36) in dilute solutions of tetrahydrofuran-d8 (THF-d8), dimethylformamide-d7 (DMF-
d7), acetone-d6 (ACE-d6), and acetonitrile-d3 (ACN-d3). The region between dashed 
vertical lines at low q is the Guinier regime where the size of polymer chains can be obtained 
without any assumption of the chain shape. b) An example of the Guinier plot of Chir36 in 
ACN-d3. The radius of gyration, Rg, is determined from the slope of ln I(q) vs. q2. 
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Figure 2.8 Scattering intensity comparison of helical and coil polypeptoids 
The inset shows the low q region comparison, where the scattering intensity of the helical 
polypeptoids (Chir36) is consistently lower than the chemically identical coil polypeptoids 
(Rac36) under the same dilute solution conditions, indicating the helical polypeptoids have a 
higher density. 
 

Table 2.3 A2 and Rg of the polypeptoids in dilute solutions 
 Chir36 (helical) Rac36 (coil) Achir36 (coil) 

A2 ´ 103 (cm3 mol g-2) 

ACN 0.29 ± 0.09 0.20 ± 0.09 0.16 ± 0.12 

THF 0.39 ± 0.07 0.43 ± 0.17 0.26 ± 0.06 

ACE 0.55 ± 0.08 0.65 ± 0.30 0.57 ± 0.13 

DMF 1.83 ± 0.21 1.46 ± 0.22 1.43 ± 0.31 

Rg (Å) 

ACN 15.22 ± 0.08 15.76 ± 0.07 15.75 ± 0.08 

THF 16.07 ± 0.05 16.43 ± 0.05 16.63 ± 0.05 

ACE 14.94 ± 0.06 15.63 ± 0.06 15.38 ± 0.06 

DMF 14.79 ± 0.05 15.02 ± 0.05 14.79 ± 0.05 

Second virial coefficient, A2, of different polypeptoid–solvent pairs, determined by static 
light scattering (SLS), and radius of gyration, Rg, of the polypeptoids in the corresponding 
deuterated solvents, determined by small-angle neutron scattering (SANS), at 20 °C. 
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In all cases, the polypeptoids consisting of chiral monomers with the same chirality 

(which show CD spectra indicating helicity) have a more compact chain conformation 

(smaller Rg) than the racemic analogue in any given solvent (Table 2.3). Although solvent 

quality, which reflects excluded volume interactions in dilute solution, is expected to depend 

on polymer chain shapes,107 here the solvent quality (as indicated by A2) does not show 

explicit chain shape dependence. When accounting for the difference in A2 between the 

analogues, both polypeptoids show only a very weak dependence of Rg on A2 (Figure 2.9a), 

in contrast to the usual swelling of flexible unstructured polymers in dilute solution with a 

better solvent. Rg of these polypeptoids is also insensitive to temperature in the range from 

10 °C to 40 °C. The relative constant chain size of the coil polypeptoids (Rac36) can be 

rationalized that the overall chain size is approximately equal or smaller than the thermal 

blob size xT (Table 2.4), therefore the excluded volume interactions are weaker than the 

thermal energy kBT and the changes in the excluded volume induced by solvent condition 

variations have negligible effects on chain size. However, even with the helical secondary 

structure imposed along the chain, the helical polypeptoids do not show obvious chain 

conformation dependence on solvent quality and behave similarly to the coil polypeptoids in 

terms of Rg, which indicates the contributions from the helical secondary structure to chain 

conformation are negligible or do not depend strongly on solvent quality.  
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Figure 2.9 Overall chain size and local chain stiffness as a function of solvent quality 
a) Chain conformation variations of the helical (Chir36) and coil polypeptoids (Rac36 and 
Achir36) in dilute solution shown in terms of radius of gyration, Rg, as a function of solvent 
quality, parameterized by the second virial coefficient, A2. The dashed line represents the 
swelling of a polymer chain with similar flexibility and molecular weight if it follows the 
universal swelling behavior.108-109 All polypeptoids show a very weak dependence of Rg on 
A2. b) Kuhn lengths of the helical (bhelix) and coil (bcoil) polypeptoids in dilute solution as a 
function of A2. 
 

Table 2.4 Thermal blob calculations 
 Solvent A2 ´ 103 (cm3 mol g-2) z v (nm3) xT (nm) gT 

Chir36 

ACN 0.288 0.142 1.69 15.68 47.7 

THF 0.385 0.159 2.92 14.93 33.8 

ACE 0.545 0.347 2.17 5.89 9.7 

DMF 1.833 1.307 6.81 1.51 0.7 

Rac36 

ACN 0.195 0.140 0.15 14.10 135.8 

THF 0.431 0.218 1.57 10.16 25.8 

ACE 0.650 0.483 0.57 4.03 10.7 

DMF 1.455 1.223 1.27 1.53 1.7 

Calculations are based on scaling approaches in Rubinstein and Colby’s.35 z, chain 
interaction parameter, v, excluded volume of a Kuhn monomer, xT, thermal blob size, gT, 
number of monomers in a thermal blob. 
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Considering both polypeptoids have chiral centers in their side chains (Chir36 with chiral 

side chains of identical chirality, Rac36 with racemic side chains), the bulky side chains may 

make the polymer chains less susceptible to solvent conditions and therefore lead to the 

observed consistent trend of chain size as a function of solvent quality. To test the potential 

effects due to monomer chirality, another unstructured coil polypeptoid (Achir36) is 

examined, which lacks side chain chirality but has otherwise identical composition to the 

Chir36 and Rac36 materials. The coil polypeptoids (Achir36) in the above solvents also show 

similar trend of Rg as a function of solvent quality A2 (Figure 2.9a). Therefore, potential 

effects from solvents impacting the chiral centers in the side chains and thus dominating 

chain conformation changes are excluded in this case. Nevertheless, it is obvious that the 

chain conformations of polypeptoids with chiral centers are different in DMF than in other 

solvents, which are more coil-like, as indicated by the porod scaling exponent (close to -2, 

whereas -1 corresponds to a rod-like chain). However, this change in chain shape in DMF 

only occurs for polypeptoids with a chiral center (Chir36 and Rac36) while not in the case of 

the achiral polypeptoids, Achir36 (Figure 2.10). The relationship between solvent quality for 

the copolypeptoids studied above (recall Chir36, Rac36 and Achir36 consist of two types of 

monomers with a specific sequence) and the corresponding homopolypeptoids (Nme36 and 

Npe36) is further investigated. The calculated second virial coefficient (A2,calc) based on 

A2,homos (A2,Nme36, A2,Npe36) and the weight fractions of monomers does not match the 

measured solvent quality (A2,measured) for the copolypeptoids (Table 2.5). This discrepancy 

observed in A2s implies that by having two different components, there likely exist extra 

attractive/repulsive interactions between the unlike monomers, but the expected changes 
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from these extra interactions (i.e., more swelled chains in DMF than in THF) are not 

observed. 

 

 

Figure 2.10 Porod scaling exponents of polypeptoids in dilute solutions 
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Table 2.5 A2 of Achir36 and its corresponding homopolypeptoids (Nme36, Npe36) 

Solvent 
Second virial coefficient, A2 ´ 103 (cm3 mol g-2) 

A2,Nme36 A2,Npe36 A2,Achir36_calc A2,Achir36_measured 

ACN 1.68 ± 0.72 Insoluble / 0.16 ± 0.12 

THF 1.62 ± 0.48 0.58 ± 0.21 1.02 ± 0.52 0.26 ± 0.06 

ACE 1.20 ± 0.22 Insoluble / 0.57 ± 0.13 

DMF 1.40 ± 0.48 1.27 ± 0.34 1.32 ± 0.59 1.43 ± 0.31 

The homopolypeptoids with all chiral/racemic side chains are not synthetically accessible. 
Here, solvent quality for corresponding homopolypeptoids of Achir36 (i.e., Nme36 and 
Npe36) were examined. The calculated second virial coefficient assumes a linear dependence 
of A2 on monomer weight fractions.  
 

Recall that the helical polypeptoids are made of jointed helices, where the defects make 

the joints between helix segments, imparting flexibility of the helical chains. The Kuhn 

lengths of helical and coil chains (bhelix and bcoil, where the former characterizes the distance 

over which the helical contour loses persistence) were extracted by fitting a flexible cylinder 

model with excluded volume interactions to the SANS data, using Kuhn length b as one of 

the fitting parameters.101-102 Local chain stiffness of the helical chains (bhelix) appears to have 

a stronger dependence on the solvent quality–more defective helical chains (i.e., smaller 

bhelix) in a better solvent (larger A2). However, the local chain stiffness of the coil chains 

(bcoil) does not show explicit dependence on solvent quality (Figure 2.9b). The radius of 

gyration, Rg, calculated based on the wormlike chain model fits is nearly constant as A2 

changes (Table 2.2), which is in consistent with the results obtained from the Guinier 

analysis. This in turn, indicates that, defect stabilization is not likely the major contributing 

factor to the overall chain size change of the helical polypeptoids in dilute solution, as both 

helical and coil polypeptoids show very weak Rg dependence on A2. 
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2.6 Conclusions 

In this work, comparison between chemically identical helical and coil polypeptoids in 

dilute solution demonstrates that the helical chains (with secondary structure driven by steric 

interactions from chiral, bulky side chains) are locally stiffer, but have more compact chain 

conformations than the coil chains formed from the racemic or achiral analogues. 

Nevertheless, for all polypeptoids in dilute solution, solvent quality does not show dominant 

effects on the chain conformations in terms of radius of gyration, Rg, which is almost 

constant as solvent quality (A2) changes. For the sterically defined helical chains, there is no 

specific interactions associating solvent molecules with the polymer chains, and the solvent 

molecule sizes are comparable to the helical pitch; thus, the local conformation on the length 

scale within a helix segment is unlikely to change, while the conformation on the whole-

chain length scale can still vary with solvent conditions. These helical chains, with local 

chain trajectories defined by helical turns but overall random walk statistics of the jointed 

helix segments, are an intermediate scenario of polymers with completely random to entirely 

dictated chain trajectories. From this study, the contributions from the sterically defined 

helical secondary structure to polymer chain conformations appear to be either negligible or 

do not depend strongly on solvent quality. We suspect that the consistent trend of chain size 

dependence on solvent quality is due to the dominating interactions between polypeptoid 

segments as opposed to interactions imposed by the helical secondary structure or polymer–

solvent interactions. These sterically defined helical chains also provide insights on the 

rational design of polymer chains with stable secondary structures that are insensitive to the 

surrounding environments. 
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Chapter 3 

 

Effects of Helical Chain Shape on 

Lamellae-Forming Block Copolymer Self-

Assembly 

 

3.1 Abstract 

Understanding the effects of non-ideal polymer chain shapes on block copolymer self-

assembly is important for designing functional materials, such as biopolymers or conjugated 

polymers, with controlled self-assembly behavior. While helical chain shapes in block 

copolymers have been shown to produce unique morphologies, the details of how chain 

helicity influences the thermodynamics of self-assembly are still unclear. Here, we utilize 

model coil–coil and coil–helix block copolymers based on polypeptoids, for which the chain 
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shape can be tuned from helix to coil via monomer chirality with otherwise constant 

chemistry. This model block copolymer system is used to probe the effects of chain helicity 

on the thermodynamics of block copolymer self-assembly. Small-angle X-ray scattering of 

the bulk materials shows that the block copolymers form well-ordered lamellar structures. 

While having identical domain spacing, the coil–helix block copolymer displays a lower 

order–disorder transition temperature (TODT) than its coil–coil analogue. The coil–helix block 

copolymer is found to have a smaller enthalpic contribution to mixing, supported by a 

smaller effective Flory–Huggins interaction parameter (ceff) determined in the disordered 

state. Furthermore, the helical block of the coil–helix block copolymer experiences larger 

chain stretching penalties in the lamellar morphology, which leads to a larger entropic gain 

upon disordering. The combined effects of the enthalpic and entropic contributions are likely 

to have lowered the TODT of the coil–helix block copolymer, yielding insight into the 

importance of different thermodynamic contributions that arise from polymer chains with 

non-ideal shapes in block copolymer self-assembly. 

 

3.2 Introduction 

 In the canonical case of coil–coil block copolymers, the self-assembly behavior can be 

captured by the relatively simple trade-off between chain stretching and mixing at the 

interface.1-2, 6, 82 In rod–coil block copolymers, the liquid crystalline interactions and 

geometric asymmetry significantly impact the self-assembly behavior.19-20, 110-111 In both 

cases, space-filling characteristics and local stiffness of the chain impact the self-assembly. 

The intermediate regime—semiflexible polymers and chains with complex structures—is 

practically important, as many newly developed block copolymers have variation in local 
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chain stiffness and/or secondary structures that are central for their use as functional 

materials. However, understanding the deviations from ideal coil–coil block copolymer self-

assembly behavior imposed by secondary chain structures can be challenging, because these 

complex chain shapes usually require particular chemistries and thus are unlikely to have a 

chemically analogous coil chain for comparison. Moreover, the frequent inclusion of 

multiple complicating factors (e.g., liquid crystalline interactions, hydrogen bonding, charge–

charge interactions, etc.) adds even more complexity to deconvoluting the chain shape effects 

on self-assembly. 

