Lawrence Berkeley National Laboratory
LBL Publications

Title

Impact of Helical Chain Shape in Sequence-Defined Polymers on Polypeptoid Block
Copolymer Self-Assembly

Permalink

https://escholarship.org/uc/item/62d0w7g0Q

Journal
Macromolecules, 51(5)

ISSN
0024-9297

Authors

Davidson, Emily C
Rosales, Adrianne M
Patterson, Anastasia L

Publication Date
2018-03-13

DOI
10.1021/acs.macromol.8b00055

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/62d0w7q0
https://escholarship.org/uc/item/62d0w7q0#author
https://escholarship.org
http://www.cdlib.org/

Maﬂrﬂmﬂlﬁﬂ“lﬁs & Cite This: Macromolecules 2018, 51, 2089-2098

Impact of Helical Chain Shape in Sequence-Defined Polymers on
Polypeptoid Block Copolymer Self-Assembly

Emily C. Davidson,” Adrianne M. Rosales,’ Anastasia L. Patterson,
and Rachel A. Segalrnan*"”l‘

Ronald N. Zuckelrmann,§

*® Boris Russ,’ Beihang Yu,"

"Department of Chemical Engineering and *Materials Department, University of California, Santa Barbara, Santa Barbara, California

93106, United States

$Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States

© Supporting Information

o

)

O

o

7
J\\U_,

o
s

o

i

e
-«
= 62A l,=105A
Rg,unstructured= 14.5 A Rg,hellx =133 A

gogdy’

D-spacing =15.1 nm D-spacing = 18.4 nm

ABSTRACT: Controlling the self-assembly of block copolymers with variable chain shape and stiffness is important for driving
the self-assembly of functional materials containing nonideal chains as well as for developing materials with new mesostructures
and unique thermodynamic interactions. The polymer helix is a particularly important functional motif. In the helical chain, the
traditional scaling relationships between local chain stiffness and space-filling properties are not applicable; this in turn impacts
the scaling relationships critical for governing self-assembly. Polypeptoids, a class of sequence-defined peptidomimetic polymers
with controlled helical secondary structure, were used to systematically investigate the impact of helical chain shape on block
copolymer self-assembly in a series of poly(n-butyl acrylate)-b-polypeptoid block copolymers. Small-angle X-ray scattering
(SAXS) of the bulk materials shows that block copolymers form hexagonally packed cylinder domains. By leveraging sequence
control, the polypeptoid block was controlled to form a helix only at the part either adjacent to or distant from the block
junction. Differences in domain size from SAXS reveal that chain stretching of the helix near the block junction is disfavored,
while helical segments at the center of cylindrical domains contribute to unfavorable packing interactions, increasing domain size.
Finally, temperature-dependent SAXS shows that helix-containing diblock copolymers disorder at lower temperatures than the
equivalent unstructured diblock copolymers; we attribute this to the smaller effective N of the helical structure resulting in a
larger entropic gain upon disordering. These results emphasize how current descriptions of rod/coil interactions and
conformational asymmetry for coil polymers do not adequately address the behavior of chain secondary structures, where the
scalings of space-filling and stiff—elastic properties relative to chain stiffness deviate from those of typical coil, semiflexible, and
rodlike polymers.

Bl INTRODUCTION

As new block copolymers are developed that contain
nontraditional polymer segments, many are expected to have
backbones of variable stiffness and/or secondary chain
structures. Understanding how differences in the local stiffness,
shape, and relative space-filling characteristics of these
molecules impact self-assembly will enable molecular design
that will in turn lead to controlled phase behavior and
potentially the stabilization of new phases. Secondary structures
in particular introduce nonidealities in chain trajectory that are
not accounted for by current models; the chain itself no longer
follows a random walk. In this work, sequence-defined
polymers (polypeptoids) are leveraged which can be manipu-
lated to form either an unstructured coil or a helical secondary
structure depending on the sequence and chirality of the side
chains. These polypeptoids are incorporated into block
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copolymers, allowing the impact of helical secondary structure
on self-assembly to be directly examined without changing
backbone chemistry.