Among different chain shapes, helices are a particularly common shape in biopolymers and 

serve as an important structural motif for molecular functions.112-114 Helices have also been 

formed in synthetic polymers through the introduction of chiral or steric interactions,41, 92, 115-

117 or isotacticity in semi-crystalline polymers such as isotactic polypropylene and isotactic 

poly(1-butene).118-119 Synthetic helices are often used as model systems to understand the 

role of polymer helical chain shape in hierarchical systems; a few have been readily 

incorporated into block copolymers, where the helical chain shape was shown to significantly 

impact the self-assembled structures.120-123 For example, polystyrene–poly(L-lactide) block 

copolymers with a helical poly(L-lactide) block self-assemble into a hexagonally-packed 

helical phase that is not observed in the corresponding achiral system in bulk.32-33 However, 

with synthetic helical polymers that display crystallinity, crystallization can be a competing 

factor with the self-assembly process,124 potentially concealing effects from the helical chain 

shape. Block copolymer systems that contain a helical block, but lack other complicating 

factors, are desirable to study effects of polymer helical chain shape on the self-assembly 

behavior.  
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Polypeptoids (N-substituted polyglycines) are a class of sequence defined materials, 

capable of folding to well-defined, repetitive secondary structures including helices.56, 58-59 

Polypeptoids have recently been shown to form highly ordered crystals; however, if 

appropriate monomers and monomer sequences are chosen, polypeptoids can be completely 

amorphous.26, 125 The polypeptoid block used in this work is designed to be non-crystalline 

and forms either a helical secondary structure with homochiral, aromatic side chains, or an 

unstructured coil if a racemic mixture of the same side chains is incorporated (Figure 3.1).55, 

60 This polypeptoid helix is a polyproline I-type helix with cis bond conformations preferred 

by the backbone, confirmed via a combination of circular dichroism and 2D NMR.56, 94 There 

are several important features to consider regarding the effects of this helical chain shape on 

the self-assembly of block copolymers: (1) The helical chain is locally stiffer, but overall is 

flexible rather than rod-like. It has a helical persistence length (lp,helix, the distance over which 

the helical contour loses persistence–as opposed to chain persistence length) of 

approximately 1 nm in solution,24, 26 which is much smaller than that of other synthetic 

polymer helices.92 (2) When incorporated into block copolymers, the helical and coil 

polypeptoids will not contribute differently to the interaction parameter (c) in terms of 

chemical identity. Nevertheless, the variations in local chain structure of the polypeptoids 

could cause changes to the interactions between dissimilar blocks, where the locally stiffer 

and more condensed helices are likely to prevent contacts between chains, potentially leading 

to a small decrease in the segregation strength (cN). (3) The polypeptoid helical chain is 

made of jointed helix segments: for a polypeptoid 60mer, there are approximately 12 helical 

segments (estimated based on LC,helix/lp,helix, LC,helix is the length of the helical contour); due to 

this jointed nature, the helical chain stretching is not like the longitudinal stretching of a 
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spring, but rather the helix segments rearranging to adopt extended configurations (it is 

speculated that the helical pitch and number of residues per turn stay constant). (4) The 

polypeptoids here do not crystallize so there is no competition between crystalline 

interactions and block copolymer interactions during self-assembly. This polypeptoid system 

also affords high synthetic yields at large scale via highly efficient solid-phase synthesis,52 

enabling bulk studies to probe the helical chain shape contributions to block copolymer self-

assembly. 

 
Figure 3.1. Molecular structure and chain shape of polypeptoid 60-mers  
Incorporating homochiral, aromatic side chains with identical R-chirality induces helix 
formation (Chir60), while a racemic mixture of the same side groups generates an 
unstructured coil chain (Rac60). The helical chain has a helical persistence length ~ 11 Å, 
which is much longer than that of the coil chain (lp,coil ~ 6 Å). However, these two persistence 
lengths are qualitatively different as lp,helix is a correlation distance along the helical contour 
and lp,coil is a correlation distance along the polymer chain contour. Number of repeat units, n 
= 10, number of residues, m = 60. 
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shape but lacking backbone chirality, hydrogen bonding and crystallinity, are an ideal system 
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spacings in the lamellar morphology, while the coil–helix block copolymer has a lower 

order–disorder transition temperature (TODT) than its coil–coil analogue. The coil–helix block 

copolymer is found to have a smaller enthalpic contribution to mixing, supported by a 

smaller effective Flory–Huggins interaction parameter (ceff), which is determined in the 

disordered state using a newly-derived correlation function for the helical chain. 

Furthermore, the helical block of the coil–helix block copolymer experiences larger chain 

stretching penalties in the lamellar morphology, which leads to a larger entropic gain upon 

disordering. Both the enthalpic and entropic factors contribute to lowering the TODT of the 

coil–helix block copolymer. 

 

3.3 Experimental section 

 3.3.1 Materials 

Solvents and reagents were purchased from commercial suppliers and used without 

further purification, unless otherwise noted. Anhydrous anisole, dimethylformamide (DMF), 

and N,N-diisopropylethylamine (DIPEA) were used for synthesis of poly(n-butyl acrylate) 

and block copolymers. HPLC-grade tetrahydrofuran (THF), acetonitrile (ACN), and water 

(H2O) were used for precipitations and lyophilization. 

 

3.3.2 Synthesis and purification of alkyne-terminated polypeptoids  

Polypeptoids were synthesized on a custom robotic synthesizer using commercially 

available amine submonomers as described in 2.3.2. Rink amide resin (300 µm scale, 

Novabiochem) with 0.50 mmol g-1 loading was used. Bromoacetylation steps were 

performed twice to enable high yields of the desired product. An additional unit was added in 
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the same method with propargylamine to give the alkyne end group after the desired 

sequence. The chain end was finally acetylated as previously described. Polypeptoids were 

cleaved from the resin and purified as described in 2.3.2. Polypeptoid mass and purity were 

determined by UPLC-MS. 

 

3.3.3 Synthesis of azide-terminated poly(n-butyl acrylate) 

Bromine-terminated poly(n-butyl acrylate) was first synthesized via atom-transfer radical 

polymerization (ATRP). The initiator (methyl 2-bromo-propionate), solvent (anhydrous 

anisole), and catalyst (copper(I) bromide, Cu(I)Br) were used as received. Butyl acrylate 

monomer and ligand N,N,N',N',N"-pentamethyldiethylenetriamine (PMDETA) were filtered 

through basic alumina before use. In an oven-dried Schlenk flask, 0.128 mmol initiator, 

0.048 mmol PMDETA, 0.048 mmol Cu(I)Br, 34.7 mmol butyl acrylate, and 2 mL anisole 

were combined. The reaction mixture was degassed by three freeze–pump–thaw cycles (to 

pressure < 100 mTorr) and reacted for 6 h at 80 °C under nitrogen. The viscous reaction 

mixture was diluted with THF, filtered through basic alumina to remove copper compounds, 

and then precipitated into cold methanol. The collected polymer was dried in vacuo 

overnight. The bromine-terminated poly(n-butyl acrylate) was dissolved in DMF (0.05 M 

concentration), and 1.5 molar equivalents of sodium azide was added. The reaction mixture 

was stirred for 24 h at room temperature. Three chloroform : water (1:1, v/v) extractions 

were performed for the reaction mixture to remove residual sodium azide. The organic layer 

was collected and dried in vacuo to yield a highly viscous liquid. 

 

3.3.4 Synthesis of poly(n-butyl acrylate)–polypeptoid block copolymers 
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Alkyne-terminated polypeptoid (~130 mg, 2 equiv.) was combined with azide-terminated 

poly(n-butyl acrylate) (1 equiv.) and 2 mL anhydrous DMF in a capped vial. N,N-

Diisopropylethylamine (DIPEA, 10 equiv.), PMDETA (5 equiv.), and ascorbic acid (6 

equiv.) were added. The reaction mixture was sparged with nitrogen for 45 min. In an oven-

dried Schlenk flask, Cu(I)Br (5 equiv.) was added, and the flask was evacuated and 

backfilled with nitrogen three times. The sparged reaction mixture was added to the Schlenk 

flask with a degassed syringe, and then further degassed with three freeze–pump–thaw cycles 

(to pressure < 100 mTorr). The reaction was allowed to react under static vacuum at 50 °C 

for approximately 40 h. The solution was then diluted with DMF and filtered through basic 

alumina to remove copper compounds. The solution was dried in vacuo, dissolved in THF 

(100 mg mL-1), and precipitated twice into an ACN : H2O (1:1, v/v) mixture to remove 

excess polypeptoid. The precipitate was isolated by centrifugation and dried in vacuo at 

40 °C overnight. 

 

3.3.5 Ultrahigh-pressure liquid chromatography mass spectrometry (UPLC-MS).  

UPLC-MS was performed on a Waters Xevo G2-XS, equipped with a time-of-flight mass 

spectrometer. Polypeptoid samples were dissolved at ~ 0.5 mg mL-1 in ACN : H2O (1:1, v/v) 

mixtures (with 0.1 % formic acid). Separation was achieved on a Waters BEH C18 column 

with eluent gradients changing from 50 % ACN/50 % H2O to 100 % ACN over 10 min. 

Polypeptoid materials were detected by UV absorption at 214 nm. Charged polypeptoid 

species were detected in the mass spectrometer (Figure 3.2). 
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Figure 3.2 UPLC-MS of polypeptoids 
a) Polypeptoids were detected by UV absorption at 214 nm. The first peak in the major 
product region is polypeptoid 60-mers with one methylbenzyl side chain cleaved off (Mw: 
8338.6, full 60-mer Mw: 8443.5). The molar ratio of chains affected this way is 1 : 1 for 
Chir60 and 0.6 : 1 for Rac60. This defect does not appear to change the conformation of the 
polypeptoid chains nor the self-assembly behavior. Other minor impurities are shorter 
polypeptoid chains. b) Triply, quadruply, and quintuply charged polypeptoid species were 
detected in the mass spectrometer. 
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refractive index detector were used for molecular weight determination using polystyrene 

calibration standards (Agilent Technologies). GPC traces of poly(n-butyl acrylate), 

polypeptoids, and block copolymers were obtained in the same way and compared in Figure 

3.3. 

 

 

Figure 3.3 GPC of poly(n-butyl acrylate), polypeptoids, and block copolymers 
The polypeptoids are monodisperse (as shown via UPLC-MS), but have broad peaks in GPC 
likely due to interactions with the column and therefore have a large and broadened retention 
time range. As a result, the block copolymers also have broadened GPC peaks due to the 
polypeptoid block interactions and the retention times of the block copolymers are in 
between PnBA and polypeptoid. 
 

3.3.7 Circular Dichroism (CD) 

CD measurements were performed on a J-1500 CD spectrometer. Polypeptoid and block 

copolymer solutions were prepared at a concentration of 0.1 mg mL-1 and 0.2 mg mL-1 in 

ACN, and CD spectra of the solutions were collected using quartz cells (Starna Cells) with a 

1 mm path length. Solid-state samples for CD measurements were prepared by drop-casting 
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discs, dried in air, and then dried in vacuo overnight to remove residual solvent. A scan speed 

of 200 nm min-1 was used, and 5 measurements were averaged for each sample (Figure 3.4). 

 

 

Figure 3.4 CD of polypeptoids and block copolymers in solution and in bulk 
CD of polypeptoids (top row) and block copolymers (bottom row) in solution (acetonitrile) 
and in bulk (drop-casted film on quartz). The characteristic peaks at 190 nm, 205 nm, and 
220 nm indicate the helical conformation adopted by polypeptoid chains.60 Both polypeptoid 
(Chir60) and block copolymer (PnBA–Chir60) in solution and in bulk show corresponding 
characteristic peaks, indicating helical chain conformation persists in the solid state. 
 

3.3.8 Small-angle X-ray scattering (SAXS) 

Dry block copolymers were loaded into a Kapton lined aluminum washer. Samples were 
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annealed at 110 °C for another 24 h. After cooling to room temperature under reduced 

pressure, the washers were sealed with Kapton under ambient conditions.  

SAXS was performed at the Stanford Synchrotron Radiation Lightsource (SSRL, 

beamline 1-5, SLAC National Accelerator Laboratory) with an X-ray energy of 10 keV, and 

the National Synchrotron Light Source II (NSLS-II, beamline 11-BM, Brookhaven National 

Laboratory) with an X-ray energy of 13.5 keV. Peak positions and errors were determined by 

Gaussian-peak fitting. Order–disorder transitions (ODTs) of block copolymer materials were 

determined at SSRL, using a custom-built heat stage with temperatures measured at the 

sample positions to ensure accuracy. Samples were equilibrated for 5–10 min at each 

temperature (to an accuracy of ± 0.3 °C) before collecting exposures. Calibration using a 

silver behenate standard, circular averaging of the 2D scattering pattern, and correction for 

empty cell scattering were performed using the Nika package for Igor Pro.126 

 

3.3.9 Random phase approximation (RPA) structure factors 

In the disordered state of block copolymers, the connectivity of the two dissimilar blocks 

leads to a correlation hole effect that manifests as a broad peak proportional to the structure 

factor in scattering measurements.2-3 The peak position and peak shape correspond to a 

fluctuation length scale related to the copolymer radius of gyration and the magnitude of the 

interaction parameter c. The RPA structure factor for an incompressible melt of diblock 

copolymers is3 

𝑆 𝑞 =
𝑁

𝐹 𝑞 − 2𝜒𝑁 

(1) 

with 
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𝐹 𝑞 =
𝑔pp + 2𝑔pq + 𝑔qq
𝑔pp𝑔qq − 𝑔pq

6  

(2) 

where 𝑔pp, 𝑔qq and 𝑔pq are the intra-block and inter-block correlation functions, 

respectively. The different chain shapes are incorporated into these correlation functions. 

Within each helical segment, the correlation is carefully captured by taking into account the 

details of the helical chain geometry, while the correlations on the length scale larger than a 

helical segment are calculated based on freely jointed chains (Figure 3.5). This model based 

on freely jointed chains is appropriate for these block copolymers because each block has an 

overall contour length much longer than the corresponding persistence length. 

 

 

Figure 3.5 Schematic of chain models for coil–helix and coil–coil block copolymers  
Chain models are based on the freely jointed chain model of N statistical segments of rod 
length b. The helical chain geometry is captured as freely jointed helix segments with radius, 
R, ribbon width, d, and helical pitch, p. 
 

The helical chain geometry is modeled as a freely jointed chain of helical ribbons,127 

where the helical segments have radius, R, ribbon width, d, and helical pitch, p; the overall 

!
" #
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(FJC)
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chain is then composed of N helical segments of length b. The correlation function of this 

freely jointed chain of helical ribbons is 

𝑔rstu =
1

𝑁 𝑁 + 𝑏𝑝
𝛿
2

6
− 1

2
𝑁 − 1

1 − 𝑗L 𝑏𝑞
−
𝑗L 𝑏𝑞 1 − 𝑗LxJ@ 𝑏𝑞

[1 − 𝑗L 𝑏𝑞 ]6
𝑆𝑖(𝑏𝑞)
𝑏𝑞

6

+ 𝑁
𝑏
𝑝 𝑖6<

~

J~

𝑑𝛽
� 6

L

sin6 𝛿
2 𝑞�

�

𝑞�� 6
𝐽<6 𝑞�� 𝑅 sin 𝛽 sin 𝛽  

(3) 

where 𝑆𝑖(𝑥) = ��� �
�
𝑑𝑡�

L  is the integral sine function, j0(x) is the zeroth-order spherical 

Bessel function of the first kind, Jn(x) is the Bessel function of the first kind of order n,  𝑞�� =

𝑞� sin 𝛽 + 𝑞� cos 𝛽 = 𝑞6 − 𝑛6𝜋6 𝑝6 sin 𝛽 + 𝑛𝜋 𝑝 cos 𝛽, and 𝑞�� = 𝑞� cos 𝛽 −

𝑞� sin 𝛽 = 𝑞6 − 𝑛6𝜋6 𝑝6 cos 𝛽 − 𝑛𝜋 𝑝 sin 𝛽. 

The coil blocks are modeled as freely jointed chains with the mass centered on the rods 

connecting the beads with an intra-block Debye-like correlator:18 

𝑔stu =
1
𝑁 +

2
𝑁6 𝑁 − 𝑖

xJ@

;�@

𝑗L 𝑏𝑞 ; 𝑆𝑖 𝑏𝑞
𝑏𝑞  

(4) 

where N is the number of statistical segments of length b in that block. Finally, the inter-

block correlation function between two blocks of freely jointed chains, used for both coil–

coil and coil–helix block copolymers, is 
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𝑔pq =
1

𝑁p𝑁q
𝑗L 𝑏p𝑞 ;𝑗L 𝑏𝑞 𝑗L 𝑏q𝑞 �

x�J@

��@

x�J@

;�@

𝑆𝑖 𝑏p𝑞
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𝑆𝑖 𝑏q𝑞
𝑏q𝑞

=
𝑗L 𝑏𝑞
𝑁p𝑁q

𝑗L 𝑏p𝑞 x� − 1
𝑗L 𝑏p𝑞 − 1

𝑗L 𝑏q𝑞 x� − 1
𝑗L 𝑏q𝑞 − 1

𝑆𝑖 𝑏p𝑞
𝑏p𝑞

𝑆𝑖 𝑏q𝑞
𝑏q𝑞

 

(5) 

where bk is the statistical segment length of block k, and 𝑏 is the length of the statistical 

segment connecting the A and B blocks, assumed to be the linear average of bA and bB. It 

should be noted that this neglects the local helical monomer arrangement when calculating 

inter-block correlations for simplicity; an assumption that is expected to be valid in this case 

of large N and b >> R. 

This results in the RPA expressions for the Helical FJC (hFJC)–FJC and FJC–FJC 

structure factors applicable to the coil–helix and coil–coil block copolymers in the disordered 

state, 

𝑆rstu–stu 𝑞 =
𝑁p + 𝑁q

𝑔rstu + 2𝑔pq + 𝑔stu
𝑔rstu𝑔stu − 𝑔pq

6 − 2𝜒(𝑁p + 𝑁q)
 

(6) 

and 

𝑆stu–stu 𝑞 =
𝑁p + 𝑁q

2𝑔stu + 2𝑔pq
𝑔stu

6 	− 𝑔pq
6 − 2𝜒(𝑁p + 𝑁q)

 

(7) 

with block correlation functions as defined in Equations 3–5. 

 

3.3.10 SAXS profile fitting to RPA structure factors 
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The SAXS profiles of the block copolymers at different temperatures above ODT were fit 

to the RPA structure factors incorporating the chain shape details (Equations 6–7). The 

number of statistical segments N for each block was calculated based on the molecular 

weights, densities of the poly(n-butyl acrylate) and polypeptoids, and a reference volume of 

0.1 nm3 (Table 3.1). The SAXS profile of the coil–coil block copolymer was first fit to the 

standard RPA diblock copolymer structure factor of Gaussian coils with asymmetric 

statistical segment lengths,128 which gives bPnBA, bRac60. The same SAXS profile of the coil–

coil block copolymer was then fit to the FJC–FJC structure factor in Equation 7 using c as an 

adjustable parameter—the peak position was fit exactly when the bPnBA and bRac60 values 

obtained from the continuous Gaussian chain version of the RPA structure factor fit were 

used. For the coil–helix block copolymer, the corresponding SAXS profile was fit to the 

helical FJC–FJC structure factor in Equation 6, where NPnBA and NChir60 used values as 

calculated, bPnBA used the same value from the coil–coil analogue, d » 6 Å and R » 2 Å were 

estimated from the molecular structures,56 p was set to the value of the helical pitch of a 

similar peptoid determined in solution,94 and bChir60 and c were used as adjustable parameters 

to fit for the peak position and peak shape. The same fitting process was performed for the 

SAXS profiles of block copolymers at different temperatures (Figure 3.6). Statistical 

uncertainty of the fitted ceff was estimated by a sensitivity analysis of the fit (Table 3.2). 

 

Table 3.1 Number of statistical segments N for each block 
 Mn (g mol-1) r (g cm-3) N 

poly(n-butyl acrylate) 8913 1.08 137 

polypeptoid (Chir60/Rac60) 6444 1.18 119 

Calculation is based on a reference volume of v0 = 0.1 nm3. 
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Figure 3.6 Fitting of SAXS profiles to RPA structure factors 
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Table 3.2 Summary of fitting results 

Temp 

(°C) 

PnBA–Chir60 PnBA–Rac60 

bPnBA 

(Å) 

bChir60 

(Å) 
ceff 

bPnBA 

(Å) 

bRac60 

(Å) 
ceff 

160 6.41 6.37 0.00960 ± 0.00002/3 6.41 6.72 0.00996 ± 0.00001 

175 6.42 6.30 0.00956 ± 0.00003/5 6.42 6.73 0.00992 ± 0.00001 

190 6.43 6.25 0.00952 ± 0.00004 6.43 6.74 0.00988 ± 0.00002/1 

205 6.45 6.20 0.00947 ± 0.00005/3 6.45 6.76 0.00984 ± 0.00001/2 

220 6.51 6.23 0.00942 ± 0.00004/6 6.51 6.83 0.00978 ± 0.00002/3 

 

To investigate the impact of helical chain shape on the thermodynamics of block 

copolymer self-assembly, model coil–helix and coil–coil block copolymers with identical 

monomer chemistries but different chain shapes were synthesized. With identical domain 

spacings in the lamellar morphology, the coil–helix block copolymer has a lower order–

disorder transition temperature (TODT) than its coil–coil analogue. We examine the 

thermodynamic origins of the difference in the order–disorder transition (ODT) from two 

aspects—first, via the effects of the helical chain shape on the enthalpic contribution from 

contacts between dissimilar blocks, and second, the entropic contribution from chain 

stretching in the lamellar morphology. Both are found to be contributing factors to the 

difference in TODT. 

 

3.4 Lamellar domain spacing and order–disorder transition (ODT) 

To investigate how the helical chain shape impacts the thermodynamics driving 

segregation, we synthesized lamellar-forming coil–helix and coil–coil (poly(n-butyl 

acrylate)–polypeptoid) block copolymers with the same monomer chemistries. The lamellar 

morphology is targeted to eliminate packing frustrations, which were hypothesized to cause 
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the larger domain spacings of coil–helix block copolymers over coil–coil block copolymers 

in hexagonally-packed cylinders.26 The model coil–helix and coil–coil block copolymers 

were synthesized with one block composed of a polypeptoid, for which the chain shape is 

tuned between helix and coil by altering the side chain chirality (Figure 3.1).55, 60 The 

polypeptoids containing a precise number of monomers (m = 60) were incorporated into 

block copolymers with identical poly(n-butyl acrylate) blocks via an azide–alkyne 

cycloaddition reaction (Scheme 3.1). Thus, the obtained coil–helix and coil–coil block 

copolymers differ only in the shape of the polypeptoid block. 

 

 
Scheme 3.1 Synthesis of poly(n-butyl acrylate)–polypeptoid block copolymers. 
 

Both block copolymers (fpeptoid = 0.46) formed well-ordered lamellar structures, indicated 

by the appearance of a sharp primary peak (q*) and higher order reflections at 2q* and 3q* in 

SAXS patterns (Figure 3.7). The block copolymers display identical domain spacings of 

(13.5 ± 0.1) nm (Table 3.3), in contrast to the larger domain spacings observed in the coil–

helix block copolymers (fpeptoid ~ 0.3) adopting a hexagonally-packed cylinder morphology 

(~25 % larger than those of the coil–coil block copolymers).26 Previously, the larger domain 
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spacings of the coil–helix block copolymers were attributed to the unfavorable packing 

interactions from the helical polypeptoid block in the confined cylindrical core. Packing 

frustrations are expected to be eliminated or minimized in the lamellar morphology; the 

identical domain spacing observed in the lamellar structures here (1) affirms that packing 

frustrations were the origin of the different domain spacings observed in the hexagonally-

packed cylindrical morphology and (2) removes the role of packing frustrations from 

impacting the self-assembly of the coil–helix block copolymers.  

 

 

Figure 3.7 SAXS of coil–helix and coil–coil block copolymers 
Small-angle X-ray scattering (SAXS) patterns of bulk coil–helix (PnBA–Chir60) and coil–
coil (PnBA–Rac60) block copolymer samples at 45 °C. Both block copolymers formed well-
ordered lamellar structures and display identical domain spacings of (13.5 ± 0.1) nm, despite 
differences in the shape of their polypeptoid block. 
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Table 3.3 Summary of block copolymers synthesized and their characteristics. 
Block copolymers Mn,PnBA ĐPnBA Mpeptoid 

measured/theoretical 

fpep D (nm) 

PnBA–Chir60 (coil–helix) 8913 1.12 8443.5/8444.2 0.46 13.5 ± 0.1 

PnBA–Rac60 (coil–coil) 8913 1.12 8443.5/8444.2 0.46 13.5 ± 0.1 

 

The order–disorder transition temperature (TODT) of the coil–helix block copolymer is 

lower than that of the coil–coil analogue despite adopting identical domain spacings. 

Naïvely, block copolymers of identical chemical composition and molecular weight would be 

expected to have the same forces driving segregation. In symmetric diblock copolymers that 

form lamellar structures, the domain spacing d can be related to the segregation strength cN 

by a mean-field form: d = RgF(cN), where Rg is the radius of gyration in the disordered state, 

and F is a dimensionless function of cN.1-2, 129 However, with a helical chain shape, the block 

copolymer could have a different segregation strength cN, and/or a different scaling between 

chain dimension in the disordered state and domain spacing relative to the coil–coil analogue.     

Here we examine the ODTs of these block copolymers to probe the balance of enthalpic 

penalties from dissimilar segments mixing and entropic penalties from chains stretching to 

adopt extended configurations. The coil–helix and coil–coil block copolymers display TODTs 

of (146.7 ± 0.2) °C and (150.6 ± 0.3) °C, respectively (Figure 3.8). Despite identical domain 

spacings, the coil–helix block copolymer showed a 3.9 °C lower TODT. This trend was also 

observed in another set of block copolymers with a different volume fraction (Figure 3.9).  