Local chain stiffness is connected to self-assembly via its
effect on local enthalpic interactions, its effects on resistance to
deformations of conformation, and its effect on how much
space the polymer chain fills. In considering the impact of chain
shape and chain stiffness, the length of the entire chain is
termed the contour length L, while the persistence length I,
defines the local chain stiffness and is the distance along the
chain contour over which correlation in direction is maintained.
In other words, from a given starting point along the chain
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where the chain is traveling in a certain direction, it retains
some “memory” of that direction for a distance I, along the
chain. When L is significantly longer than [, (Lc > ~101,) the
chain is well-described as a Gaussian coil; when it is on the
order of the persistence length (Lc ~ 1), the chain is
semiflexible, while chains with a contour length that is long
relative to the persistence length (L < I,) can be described as
rodlike." This description emphasizes that persistence length
alone does not describe the chain characteristics. While two
chains can have identical contour lengths and chain
conformation (for example, both are Gaussian chains), the
chain with the larger [, will also fill more space (larger radius of
gyration, Rg)

The conformational asymmetry of a block copolymer is
fundamentally related to the relative chain stiffness of the two
constituent polymer chains, which is in turn parametrized by
the relative persistence lengths of those chains.”” If one chain
(of material A) is locally considerably stiffer than the other (B),
the stability of phases with curved interfaces increases for
volume fractions f, < 1/2.%3 Further, there is evidence that
conformational asymmetry can expand the window of
accessibility for phases near the critical point such as the
bicontinuous gyroid phase and Frank—Kaspar phases, in
addition to related long-lived metastable phases.”* Past work
on conformational asymmetry has raised important questions:
in particular, are the effects of conformational asymmetry on
self-assembly primarily entropic or enthalpic in nature?’
Theoretical work predicts an entropic conformational effect
on self-assembly arising from how conformational asymmetry
changes the space-filling nature of chains and therefore the
relative penalties for chain stretching and deformation.”” In
addition, there is the possibility that the origin of conforma-
tional asymmetry’s role lies in an enthalpic effect: that changing
the stiffness of a chain impacts the effective coordination
number of each polymer unit, thus impacting the value of y
between the chains.”

The role of conformational asymmetry has been considered
extensively for Gaussian coils—polymers where variations in
stiffness translate directly to variations in space filling. For
diblock copolymers composed of two Gaussian coils, a
conformational asymmetry parameter has been defined, which
describes the relative space-filling characteristics of the two
polymer chains and relates it to the relative chain stiffnesses. In
this formalism a conformational symmetry parameter /3
describes how condensed or expanded a polymer chain is,
where ﬁ2 = Rgz/ V, and Rg is the radius of gyration of the chain
and V is the volume occupied by a single chain. For a polymer
coil, f* = a*/(6v) where a is the polymer statistical segment
length and v is the segment volume. Thus, for a coil—coil block
copolymer, the conformational asymmetry parameter & = f3,2/
Py” is equal to a,’/ag” as long as the two chains have been
normalized to the same reference volume, allowing the
conformational asymmetry to be directly related to the relative
stiffness of the two blocks.” Notably, as defined & = a,2/a? will
not directly correspond to lP’AZ/leB2 unless the chains have
identical Kuhn segment volumes; the statistical segment lengths
of each block cannot simultaneously correspond to Kuhn
statistical segment lengths (where a = [,/2) and be normalized
to the same reference volume. Conformational asymmetry
effects have been less readily considered for polymers adopting
nonideal shapes. In particular, the helix, an important structural
motif in both biological and synthetic polymers, is locally stiff
relative to unstructured polymers (in fact, helix-forming
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moieties have displayed liquid crystalline interactions).”” The
local stiffness and defined helical chain conformation are
expected to have significant conformational entropic and
enthalpic effects; however, the deviation of the chain
conformation from a Gaussian chain is expected to significantly
change the ramifications of these effects on block copolymer
self-assembly.

In addition to deviations from ideal conformational
asymmetry effects, polymer chains that adopt secondary
structures deviate from the standard description of persistence
length. For example, in a helix-forming polymer, the chain has a
short bending radius as it forms the turns of the helix. Despite
this, the helical secondary structure enables the chain to
maintain correlation over long distances, resulting in a larger
helix persistence length (lp,helix) and stiffness than the
unstructured chain. Essentially, given an initial vector direction
along the chain contour, the projection onto the helix contour
will lose correlation over I, (Figure 1). The contour length

%ﬁ%ﬁ

Vectoralong chain contour
B ——

Projection of chain contour
onto helix contour

[

Helix contour

Figure 1. In a helical secondary structure the chain itself does not
follow a random walk but rather forms the turns of the helix. The helix
itself, however, will have some rigidity which may be described by a
persistence length, I}, For an initial vector direction of the chain
(black solid arrow), the projection (black dashed arrow) onto the helix

contour (red solid arrow) loses correlation over distance I helixe

of the helix (Lcyp) is the sum of all projections of the chain
vector along the helix contour (sum along dashed vector,
Figure 1); this is in contrast to the contour length of the
constituent chain. If the helix is more rodlike than the
constituent chain (lp,helix/LC,helix larger than lp,chain/LC,chain)J the
number of available chain configurations is expected to
decrease. Because of the compact nature of the helix (L¢ ey
< L gpain), the coordination number per monomer is expected
to be less for the helix than for the equivalent unstructured
chain, despite the more rodlike character of the helix.
Essentially, local chain stiffness, coordination number per
monomer, space filled (Rg), and the number of available chain
configurations scale differently in secondary structures than in
chains following random walk statistics. This change in scaling
is expected to have significant impacts on the forces driving
block copolymer self-assembly.