The lamellar morphology readily minimizes the possibility of packing frustration as an 

entropic contribution that can affect the ODTs of these materials; the ODT differences must 

arise from a combination of enthalpic and other entropic contributions. Enthalpic 

contributions may arise because the helical chain shape induces changes in the spatial 
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arrangement of the polymer chain, leading to differences in the number of contacts with its 

neighboring chains. Entropically, the helical chain geometry of jointed helices also 

potentially stretches differently compared to an unstructured coil chain. Further, the fact that 

the helical chain has a lower effective number of segments could also impact the fluctuation 

effects near ODT and the translational entropy gain upon disordering, leading to a different 

ODT from the coil–coil block copolymer. Here we systematically investigate the interactions 

in the disordered state and the chain stretching in the lamellar structures to probe the relative 

contributions of these forces to block copolymer self-assembly. 

  

 

Figure 3.8 Order–disorder transitions of coil–helix and coil–coil block copolymers 
a) SAXS patterns of the block copolymers show ODTs at different temperatures; b) Order–
disorder transition temperatures (TODTs) of the coil–helix (PnBA–Chir60) and coil–coil 
(PnBA–Rac60) block copolymers were determined by plotting 1/I vs. 1/T to find the 
discontinuous change (lines in b) are guides to the eye to show the discontinuous change in 
1/I).130 The coil–helix block copolymer showed a 3.9 °C lower TODT than the coil–coil 
analogue despite identical domain spacings. Possible thermodynamic origins are either 
different enthalpic penalties from a different number of contacts with neighboring chains, or 
different entropic penalties from chain stretching of the helical polypeptoid block.  
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Figure 3.9 Domain spacing and ODT compare of block copolymers with fpeptoid ~ 0.42 
a) Small-angle X-ray Scattering (SAXS) patterns of another set of coil–helix (PnBA–Chir48) 
and coil–coil (PnBA–Rac48) block copolymer samples (fpeptoid ~ 0.42) at room temperature. 
Both block copolymers formed well-ordered lamellar structures with an identical domain 
spacing of (12.8 ± 0.1) nm. b) The coil–helix (PnBA–Chir48) block copolymer showed a 
lower order–disorder transition temperature (TODT) than the coil–coil (PnBA–Rac48) block 
copolymer. 
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3.5 Enthalpic interactions between dissimilar blocks in the disordered state 

To compare the enthalpic contribution to disordering of the coil–helix and coil–coil block 

copolymers, the effective interaction parameter, ceff, between poly(n-butyl acrylate) and 

polypeptoid (coil or helical) in the disordered state is measured; the coil–helix block 

copolymer has a smaller ceff, indicating smaller enthalpic penalties from the mixing of 

dissimilar segments than the coil–coil block copolymer. The mixing free energy is commonly 

described by a Flory–Huggins interaction parameter: c = �∆�
���

= �
���

(𝜖@6 −
�������

6
), which 

captures the energetic penalty associated with breaking pure component contacts (𝜖@@, 𝜖66) 

and forming cross contacts (𝜖@6).1, 14 Here the pairwise mixing energy, Dw, is equivalent 

because the chemical compositions of these block copolymers are identical. However, 

different chain geometries (i.e., helical vs. coil) fill space differently, which can cause a 

different number of chain contacts (z), and therefore, change the enthalpic interactions 

between the constituent blocks.14  

To quantify the enthalpic interactions between the two blocks, we fit the SAXS profiles 

of the block copolymers in the disordered state to the RPA structure factors to extract an 

effective interaction parameter, ceff (recall, the polypeptoid block is made of two distinct 

monomers). The chiral polypeptoid-containing block copolymer fit is based on a model of a 

freely jointed chain of helical ribbons (Equations 3–6) to capture the helical chain geometry 

in the correlation functions, as the commonly used RPA structure factor assumes continuous 

Gaussian chains of equal statistical segment length.3 

The coil–helix block copolymer has smaller ceff values than the coil–coil analogue at all 

temperatures (Figure 3.10), indicating smaller enthalpic penalties from dissimilar segments 

mixing. When fitting SAXS profiles to RPA structure factors, the peak shape is most 
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sensitive to the interaction parameter, compared to other parameters including statistical 

segment lengths and geometric parameters (d, p, R) of the helical segments. There is 

significant difference between the ceff values of the coil–coil and coil–helix block 

copolymers based on the errors, which are obtained from sensitivity analysis of the effective 

interaction parameter on the fits. This leads to a difference of ceffN » 0.1, which likely 

contributed to the observed difference in TODT between the two block copolymers. 

 

 

Figure 3.10 Effective interaction parameters of coil–helix and coil–coil block 
copolymers 
ceffs of PnBA–Rac60 (coil–coil) and PnBA–Chir60 (coil–helix) in the disordered state are 
determined by fitting to the FJC–FJC structure factor and helical FJC–FJC structure factor, 
respectively. The coil–helix block copolymer shows a smaller ceff, indicating that the 
enthalpic contributions from monomer contacts are smaller for the coil–helix block 
copolymer.   
 

Variations in local chain structure affect the segment–segment interaction parameter.14 

Thus, the helical chain is expected to interact with neighboring chains differently than the 

coil chain. We speculate that, with monomers confined within helical turns, the intrinsically 
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less flexible helices lower the chances of mixing between the polypeptoid and the poly(n-

butyl acrylate) blocks. Therefore, the coil–helix block copolymer has a smaller number of 

contacts (z) per reference volume that contributes toward the smaller ceff. Besides enthalpic 

effects, entropic effects from chain stretching may also contribute to the observed differences 

in ODT, which is discussed in the following section. 

 

3.6 Entropic contributions from chain stretching in the lamellar structures 

When block copolymers microphase separate, the reduction in free energy cost from 

minimizing interaction between dissimilar segments is balanced with entropy loss from 

ordering and chains adopting extended configurations at the interface. Different chain shapes 

(helical vs. coil) may have different entropic penalties from chain stretching, which will 

impact the thermodynamic balance of self-assembly. The coil–helix block copolymer appears 

to have experienced more chain stretching/deformation in the ordered lamellar structures, 

which can contribute to lowering the TODT because the helical chain gains more 

configurational freedom upon disordering.  

We compare the overall chain stretching by examining the chain dimensions in the 

disordered state and extended chain configurations in the lamellae. The coil–helix block 

copolymer experiences a larger chain deformation as it starts with a smaller radius of 

gyration in the disordered phase, but stretches to form lamellar domains of the same size 

((13.5 ± 0.1) nm) as the coil–coil block copolymer. The coil–helix block copolymer has a 

3.4 % smaller overall Rg,BCP relative to the coil–coil block copolymer. If we assume the 

difference in Rg,BCP comes mainly from chain shape differences in the polypeptoid block (i.e., 

the PnBA block is assumed to be of similar size in these block copolymers), the helical 
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polypeptoid has a ~7 % smaller Rg than the coil polypeptoid (Figure 3.11). With an identical 

domain spacing observed for these block copolymers, the chain stretching penalties are then 

inversely related to the chain dimensions in the disordered state. Therefore, the helical 

polypeptoid chain with a smaller dimension must stretch more (losing more configurational 

freedom) to fill up the same domain area as the coil polypeptoid chain does in the lamellar 

structures, which will drive the ODT to lower temperatures (Figure 3.12). 

 

 

Figure 3.11 Radius of gyration of block copolymers and polypeptoid blocks in the 
disordered state from RPA fits 
Rg is calculated based on N and b (v0 = 0.1 nm3) of each block from fitting obtained SAXS 
patterns in the disordered state to the corresponding RPA structure factor. The coil–helix 
(PnBA–Chir60) block copolymer has a smaller chain dimension than its coil–coil analogue 
(PnBA–Rac60). The helical chain is around 7 % smaller than the coil chain in size in the 
disordered state, if the Rg difference comes mainly from the polypeptoid block.  
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Figure 3.12 Schematic drawing of chain stretching of block copolymers in lamellae 
Comparing the relatively unperturbed conformation of the polypeptoid chains above ODT 
and their stretched chain conformation in the self-assembled lamellar structures, the helical 
polypeptoid chain experiences more chain stretching, losing more configurational freedom 
from the disordered state than the coil polypeptoid. 

 

Besides the configurational entropy difference between the helical and coil polypeptoid 

chains, the difference in the way the same number of monomers fill space results in an 

overall difference in entropy. In fact, since the helical chain (in a moderately good solvent) 

has a larger helical persistence length (lp,helix ~ 11 Å) but a significantly smaller contour 

length (LC,helix ~ 88 Å) relative to the coil chain (lp,coil ~ 6 Å, LC,helix ~ 128 Å),24, 131 it occupies 

a smaller number of segments (effective N), which may also cause differences in translational 

entropy upon disordering and fluctuation effects near the ODT.69, 132-134 While the precise 

chain dimensions of these block copolymers in the bulk have not been directly measured, the 

polypeptoid chain conformations will be similar from a marginal solvent to the bulk state 

according to the Flory theory. Further, if the trend is maintained for these polypeptoid chains 

incorporated into block copolymers, then the helical block has only about half of the number 

of segments as the equivalent coil block. As a result, the coil–helix block copolymer chains 
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will gain more translational entropy by going from the ordered lamellar structure to the 

disordered state. Moreover, the helical chain with fewer effective segments also has larger 

fluctuation effects near the ODT. For diblock copolymers of equal volume fraction, the 

segregation strength at the transition has the form: (cN)t = 10.495 + 41.022N-1/3, which shows 

that the coil–helix block copolymer with a smaller effective N will have a larger (cN)t.69 Both 

factors arising from the smaller effective N of the helical polypeptoid chain are expected to 

contribute to the lower TODT of the coil–helix block copolymer.  

 

3.7 Conclusions 

In this work, we examine the impact of polymer helical chain shape on the 

thermodynamics of block copolymer self-assembly. The strategy of leveraging sequence-

defined polypeptoids to tune chain shape by varying only the side chain chirality allows the 

chain shape effects to be decoupled from chemical effects. The model coil–helix and coil–

coil block copolymers with the same chemistry and molecular weight display different ODTs 

despite identical domain spacings of the lamellar structure formed. In this system, enthalpic 

penalties from contacts of dissimilar segments mixing in the coil–helix block copolymer is 

found to be smaller, supported by the smaller effective interaction parameters (ceffs) of the 

coil–helix block copolymer in the disordered state. Besides enthalpic effects, entropic effects 

from greater chain stretching penalties of the helical polypeptoid chain also likely contribute 

to lowering the TODT of the coil–helix block copolymer, where the coil–helix block 

copolymer is found to experience a larger chain dimension change from the disordered state 

to the ordered lamellar structure. The helical chain studied in this work is relatively flexible, 

and therefore in many cases, behaves similarly to its coil counterpart (e.g., same morphology 
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and equivalent domain spacings of the self-assembled structures). However, the helical chain 

geometry decreases the number of contacts between neighboring chains and increases chain 

stretching penalties, which alters the thermodynamic balance of enthalpic and entropic 

contributions to the free energy of block copolymer self-assembly.  

Here, we demonstrate that chain shape can be a potential tool to tune block copolymer 

self-assembly at constant chemical composition and molecular weight. The combined effects 

from space-filling characteristics and local “stiffness” of the helical chain lead to different 

enthalpic and entropic interactions in block copolymer self-assembly. We expect similar 

types of sterically induced helices will have similar effects in block copolymers (i.e., larger 

chain stretching penalties and smaller number of contacts compared to a chemically identical 

coil). However, it is important to emphasize that these effects will only be observable in only 

well-controlled systems. Polymers with crystallinity or stiffer helices will have crystallization 

or alignment interactions from rod-like helices competing with the self-assembly process, 

potentially concealing the pure chain shape effects. The compact and locally stiffer helical 

chain may offer opportunities for accessing complicated morphologies or broadening 

complex phase windows. This polypeptoid based system can also incorporate different 

functional groups precisely along the chain, which in combination with the tunable chain 

shape, will be a powerful tool to further manipulate the chain conformation near the domain 

interface. 
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Chapter 4 

 

Tuning the Double Gyroid Phase Window 

in Block Copolymers via Polymer Chain 

Conformation Near the Interface 

 

4.1 Abstract 

While block copolymer network morphologies have been proven interesting for 

applications ranging from mechanical to transport and optical properties, these structures 

occupy a very narrow window of phase space. Polymer chain conformation plays an 

important role in determining self-assembly behavior and could be used as an additional 

handle to target these network morphologies in block copolymers. Here, we utilize 

poly(styrene-b-peptoid) block copolymers, for which the polypeptoid block chain 
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conformation can be tuned via side chain chirality and steric hindrance. In this model system, 

a small segment of 6 peptoid units in the immediate vicinity of the block junction is designed 

to adopt either a helical or a coil conformation (PS–(Chir6Nmey) vs. PS–(Achir6Nmey)), 

allowing us to probe the role of chain conformation near the interface on double gyroid (G) 

phase formation. The G phase is accessed in both block copolymer series, while the 

boundaries are shifted towards larger polypeptoid volume fractions in the PS–(Chir6Nmey) 

series, due to the less space-filling feature of the compact helix segment. The space-filling 

difference between the helix and coil segment is further corroborated by the smaller d211 

spacing of PS–(Chir6Nme39) compared to PS–(Achir6Nme36) (13.9 nm vs. 14.3 nm). 

Furthermore, a broadened G phase window is accessed in the PS–(Achir6Nmey) series that 

has a flexible coil segment near the interface. Our results demonstrate the possibility of 

tuning the G phase in linear block copolymers by chain conformation near the interface 

alone, highlighting chain conformation as a versatile handle in block copolymer design. 

 

4.2 Introduction 

Materials with network mesostructures exhibit unique mechanical,135-137 transport,138-140 

and optical141-145 properties due to their multiply continuous, percolating domain structures 

with high interfacial areas. Block copolymers can produce such network structures with 

features on the order of tens of nanometers via self-assembly, with the process governed by 

thermodynamic contributions from dissimilar blocks mixing and chain stretching.1-2 The 

double gyroid (G) phase is identified as a thermodynamically equilibrium network 

morphology (the orthorhombic Fddd network phase is also thermodynamically stable, but 

only in an extremely small phase window).4, 134, 146 Nevertheless, the G phase region is much 
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smaller than other ordered morphologies in the diblock copolymer phase diagram, making it 

hard to access.4, 134, 147 The competition between minimizing interfacial area, which favors 

forming constant mean curvature (CMC) interfaces, and chain stretching that favors domains 

of uniform thickness, drives the phase selection in block copolymers. While the classical 

morphologies (lamellae, cylinders, spheres) allow both simultaneously, network phases like 

the G phase do not–they suffer from high degrees of packing frustration as some regions 

require excessive chain stretching to fill space uniformly,148-150 making them only stable in a 

very limited volume fraction range.  

Driven by the mechanism of network phase formation and stabilization, numerous 

strategies have been employed to stabilize network phases. Homopolymers in block 

copolymer/homopolymer blends fill interstitial spaces reducing the degree of chain stretching 

in the block copolymer and thereby stabilizing the network phases.151-154 Similarly, 

increasing chain length dispersity helps relieve packing frustration because longer chains 

preferentially arrange at thicker regions in the domain (e.g., connectors as opposed to 

network struts).70, 152, 155-156 Other strategies involve changing chain architecture/connectivity 

(e.g., multiblock or star-block architectures) to expand parameter space and broaden network 

phase windows.77, 157-159 While most focus has been on eliminating the packing frustration, 

the interfacial region plays a critical role as most segmental mixing happens near the 

interface and the interfacial curvature dictates chain packing in the domains. In particular, 

network phases have a high interfacial area per unit volume and require a delicate balance 

between enthalpic and entropic contributions;150 therefore, significant changes are expected if 

polymer chain conformation near the interface is manipulated around the network phase 
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window, as the free energy minimum can be overturned easily if the contributions are altered, 

which could lead to morphological changes. 

While chain conformation has been shown to play a role in lamellar, cylindrical, and 

spherical morphologies in linear diblock copolymers,17, 26, 96, 160 few studies have considered 

chain conformation effects in network phases. Compare to other parameters (e.g., chemical 

composition, chain length), chain conformation is not straightforward to tune. Leveraging the 

sequence precision and monodispersity of polypeptoids, polypeptoid-containing block 

copolymers and block copolypeptoids have been demonstrated as ideal systems to study 

monomer architecture and sequence, polydispersity, and polymer chain conformation effects 

on block copolymer self-assembly.26, 83-86, 96, 161 In this work, we utilize poly(styrene-b-

peptoid) block copolymers, where the polypeptoid block has a segment near the block 

junction of tunable chain shape (Figure 4.1). We show the double gyroid (G) phase boundary 

and window width can be tuned by chain conformation near the interface alone. By having a 

compact helix segment near the interface, the phase boundaries are shifted towards larger 

polypeptoid volume fractions, due to the less space-filling feature of the helix segment. 

Further, the block copolymer series with a flexible coil segment near the interface displays a 

broadened G phase window relative to the series with a helix segment near the interface.  
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Figure 4.1 System design of poly(styrene-b-peptoid) block copolymers  
The chain conformation of the polypeptoid segment near the block junction is either helical 
(Chir6) or coil (Achir6), tuned by side chain chirality and steric hindrance. The long tail of the 
polypeptoid block consists of Nme units and is coil-like. 
 

4.3 Experimental section 

4.3.1 Materials 

Solvents and reagents were purchased from commercial suppliers and used without 

further purification, unless otherwise noted. Anhydrous dimethylformamide (DMF), and 

N,N-diisopropylethylamine (DIPEA) were used for synthesis block copolymers.  

 

4.3.2 Synthesis of alkyne-terminated polypeptoids 

Polypeptoids were synthesized on a custom robotic synthesizer using commercially 

available amine submonomers as described in 2.3.2 and 3.3.2. Rink amide resin (100-200 

mesh, Novabiochem) with intermediate loading (~ 0.50 mmol g-1) was used. For the chiral 
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units, N-((R)-(+)-a-methylbenzyl)glycine (NRpe), bromoacetylation steps were performed 

twice to improve efficiency after a bulky side chain. An additional unit was added in the 

same method with propargylamine to give the alkyne end group after the desired sequence. 

The chain end was finally acetylated using a mixture of 0.4 M acetic anhydride and 0.4 M 

pyridine in DMF (3.5 mL for 100 µmol scale) for 30 min. Polypeptoids were cleaved from 

the resin as described in 2.3.2. Polypeptoid mass were determined by MALDI and UPLC-

MS. 

 

4.3.2 Synthesis of azide-terminated polystyrene 

Bromine-terminated polystyrene was first synthesized via atom-transfer radical 

polymerization (ATRP). Styrene monomer and ligand, N,N,N’,N’,N”-

pentamethyldiethylenetriamine (PMDETA), were filtered through basic alumina before use. 

The initiator, ethyl a-bromoisobutyrate, and catalyst, copper-(I) bromide (Cu(I)Br), were 

used as received. 48 mmol of styrene (112.1 equiv.), 0.43 mmol of initiator (1 equiv.), 0.085 

mmol PMDETA (0.2 equiv.) were combined in a scintillation vial and sparged with nitrogen 

for 45 min. In an oven-dried Schlenk flask, 0.085 mmol of Cu(I)Br (0.2 equiv.) was added. 

Then the flask was evacuated and refilled with nitrogen three times, before the sparged liquid 

mixture was transferred in with a degassed syringe. The reaction mixture was degassed by 

three freeze–pump–thaw cycles, and reacted at 100 °C under nitrogen for ~40 h (until the 

mixture solidified). The solid mixture was dissolved in tetrahydrofuran (THF), then filtered 

through basic alumina to remove copper compounds. The collected solution was dried in 

vacuo to get a slightly viscous solution and precipitated into methanol. The collected polymer 

was dried in vacuo at 50 °C overnight. The bromine-terminated polystyrene was dissolved in 
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DMF (0.05 M concentration), and 1.5 equiv. of sodium azide was added. The reaction 

mixture was stirred for 24 h at room temperature, then precipitated into methanol twice to 

remove residue sodium azide. The collected polymer was dried in vacuo at 50 °C overnight. 

  

4.3.4 Synthesis of poly(styrene-b-peptoid) block copolymers 

Alkyne-terminated polypeptoid (60–70 mg, 1 equiv.) and azide-terminated polystyrene (2 

equiv.) were dissolved in 2 mL of anhydrous DMF in a scintillation vial. DIPEA (10 equiv.) 

and PMDETA (5 equiv.) were added, and the reaction mixture was sparged with nitrogen for 

45 min. In an oven-dried Schlenk flask, Cu(I)Br (5 equiv.) and ascorbic acid (6 equiv.) were 

added, and the flask was evacuated and refilled with nitrogen three times. The sparged 

reaction mixture was added to the Schlenk flask with a degassed syringe and then further 

degassed with three freeze–pump–thaw cycles. The reaction was allowed to react under static 

vacuum at 50 °C for ~ 40 h. The solution was then diluted with DMF and filtered through 

basic alumina to remove copper compounds. The collected solution was dried in vacuo, 

dissolved in THF (~ 125 mg mL-1), and precipitated into a hexane : cyclohexane (3:2, v/v) 

mixture to remove excess polystyrene. The precipitate was isolated by centrifugation and 

dried in vacuo at 50 °C overnight. 

 

4.3.5 Matrix-assisted laser desorption/ionization with time-of-flight (MALDI-TOF) mass 

spectrometry 

MALDI-TOF MS was performed on a Bruker Microflex LRF MALDI TOF mass 

spectrometer. Sample solutions were prepared by dissolving polypeptoids in ACN : H2O 

(1:1, v/v) at ~ 1 mg mL-1 concentration, or directly used Prep GPC fractions of the block 
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copolymers in THF. a-Cyano-4-hydroxycinnamic acid in ACN : H2O (1:2, v/v) (~ 10 mg 

mL-1, saturated) was used as matrix for polypeptoid samples, and 20 mg mL-1 trans-2-[3-(4-

tert-butylpheny)-2-methyl-2-propenylidene]malonitrile (DCTB) in THF with silver 

trifluoroacetate (AgTFA) added at ~ 1 mg mL-1 was used for polystyrene-containing 

materials. 5 µL sample solution was combined with 5 µL matrix and matrix–sample mixtures 

were spotted onto a polished steel MALDI target plate (Bruker). Mass spectra were collected 

in either reflectron or linear mode with appropriate mass ranges. Mass peaks were calibrated 

against peptide and protein standards (Bruker). MALDI-TOF spectra of polypeptoids are 

shown in Figure 4.2. 
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Figure 4.2 MALDI spectra of polypeptoids 
For the NmexNRpe6Nprg and NmexNpe6Nprg series, Dm is ~ 345 between adjacent 
polypeptoids, corresponding to the mass of 3 Nme units. NRpe: N-((R)-(+)-a-
methylbenzyl)glycine, corresponds to the chiral, aromatic unit “Chir”, Npe: N-(2-
phenylethyl)glycine, corresponds to the achiral, aromatic unit “Achir”, Nme: N-(2-
methoxyethyl)glycine, Nprg: N-(2-propargyl)glycine, gives the alkyne end. 
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4.3.6 Ultrahigh-pressure liquid chromatography mass spectrometry (UPLC-MS)  

UPLC-MS was performed on a Waters Xevo G2-XS equipped with a time-of-flight mass 

spectrometer. Polypeptoid samples were dissolved at ~ 0.5 mg mL-1 in MS grade ACN : H2O 

(1:1, v/v) mixtures. Separations was achieved on a Waters BEH C18 column with eluent 

gradients from 5% ACN/95% H2O to 100% ACN (with 0.1% formic acid) over 10 min. 

Polypeptoid materials were detected by UV absorption at 214 nm. Charged polypeptoid 

species were detected in the mass spectrometer. Molar masses of polypeptoids used in this 

study are summarized in Table 4.1. 

 

Table 4.1 Theoretical and LC-MS measured molar mass of polypeptoids used in this 
study 

Polypeptoids Theoretical (m/z) Measured (m/z) 

Nme30NRpe6Nprg 4574.5 4574.4 

Nme33NRpe6Nprg 4919.7 4919.6 

Nme36NRpe6Nprg 5264.9 5265.7 

Nme39NRpe6Nprg 5610.1 5611.0 

Nme42NRpe6Nprg 5955.2 5955.2 

Nme27Npe6Nprg 4229.3 4229.3 

Nme30Npe6Nprg 4574.5 4574.4 

Nme32Npe6Nprg 4804.6 4804.5 

Nme33Npe6Nprg 4919.7 4919.6 

Nme36Npe6Nprg 5264.9 5264.6 

Nme39Npe6Nprg 5610.1 5611.0 

Nme36Npe3NRpe3Nprg 5264.9 5265.7 

Nme36 NRpe3Npe3Nprg 5264.9 5265.7 

 

4.3.7 Gel permeation chromatography (GPC) 
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The molecular weight of polystyrene was measured on a Waters Alliance HPLC system 

with an e2695 separation module using an Agilent PLgel 5 µm MiniMIX-D column with 

THF as the eluent. Refractive index traces from a Waters 2414 differential refractive index 

detector were used for molecular weight determination using polystyrene calibration 

standards (Agilent Technologies).  

 

4.3.8 Preparative gel permeation chromatography (Prep GPC) 

The precipitated raw product (PS–Polypeptoid block copolymer and unreacted 

polypeptoid homopolymer) was further purified via Prep GPC. The raw product was 

dissolved in 2 mL HPLC grade THF (one injection volume, 30–50 mg mL-1) and separated 

on a Waters system with a Waters 1525 Binary HPLC Pump and an Agilent PLgel Prep 10 

µm, 100000 Å column, with THF as the eluent at a flow rate of 4 mL min-1. Refractive index 

traces from a Waters 2414 differential refractive index detector were used for detecting 

different species eluting at different times. Fractions were collected with 30 s intervals and 

later characterized with MALDI-TOF (Figure 4.3).  
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Figure 4.3 MALDI spectra of collected Prep GPC fractions 
Two examples of PS–(Chir6Nme36) and PS–(Achir6Nme36). Fractions labelled with ★ are 
combined and used for subsequent SAXS characterization. 
 

4.3.9 Small-angle X-ray scattering (SAXS) 

Dry block copolymers were loaded into a Kapton-lined aluminum washer. Samples were 

annealed at reduced pressure (3 ´ 10-8 Torr) at 180 °C for ~12 h, then annealed at 150 °C for 

24 h and at 130 °C for another 24 h. After slowly cooling to room temperature, the washers 

were sealed with Kapton under ambient conditions. 

SAXS measurements were performed at the National Synchrotron Light Source II (NSLS 

II, beamline 11-BM, Brookhaven National Laboratory) with an X-ray energy of 13.5 keV 

and at the Advanced Light Source (ALS, beamline 7.3.3, Lawrence Berkeley National 

Laboratory) with an X-ray energy of 10 keV. In-situ temperature studies were conducted at 

11-BM using the beamline-developed heat stage. The samples were equilibrated for 5 min at 

each temperature before collecting exposures, and longer annealing time at 220 °C. The 

exposure time was 30 s for measurements at room temperature and 10 s for measurements at 

elevated temperatures. The scattering data were calibrated with silver behenate standards, 

reduced using circular averaging of the 2D scattering pattern.  
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To investigate the impact of polymer chain conformation near the interface on the phase 

boundary and window width of the double gyroid (G) phase, model poly(styrene-b-peptoid) 

block copolymers were synthesized, where the polypeptoid block conformation in the 

immediate vicinity of the interface is tuned by side chain chirality and steric hindrance.24, 26, 

60, 96 In this study, two series of block copolymers in the polypeptoid volume fraction (fpep) 

range between 0.268 and 0.34 were examined. These two series differ from each other in 

terms of chain conformation of the polypeptoid segment near the block junction, with either a 

compact and stiff helix segment or a flexible coil segment (Figure 4.1, Table 4.2). When 

tuning the polypeptoid segment conformation near the interface, the phase boundaries are 

shifted such that the block copolymer series with a flexible coil segment near the interface 

shows a broadened G phase window compared to that with a helix segment near the 

interface. 
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Table 4.2 Characteristics of block copolymer materials used in the study 
Sample IDa Mn,PS (g/mol)b Mn,pep (g/mol) fpep

c Morphologyd 

PS–(Chir6Nme30) 10202 4574 0.285 HEX 

PS–(Chir6Nme33) 10282 4919 0.299 DIS 

PS–(Chir6Nme36) 10282 5264 0.313 DIS/G 

PS–(Chir6Nme39) 10282 5609 0.327 G 

PS–(Chir6Nme42) 10282 5954 0.340 LAM 

PS–(Achir6Nme27) 10282 4229 0.268 DIS 

PS–(Achir6Nme30) 10282 4574 0.284 DIS/G 

PS–(Achir6Nme32) 10282 4804 0.294 G 

PS–(Achir6Nme33) 10282 4919 0.299 G 

PS–(Achir6Nme36) 10282 5264 0.313 G 

PS–(Achir6Nme39) 10282 5609 0.327 LAM 

PS–(Chir3Achir3Nme36) 10986 5264 0.299 HEX 

PS–(Achir3Chir3Nme36) 10986 5264 0.299 G 
a“Chir” corresponds to the chiral, aromatic unit NRpe, “Achir” corresponds to the achiral, 
aromatic unit Npe. 
bPS blocks: Mn = 10202 g mol-1, Đ = 1.17; Mn = 10282 g mol-1, Đ = 1.15; Mn = 10986 g mol-

1, Đ = 1.11. Mn and Đ are determined by gel permeation chromatograph against PS standards 
using tetrahydrofuran as eluent. 
cThe volume fraction of the polypeptoid block, fpep, is calculated based on densities of each 
block, rPS = 1.05 g cm-3, rpep = 1.18 g cm-3. 
dMorphologies: DIS-disordered, HEX-hexagonally packed cylinders, G-double gyroid, 
LAM-lamellae. 
 

4.4 Chain conformation of a small segment near the interface shifts phase 

boundaries  

The chain segment near the block junction largely impacts segmental mixing between 

dissimilar blocks near the interface, as well as the preferred interfacial curvature of the 

dividing interface between the blocks.162-166 For the two series of poly(styrene-b-peptoid) 

block copolymers in this study, the helix and coil polypeptoid segments differ in space-filling 

characteristics as well as local stiffness, while having identical chemistry. Overall, the 
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boundaries of the double gyroid (G) phase in the PS–(Chir6Nmey) series containing a helix 

segment are shifted towards larger polypeptoid volume fractions (fpep), relative to the PS–

(Achir6Nmey) series, which has a more flexible coil segment near the block junction (Figure 

4.4). The phase diagram at room temperature directly shows the phase boundary shift 

between the two series of block copolymers (Figure 4.5). 

 

 
Figure 4.4 SAXS of PS–(Chir6Nmey) and PS–(Achir6Nmey) series at room temperature 
PS–(Chir6Nmey) (red, top) and PS–(Ahir6Nmey) (black, bottom), polypeptoid volume 
fraction (fpep) range: 0.265–0.340. 
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Figure 4.5 Phase diagrams of PS–(Chir6Nmey) and PS–(Achir6Nmey) series at room 
temperature  
The double gyroid (G) morphology occupies a smaller slice of the phase diagram for the 
block copolymer with a compact and stiff interfacial helix segment (PS–(Chir6Nmey)).  
 

While the classical block copolymer phase diagram is defined with the bulk chain volume 

fraction as the x axis, the difference in space-filling characteristics of chains contributes to 

phase boundary shifts due to local effects.6, 14 Conventionally, the space-filling of polymer 

chains can be parameterized by the conformational symmetry parameter b2 (b2 = Rg
2/V, 

where Rg is radius of gyration, V is chain volume).6 The densities of the two polypeptoid 

blocks are nearly identical according to previous measurements on materials with the same 

monomers, leading to identical chain volumes.26, 83 Therefore, in this system, differences in 

conformational symmetry (b2) can be entirely attributed to differences in Rg. Here, the 

interfacial helix segment consists of 6 chiral units (NRpe), which will form two helical turns 

with a helix pitch ~ 6 Å,56, 94 leading to a short rod-like segment of length ~ 1.2 nm. While 

the second series of block copolymers has an interfacial coil segment that consists of 6 

achiral units (Npe) with a persistence length around 6 Å (contour length ~ 21 Å).24, 131 It is 
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intuitive that a polymer chain filling up space more efficiently will shift the G phase 

boundary towards a larger volume fraction. Comparing PS–(Chir6Nme36) and PS–

(Achir6Nme36) as an example, the volume (4/3 Rg
3) occupied by the interfacial helix segment 

(0.042 nm3) is 67% less than the volume occupied by the interfacial coil segment (0.127 nm3) 

(Table 4.3). The locally denser helix segment will drive the PS block and the (Nme)y tail 

pack more compactly as chains need to fill space at uniform density. It can be further 

corroborated by comparing the lattice parameter of the G phase-forming PS–(Chir6Nme39) 

and PS–(Achir6Nme36), where the former has a smaller d211 spacing than the latter (13.9 nm 

vs. 14.3 nm), despite the former having a longer polypeptoid block (i.e., 3 more Nme units) 

(Figure 4.6). This also demonstrates that the helix segment fills less space than the equivalent 

coil segment (both consist of 6 peptoid units) in the ordered double gyroid mesostructure. 

 

Table 4.3 Calculation of space occupied by the interfacial polypeptoid segment 
 Chir6 Achir6 

LC (nm) 1.2 2.1 

lp (nm) 1.2 0.6 

Rg
2 (nm2) 0.099 0.209 

4/3 Rg
3 (nm3) 0.042 0.127 

The radius of gyration (Rg) is calculated using the wormlike chain model10, with the contour 
length, LC, and the persistence length, lp, estimated based on results from Chapter 2. 
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Figure 4.6 Domain spacing compare of two double gyroid-forming block copolymers 
Two double gyroid-forming block copolymers: PS–(Chir6Nme39) and PS–(Achir6Nme36). 
The primary peak position (q*) corresponds to the d211 spacing and PS–(Chir6Nme39) has a 
smaller d211 spacing than PS–(Achir6Nme36) (13.9 nm vs. 14.3 nm), despite the former 
having a longer polypeptoid block (i.e., 3 more Nme units). 
 

4.5 Having a flexible coil segment near the interface broadens the double 

gyroid (G) phase window 

While both sides of the double gyroid (G) phase window shifted in the same direction, 

the block copolymer with a coil segment (Achir6) near the interface shows a broader G phase 

window, spanning from fpep = 0.285 to fpep ~ 0.32 (Figure 4.5). The formation of network 

phases is commonly recognized as a result of the competing minimization between interfacial 

tension and packing frustration, where packing frustration refers to polymer chains 

experiencing excessive stretching to fill the thicker domain regions (e.g., the center of the 

connectors).147-149, 152, 167 In this model system, the two series of block copolymers have the 
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same polystyrene block and both have the coil-like Nmey polypeptoid tail; therefore, the 

packing frustration in the domain centers is expected to be similar. Instead, we focus on the 

space-filling characteristics of the polypeptoid segment (mediated by different chain shapes) 

in the immediate vicinity of the interface, which are expected to play a vital role in 

determining self-assembly through impacting segmental mixing and dictating chain packing 

in the domains. 

The space-filling characteristics of the polymer segment near the interface impacts the 

interaction energy between the dissimilar blocks via the effective interaction parameter, ceff. 

Since the chemistries are identical the differences in ceff are attributed to conformational 

effects.11, 14, 96 A lower ceff is expected for the block copolymer, PS–(Chir6Nmey): a compact 

helical chain conformation leads to fewer contacts with neighboring chains, resulting in a 

smaller ceff.96 Therefore, with a smaller ceff, having a helix segment near the interface will 

preferentially lower the interaction energy, which is also reflected by the lower transition 

temperatures observed for the block copolymers with a helix segment near the interface 

(Figure 4.7). However, it should be noted that entropic contributions from chain stretching 

also affect transitions.168 Considering the chain conformation difference of the interfacial 

segments, there is likely a difference in the entropic component between the two block 

copolymers, which either facilitate or prohibit the transitions, while the enthalpic component 

in PS–(Chir6Nmey) favors more demixing than that in PS–(Achir6Nmey). 
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Figure 4.7 Transitions from the double gyroid (G) phase at elevated temperatures 
In-situ temperature SAXS studies of PS–(Chir6Nme39) and PS–(Achir6Nme36). PS–
(Chir6Nme39) transits at a lower temperature at 216 °C than PS–(Achir6Nme36) at 220 °C, 
despite having a longer polypeptoid block.  
 

However, the lower ceff of the PS–(Chir6Nmey) series did not lead to a broadened G 

phase window, which was previously considered to be a contributing factor to access G 

phase for block copolymers with tapered interfaces. Previous experimental and theoretical 

studies have shown that a tapered interface favors the formation the G phase (broader phase 

window), while having decreased order–disorder transitions due to a lowered ceff.165, 169-170 In 

this study, however, the PS–(Achir6Nmey) block copolymer series has a broadened G phase 

window, in both the fpep axis and T axis (Figure 4.8). While transitions along the T axis trends 
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with the ceff relation, the broadening of G phase along the fpep axis was unexpected. We 

suspect the flexibility of the segment (ability to rearrange repeat units) near the interface 

impacts the G phase formation. The dividing interface between dissimilar blocks in the 

double gyroid mesostructure has been shown not to adopt a constant mean curvature (CMC), 

nor do the struts (consist of the minority block) have constant length, all of which are 

manifestation of relieving packing frustration to minimize the overall free energy.148, 150, 167, 

171 Here, the coil segment (Achir6) is more flexible compared to the helix segment (Chir6), 

which has monomers arranged along the helical turns (with the backbone preferentially 

adopting a cis configuration56, 60, 131) and has much less configurational freedom. With the 

coil segment being more flexible near the interface and contributing to the overall 

configurational freedom of the polypeptoid block, it is favorable for relieving packing 

frustration despite having a slightly higher interaction parameter, ceff. Moreover, the fact that 

the polypeptoid block is monodisperse means that chain flexibility is even more critical 

because while packing frustration can partially be relieved by dispersed chain lengths in 

traditional synthetic polymers, this is not possible in completely monodisperse block 

domains. 
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Figure 4.8 T–fpep phase diagrams of PS–(Chir6Nmey) and PS–(Achir6Nmey) series 
Overall, the PS–(Chir6Nmey) block copolymers have lower transition temperatures than the 
PS–(Achir6Nmey) series, with an overall smaller double gyroid (G) phase window. 
 

4.6 The interfacial region critical to self-assembled structure is minimal 

To further investigate the range of the interfacial region that is critical in determining the 

self-assembled structure, we modified the interfacial region and synthesized two new block 

copolymers with the same fpep = 0.299, PS–(Chir3Achir3Nme36) and PS–(Achir3Chir3Nme36), 

by flipping the conformation of the two segments (each consists of 3 peptoid units) near the 

interface. The previous phase diagram for PS–(Chir6Nmey) and PS–(Achir6Nmey), presents 

HEX/DIS and the G phase at fpep = 0.299, respectively. Here, the G phase forms only in PS–
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while the PS–(Chir3Achir3Nme36) adopts the HEX morphology with a 3-unit helix segment 

immediately near the interface (Figure 4.9). The overall chain space-filling characteristic is 

identical within this block copolymer pair, suggesting that the chain conformation right next 

to the interface is critical to drive the G phase. Meanwhile, it demonstrates that even the 

conformation change of a smaller segment (of 3 units) is sufficient to drive the 

morphological change in these block copolymers.  

 

 
Figure 4.9 Morphology compare of PS–(Chir3Achir3Nme36) and PS–(Achir3Chir3Nme36)  
PS–(Chir3Achir3Nme36) adopts a hexagonally packed cylinders (HEX) morphology, and PS–
(Achir3Chir3Nme36) adopts a double gyroid (G) morphology. The two block copolymers have 
overall identical types and numbers of peptoid units. 
 

4.7 Conclusions 

In this work, we demonstrate the role of chain conformation near the interface on the 

double gyroid (G) phase formation in block copolymers. The differences in space-filling 
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characteristics and chain flexibility of the interfacial segment, which are mediated via a 

polypeptoid segment adopting either a helical or coil conformation, impact chain packing in 

the domains that leads to phase boundary shifts, as well as the configuration freedom of 

chains that is critical for stabilizing the G phase. Here in the model poly(styrene-b-peptoid) 

block copolymers, the G phase boundaries are shifted towards larger polypeptoid volume 

fractions (fpep) when a helix segment is placed near the interface, due to the less space-filling 

feature of the compact helix segment, compared to the chemically analogous coil segment. 

This space-filling difference between the helix and coil segment is further reflected by the 

smaller d211 spacing formed in block copolymers with a helix segment. More importantly, in 

the block copolymer series, PS–(Achir6Nmey), with a coil segment near the interface, a 

broadened G phase window could be accessed compared to the PS–(Chir6Nmey) series, 

which has a helix segment near the interface. Despite having a larger interaction parameter 

(ceff) expected for PS–(Achir6Nmey), which is presumably unfavorable for network phase 

formation, its broadened G phase window points to the importance of having a flexible 

segment near the interface. Our results highlight the possibility of tuning and accessing 

network phases by manipulating chain conformation near the domain interface without 

chemistry or composition changes, which could be potentially useful to guide block 

copolymer design with complex mesostructures. 
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Chapter 5 

 

Conclusions and Outlook 

 

This dissertation leverages sequence-defined polypeptoids as a block of tunable chain 

conformation via controlling the secondary structure, to understand the helical chain 

conformation and its role in block copolymer self-assembly. We first show polypeptoid 

helical chains are locally stiffer but more compact than the chemically analogous coil chains. 

When incorporated into block copolymers, these helical chains alter self-assembly 

thermodynamics via impacting the free energy contributions from both enthalpic mixing and 

entropic chain stretching. With the understanding, we further demonstrate chain 

conformation near the interface could be manipulated to access network morphologies, which 

are of interest to many technological applications. 

Polymer chain conformation underlies most polymer physical properties and impacts a 

number of polymer functionalities. Therefore, we started with a close look at the chain 
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conformation of the sequence-defined polypeptoids first. In Chapter 2, comparison between 

chemically identical helical and coil polypeptoids in dilute solution shows that the helical 

chains, with the secondary structure driven by steric interactions from the chiral, bulky side 

chains, are locally stiffer but adopt more compact chain conformations. Further examination 

of chain conformation response to solvent condition variations indicates this type of sterically 

defined helical chains is relatively insensitive to solvent quality. This is in drastic contrast to 

other helical chains (e.g., most helical biopolymers and some synthetic helical polymers), 

whose conformations are typically sensitive to their surrounding environments including pH, 

temperature etc. The chain conformation dependence on external conditions could trace back 

to the driving forces of the secondary structures, as the stabilization mechanism predicts how 

and how much external conditions will disrupt or facilitate the formation of these secondary 

structures. In our model system, the nature of the stabilizing interactions (i.e., steric 

interactions from side chains) likely makes the polymer chains less susceptible to solvent 

conditions, unless there are factors changing the optimized side chain packing.  

Nevertheless, it should be noted that the information on chain conformation so far is from 

solution studies, while we are hoping to interpret chain conformation effects in bulk 

polymeric systems. From a polymer physics point of view, chain conformation in dilute 

solution informs bulk chain conformation to some degree–for example, chain conformation 

in a q-solvent is equivalent to that in the melt state. It is most desirable to extract chain 

conformation in the state of interest, especially for polymer chains with complex structures, 

as additional intermolecular interactions and particular chain packing may arise when chains 

come close with each other in the melt state (e.g., change of hydrogen bond from intra-

molecular to inter-molecular for polylactide in bulk25). The associated challenge lies in 
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experimental feasibility and/or technique capability to study chain conformation in the melt 

state. Small-angle neutron scattering is likely the most appropriate technique to probe the 

relevant length scales of polymer chain conformation, as has been demonstrated in numerous 

bulk chain conformation studies. However, getting sufficient neutron scattering contrast, 

typically by deuterium labelling, is still synthetically challenging in our system. Furthermore, 

the possibility of local alignment of these locally stiff chains in the melt state could lead to 

low q upturns that will add complexity to data interpretation. 

The model systems based on sequence-defined polypeptoids enjoy couple advantages 

compared to traditional synthetic polymer systems, which allow tunable chain shape by 

varying only the side chain chirality, making it possible to tease out conformational effects 

from other complicating factors that are commonly seen in traditional polymers, such as 

chain length and polydispersity variations between synthesis batches. Chapter 3 establishes 

model coil–helix and coil–coil block copolymers based on poly(n-butyl acrylate-b-peptoid) 

to examine the impact of helical chain conformation on the thermodynamics of self-

assembly. We show the helical chain conformation alters order–disorder transitions (ODTs) 

of these lamellae-forming diblock copolymers (with the coil–helix block copolymers 

showing lower TODTs), through two contribution aspects: 1) A smaller enthalpic contribution 

from the helical block to mixing, supported by a smaller effective Flory–Huggins interaction 

parameter (ceff) determined in the disordered state by random phase approximation (RPA); 2) 

The helical block of the coil–helix block copolymer experiencing larger chain stretching in 

the lamellar morphology, leading to a larger entropic gain upon disordering. These changes 

to free energy are closely related to the conformational properties of the helical chains, 

because adopting a helical secondary structure essentially changes the correlation between 
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monomers, i.e., from random-walk statistics to local contours defined by helical turns. 

Consistent with results from solution studies, these helical chains appear to be more compact 

(smaller Rg) than their coil analogues based on RPA fitting results in the disordered state. 

Together with the increased local stiffness, the number of contacts between neighboring 

chains decreases and larger chain stretching is required in order to fill space at constant 

density within the domains for the coil–helix block copolymer. It is easier to stretch stiffer 

chains, but only with the prerequisite that the objects of comparison have the same number of 

segments; here, the helical block has the same number of monomers as the coil counterpart 

but has fewer segments.  

The knowledge of how helical chain conformation impacts self-assembly 

thermodynamics from the relatively simple lamellar geometry provides insights to design 

block copolymers using chain conformation as a tool to tune self-assembly. In Chapter 4, we 

highlight the feasibility of tuning and accessing network phases by manipulating chain 

conformation near the interface, a region carefully chosen because it hosts most segmental 

mixing between dissimilar blocks and the geometric feature of the interface impacts the 

overall free energy. We show that by having a small helix segment (of 6 peptoid units) near 

the interface, the double gyroid network phase boundaries are shifted towards larger 

polypeptoid volume fractions due to the less space-filling feature of the compact helix 

segment, and the double gyroid phase occupies a smaller window in the phase diagram. 

Despite a smaller interaction parameter (ceff) expected by having a helix segment near the 

interface, which is presumably favorable for network phase formation, it points to the 

importance of having a flexible interfacial segment to stabilize the double gyroid phase that 

requires a delicate balance between interfacial tension and chain packing.  
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An important question is the universality of the conclusions and design rules learned in 

these studies. It is important to note that the helical chains here are highly flexible with 

persistence lengths ~ 1 nm, which are nowhere near rod-like. Yet many commonly seen 

helical chains are much stiffer (e.g., peptide a-helix, poly(n-hexyl isocyanate)) and almost 

certainly have alignment interactions in bulk. We expect similar types of sterically induced 

helices that do not involve specific interactions such as hydrogen-bonding and crystallinity, 

and are only locally stiff to have similar behaviors in impacting block copolymer self-

assembly. There are also questions yet to be answered: When does a polymer chain is 

categorized as flexible, semiflexible, or rod-like? When do alignment interactions start to 

appear or dominate the phase behaviors? The ratio of contour length (LC) to persistence 

length (lp) is useful to define whether a polymer chain is flexible (typically flexible polymer 

chains are expected to have LC/lp > 10), while alignment interactions may directly correlate 

with the absolute value of lp–a very long DNA molecule can be categorized as a flexible 

chain overall, but local alignment interactions will likely still present considering its large lp 

~ 60 nm, and the boundary between flexible and semiflexible is blurred at this point. 

One obvious limitation of sequence-defined polypeptoids is the relatively short chain 

lengths accessible. Direct synthesis of long polypeptoids is limited by the reaction efficiency 

of each step in the solid-phase synthesis, and has been limited to below 100-mers (~ 15 kDa). 

The molecular weight limitation largely prohibited studies to look at scaling behaviors with 

respect to chain length in these sequence-defined polypeptoids. It also limited studies on self-

assembly of block copolypeptoids in bulk (though not without examples86, 161) since the 

chemical incompatibilities come only from side chains and therefore longer chains are 

needed to get sufficient segregation strength (cN). Yet polypeptoids, as highly-controlled 
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polymer blocks and when conjugated with traditional synthetic polymers, provide unique 

opportunities to answer some of the fundamental questions in block copolymer self-

assembly.  

There is still unexplored space in melt self-assembly of block copolymers using 

sequence-defined polypeptoids. First, polypeptoid-containing block copolymers are systems 

that could probably enable continuous tuning of flexibility. Side chains with different 

architectures, e.g., linear, branched, and multiple branched, could be incorporated with 

designated sequences to tune chain stiffness, while keeping chemistry constant and avoiding 

polydispersity effects. The helical secondary structure could also be further tuned through 

monomer sequence, as the stabilization of helical conformations, which correlates with local 

chain stiffness, has been shown to depend on specific sequences.60 There are also different 

types of side chains that promote the formation of helical secondary structures in 

polypeptoids, with the cis/trans ratio of backbone configurations dictating the relative 

stiffness.59 While this involves changes in side chain chemistry, it may be possible to capture 

the transition point where alignment interactions start to appear as stiffer helices are induced 

in the polypeptoid block. Furthermore, polypeptoids may provide opportunities to investigate 

the formation mechanism of symmetry-breaking sphere phases (e.g., Frank–Kasper phases). 

Conformational asymmetry, chain length dispersity, which are proposed as stabilizing 

factors, could be systematically examined using polypeptoid blocks with precisely tuned 

space-filling features and chain length dispersity. 

Beyond the arena of block copolymer melt self-assembly, polypeptoids are potentially 

useful in addressing questions in a number of other fields. Solution self-assembly of block 

copolymers is another major research direction as the hierarchical structures formed could 
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find a variety of applications. The hierarchically self-assembled structures are determined via 

the interplay between multiple interactions (e.g., polymer–solvent interactions, electrostatics, 

hydrogen-bonding, aromatic interactions, and geometric factors) across different length 

scales. Various types of structures have been readily reported from solution self-assembly in 

polypeptoid systems172-175 and we anticipate polypeptoids to be ideal candidates to 

systematically study the mechanisms and establish rules to guide the design of polymer 

materials with well-controlled structures in solution. While natural peptides/proteins are 

limited to the 20 naturally occurring amino acids, polypeptoids possess a larger library of 

submonomers, with available side chains ranging from aliphatic, aromatic, to ionic, 

heterocyclic, and chiral. The variety of functionalities available makes polypeptoids 

attractive in exploring designs for other material applications such as using polypeptoids as 

binding ligands to separate out heavy metal contaminants,176 employing polypeptoids as 

polyelectrolytes to study structure–conductivity relationships,177 for which a study has been 

initiated under the frame of this dissertation to look at precise ion placement on the 

morphology of ion aggregates, block copolymers, and the corresponding ionic conductivities 

(see Appendix). 

We provide the final perspective by considering polypeptoids as bioinspired 

macromolecules that bridge between biology and polymer science. While a major challenge 

in synthetic polymer design is to replicate the complexity of biopolymers, and to 

hierarchically control structures across length scales starting from the primary monomer 

sequence, appropriate simplification of such complexity or encoding more structural 

information in originally simple polymers, is likely the correct direction to elucidate some of 

the common principles shared by biological and synthetic systems. Polypeptoids appear to be 
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at the right position, which retain the precision, perfection and well-controlled features of 

biopolymers, and are devoid of complicating factors like backbone chirality and hydrogen-

bonding. One of the intriguing problems is the chirality transfer across length scales in both 

chiral and achiral, biological and synthetic systems,178-179 and there are opportunities with 

carefully designed polypeptoids to address questions including homochiral evolution and 

breaking of symmetry that lies at the mechanistic origin of life. 

Overall, we have made significant advances in fundamentally understanding chain 

conformation effects on the self-assembly thermodynamics of block copolymers. By 

precisely manipulating chain conformation through sequence-defined polypeptoids, we 

decoupled chain conformation effects from other contributing factors, and achieved tuning 

the self-assembled structures via chain conformation. We hope this dissertation provides 

insights on block copolymer self-assembly from a molecular level understanding of polymer 

chain conformation, and establish some design rules between primary and secondary 

structures to mesoscale structures in polymer materials. 
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Appendix 

 

A Model Block Copolymer System for 

Precise Ion Placement 

 

A1. Introduction 

Solid polymer electrolytes are promising alternatives to organic liquid electrolytes in 

battery applications with its safety, mechanical and chemical stability, and broader tunability. 

Since the discovery of ion conduction in polymers, there are numerous studies looking at ion 

conduction mechanism in polymer electrolytes, which is primarily governed by ion 

concentration and ion mobility–factors that are impacted by the highly convoluted 

interactions between cation, anion, and the polymer.180-183 

One important property for electrochemical devices is the mechanical robustness, of 

which homopolymers only have a limited range to tune. A new category of polymeric 
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materials therefore has evolved as ion-containing block copolymers, which allow tuning 

orthogonal properties to achieve both high mechanical strength and high ionic conductivity 

with careful design of the consisting blocks. With the capability of block copolymers to 

microphase separate, the self-assembly thermodynamics, morphology and ionic conductivity 

become interconnected factors, and unique structure–conductivity relationships exist in ion-

containing block copolymers. For example, the ionic conductivity has been shown to have a 

distinct molecular weight dependence in block copolymers, which is related to the 

conductive domain thickness.184-186 Incorporation of ions (tethered ions or salt doped) also 

modifies the Flory–Huggins interaction parameter (c), which is shown to be related to the 

effective charge carrier concentration.187-189 Furthermore, the particular morphology adopted 

by the block copolymer also impacts ion transport through modulating the conductive 

pathway.138, 140, 190 

Ion diffusivity in ion-containing block copolymers is closely related to the interfacial 

zone, and the local connectivity of ions.186, 191 Further interesting topics arise such as how the 

charged block location (in multi-block copolymers), or how the exact ion placement within 

the ion-containing block, impacts ionic conductivity in block copolymers. In this study, we 

aim to establish a model block copolymer system utilizing sequence-defined polypeptoids, 

which will enable the ions to be precisely located on the designated monomers (either as 

single-ion conductors or with salt-doping, Figure A1). Upon the successful establishment of 

the model block copolymer system, we propose to examine how precise ion placement 

impacts ion aggregates morphology, block copolymer self-assembly, and ionic 

conductivities. In conjunction with theoretic studies, we hope to reveal the structure–property 

relationship in ion-containing block copolymers starting from the monomer length scale.  
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Figure A1. Proposed model system with an imidazole-containing polypeptoid block 
The pendant imidazole side chains can be quaternized to act as cations, or coordinate with 
metal ions as ligands when doped with salt. 
 

A2. Experiment Methods 

A2.1 Materials 

Solvents and reagents were purchased from commercial suppliers and used without 

further purification, unless otherwise noted. Styrene monomer and ligand N,N,N',N',N"-

pentamethyldiethylenetriamine (PMDETA) were filtered through basic alumina before use. 

Anhydrous dimethylformamide (DMF), and N,N-diisopropylethylamine (DIPEA) were used 

for synthesis of block copolymers. 

 

A2.2 Synthesis of polypeptoids with unprotected heterocyclic side chains 

Polypeptoids were synthesized on a custom robotic synthesizer using commercially 

available amine submonomers. Rink amide resin (100-200 mesh, Novabiochem) with 

intermediate loading (~ 0.50 mmol g-1) was used. Synthesis steps are the same as described 

in previous chapters, with the following modifications of synthesis conditions: Acylation: 
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chloroacetic acid (7.5 equiv., 0.375 M in DMF) and diisopropylcarbodiimide (DIC, 9.1 

equiv., 43 % v/v in DMF) were added and mixed for 5 min. Nucleophilic displacement: 

Amine (2-methoxyethylamine or 1-(3-aminopropyl)imidazole, 38 equiv., 2 M in N-methyl-2-

pyrrolidone (NMP)) was added and mixed for 1 h. An additional unit was added in the same 

method with propargylamine to give the alkyne end group after the desired sequence. The 

chain end was finally acetylated using a mixture of 0.4 M acetic anhydride and 0.4 M 

pyridine in DMF (3.5 mL for 100 µmol scale) for 30 min.  

Polypeptoids were cleaved from the resin using a cleavage cocktail of trifluoroacetic acid 

(TFA) in dichloromethane (DCM) (1:1 v/v with another 2.5 % HPLC grade water) for 10 

min. The resin was filtered and rinsed with more cleavage cocktail. The collected solution 

was dried in vacuo and lyophilized from acetonitrile (ACN) : water (H2O) (1:1 v/v) to yield 

the dried product. 

 

A2.3 Synthesis of poly(styrene-b-peptoid) block copolymers 

Azide-terminated polystyrene was synthesized as described in 4.3.3. Alkyne-terminated 

polypeptoid (60–70 mg, 1 equiv.) and azide-terminated polystyrene (2 equiv.) were dissolved 

in 2 mL of anhydrous DMF in a scintillation vial. N,N-diisopropylethylamine (DIPEA, 10 

equiv.) and PMDETA (5 equiv.) were added, and the reaction mixture was sparged with 

nitrogen for 45 min. In an oven-dried Schlenk flask, Cu(I)Br (5 equiv.) and ascorbic acid (6 

equiv.) were added, and the flask was evacuated and refilled with nitrogen three times. The 

sparged reaction mixture was added to the Schlenk flask with a degassed syringe and then 

further degassed with three freeze–pump–thaw cycles. The reaction was allowed to react 

under static vacuum at 50 °C for ~ 40 h. Upon completion of the reaction, the solution was 
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diluted with DMF. Basic alumina was added to the solution and stirred for 15 min. The 

mixture was then filtered to remove most of the copper compounds. More basic alumina was 

added to the filtered solution and stirred for 3–4 h before the second filtration to remove the 

residue copper compounds. The collected solution was dried in vacuo, dissolved in THF (~ 

125 mg mL-1), and precipitated into a hexane : cyclohexane (3:2, v/v) mixture to remove 

excess polystyrene. The precipitate was isolated by centrifugation and dried in vacuo at 

50 °C overnight. 

 

A2.4 Gel permeation chromatography (GPC) 

The molecular weight of polystyrene was measured on a Waters Alliance HPLC system 

with an e2695 separation module using an Agilent PLgel 5 µm MiniMIX-D column with 

tetrahydrofuran (THF) as the eluent. Refractive index traces from a Waters 2414 differential 

refractive index detector were used for molecular weight determination using polystyrene 

calibration standards (Agilent Technologies). 

 

A2.5 Matrix-assisted laser desorption/ionization with time-of-flight (MALDI-TOF) mass 

spectrometry 

MALDI-TOF MS was performed on a Bruker Microflex LRF MALDI TOF mass 

spectrometer. Sample solutions were prepared by dissolving polypeptoids in ACN : H2O 

(1:1, v/v) at ~ 1 mg mL-1 concentration, click reaction products in THF at ~ 1 mg mL-1 

concentration. a-Cyano-4-hydroxycinnamic acid in ACN : H2O (1:2, v/v) (~ 10 mg mL-1, 

saturated) was used as matrix for polypeptoid samples, and 20 mg mL-1 trans-2-[3-(4-tert-

butylpheny)-2-methyl-2-propenylidene]malonitrile (DCTB) in THF with silver 
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trifluoroacetate (AgTFA) added at ~ 1 mg mL-1 was used for polystyrene-containing 

materials. 5 µL sample solution was combined with 5 µL matrix and matrix–sample mixtures 

were spotted onto a polished steel MALDI target plate (Bruker). Mass spectra were collected 

in either reflectron or linear mode with appropriate mass ranges. Mass peaks were calibrated 

against peptide and protein standards (Bruker). 

 

A2.6 Small-Angle X-ray Scattering (SAXS) 

Dry block copolymers were loaded into a Kapton-lined aluminum washer. Samples were 

annealed at reduced pressure (3 ´ 10-8 Torr) at 150 °C for ~12 h, then annealed at 130 °C for 

24 h. After slowly cooling to room temperature, the washers were sealed with Kapton under 

ambient conditions. SAXS measurements were performed at the National Synchrotron Light 

Source II (NSLS II, beamline 11-BM, Brookhaven National Laboratory) with an X-ray 

energy of 13.5 keV. Exposure time was 30 s. The scattering data were calibrated with silver 

behenate standards, reduced using circular averaging of the 2D scattering pattern. 

 

A3. Preliminary Results and Discussion 

In solid polymer electrolytes, cations that form labile bonds with a polymer can have 

significant contributions to the ionic conductivity through the ion–polymer association, and 

kinetically labile metal–ligand coordination is one of the examples.192 Imidazole and 

histidine moieties are of particular interest due to their ability to interact with transition metal 

ions,193 and have been readily incorporated into polymers either as ligands or as backbone 

components.194-196 Here we seek to incorporate imidazole moieties into polypeptoids as 
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pendant side chains, and subsequently into block copolymers to study the precise placement 

of metal–ligand coordination sites on ion transport in block copolymer electrolytes.  

While solid-phase submonomer method has been successful to incorporate a variety of 

side chains into polypeptoids, unprotected heterocyclic nitrogen-containing side chains 

usually lead to side product formation and poor synthetic yields. In this study, we followed 

the reported modifications to the solid-phase synthesis conditions: bromoacetic acid was 

replaced with the less labile chloroacetic acid, and acylation reagent concentration and 

acylation time were reduced, to increase the selectivity between the acylation and the 

unwanted alkylation of the heterocyclic side chains. Further, to compensate for the lower 

reactivity of the less labile chloride, amine concentration was increased to 2 M in NMP in the 

displacement step.197 Polypeptoids with 25 % of the repeat units bearing imidazole side 

chains (8 consecutive Nim units in 32-mers) at different locations were synthesized with 

reasonably good purity (Figure A2). 
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Figure A2. MALDI-TOF of imidazole-containing polypeptoids 
Nprg: N-(propargyl)glycine, Nme: N-(2-methoxyethyl)glycine, Nim: N-(1H-imidazole-1-
propan)glycine 
 

The presence of imidazole side chains (and their relative location from the alkyne end of 

polypeptoids) was shown to affect the azide–alkyne click reaction, leading to low reaction 

efficiencies compared to previous click reactions with polypeptoids that are devoid of 

heterocyclic side chains (~ 10 % vs. ~ 56 % yield based on the product mass after 

precipitation). Block copolymer species were detected in MALDI, together with unreacted 

homopolymer species after preliminary purifications (Figure A3). It is likely the imidazole 

side chains of polypeptoids are coordinating with the catalyst, Cu+ (although Cu(I)Br was 

added in excess), and therefore lowered the click reaction efficiency. Other types of click 

chemistries, or synthetic strategies such as esterification, are worth exploring for these 

imidazole-containing polypeptoids.198-200  
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Figure A3. MALDI-TOF of products from click reactions of polystyrene and 
polypeptoids 
The major peaks in click reaction products shifted to slightly larger masses compared to the 
polystyrene homopolymer, which are likely polystyrene residue from the first precipitation 
step. The broad shoulders (indicated by arrows) in the higher mass range are likely block 
copolymers, which are poorly ionized due to the presence of the polypeptoid block. 
 

The amount of block copolymers (fpep ~ 0.4) presented in the preliminarily purified 

products still induced self-assembly, with PS–Nme12Nim8Nme12 adopting a lamellar 

morphology and PS–Nme24Nim8 adopting a hexagonally packed cylinder morphology 

(Figure A4). Further purification is desired to identify the self-assembly morphology of neat 

block copolymers, and for later salt-doping or quaternization to obtain ion-containing block 

copolymers.  
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Figure A4. SAXS of preliminarily purified click reaction products 
PS–Nme12Nim8Nme12 exhibits a lamellar morphology while PS–Nme24Nim8 shows a 
hexagonally packed cylinder morphology. These preliminarily purified products likely 
contain unreacted homopolymers. 
 

A4. Conclusions and Outlook 

In establishing a model block copolymer system that allows precise placement of ions or 

metal–ligand coordination sites, we successfully synthesized sequence-defined polypeptoids 

with 25% of the repeat units bearing unprotected heterocyclic nitrogen-containing side 

chains. Attempts were made to obtain block copolymers from azide–alkyne click reactions, 

while optimization to increase reaction efficiency is needed or other synthesis strategies to 

conjugate polypeptoids with polystyrene may be further explored. Sequence-defined 

polypeptoids are demonstrated as a potential candidate to study fundamental structure–

conductivity relationships in ion-containing block copolymers that will provide insight on 

designing solid polymer electrolytes. 
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