The polymer helix is significant both as a structural motif and
for its integral role in polymer functionality. Helical
architectures are essential to the structure of proteins and
DNA and are known to impact their material properties, as in
the case of helical fibrils of collagen.'® Molecular helices are also
found in synthetic polymers;''~* however, while biological
polymers tend to form helices due to hydrogen-bonding
interactions, synthetic golyrners tend to form helices as a result
of chiral interactions."® The physics of a helical wormlike chain
have been described due to the ubiquity of helical
polymers.'®™*" A number of synthetic helical polymers have
the ability to sense chiral molecules and respond via a change in
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conformation, therefore displaying potential for use as
molecular sensors.””'~** Incorporating chiral helical polymers
into block copolymers provides the opportunity to not only
incorporate the unique functionalities of helices into block
copolymer nanostructures but also control higher levels of
structure in self-assembled systems. For example, in block
copolymers of polystyrene-b-poly(isocyano-L-alanine-L-alanine)
(PS-b-PIAA), the molecular chirality of the isocyanodipeptide
block informed the chirality of a self-assembled supramolecular
helix in solution;*® similarly, polystyrene-b-poly(L-lactide) (PS-
b-PLLA) block copolymers in bulk give rise to a hexagonally
packed helical ghase that is not observed in the corresponding
achiral system.”’ ">’ These studies point to the important role
that secondary structure can play in self-assembly.

This work examines the self-assembly of diblock copolymers
which are chemically identical but have tunable secondary
structure. We leverage solid-phase synthesis of polypeptoids—a
class of polymers with controlled side chain identity similar to
polypeptides, but lacking backbone chirality and hydrogen
bonding—making them an ideal model system for highly
controlled polymer studies.””*' By incorporating chiral side
chains, polypeptoids can be induced to form a helical secondary
structure” > while polypeptoids with randomly incorporated,
racemic side chains remain unstructured.”® Helical conforma-
tions have been confirmed via a combination of circular
dichroism,”>*” 2-D NMR,* and crystallography.”®** Further,
we incorporate the polypeptoid helix at specific locations along
the chain backbone—specifically examining the role of chain
stretching at the edges of microdomains versus chain packing in
the core of microdomains. Poly(n-butyl acrylate)-b-polypeptoid
block copolymers in which the polypeptoid chains contain N-
(1-phenylethyl)glycine moieties of controlled chirality form
chiral secondary structures. These helical secondary structures
resist chain stretching at the block interface but increase
domain size when in the cylindrical core of domains. Further,
block copolymers with helical structures disorder at lower
temperatures than those with an unstructured chain due to an
increased entropic gain upon disordering. This work
emphasizes the importance of considering how conformational
asymmetry manifests in secondary structures, where chain
stiffness, space-filling, coordination, and conformational effects
do not follow the known scalings of chains following random-
walk statistics.

B EXPERIMENTAL METHODS

Synthesis of Azide-Terminated Poly(n-butyl acrylate). Atom
transfer radical polymerization (ATRP) was used to synthesize poly(n-
butyl acrylate) with a bromine end group. The initiator (methyl 2-
bromopropionate), solvent (anhydrous anisole), and catalyst (copper-
(I) bromide) were used as received. Butyl acrylate monomer and the
ligand N,N,N’,N’,N”-pentamethyldiethylenetriamine (PMDETA)
were filtered over basic alumina before use. All were purchased from
Sigma-Aldrich. In a reaction flask, the following were combined: 0.179
mmol of initiator, 0.067 mmol of PMDETA, 34.7 mmol of butyl
acrylate, 0.067 mmol of Cu(I)Br, and 2 mL of anisole. The reaction
mixture was degassed by three freeze—pump—thaw cycles and then
heated in an oil bath at 80 °C for 6 h under nitrogen. Residual copper
was removed by filtering the product through basic alumina, and the
reaction mixture was precipitated into cold methanol (over dry ice).
The resulting bromine-terminated poly(n-butyl acrylate) (0.071
mmol) was dissolved in dimethylformamide (DMF) (25 mL), and
1.5 mol equiv of sodium azide was added. The reaction mixture was
stirred overnight at room temperature. The polymer was then
precipitated in cold methanol and dried under vacuum at 50 °C to
remove residual DMF.
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Synthesis of Alkyne-Terminated Polypeptoids. Polypeptoids
were synthesized on a custom robotic synthesizer or a commercial
Aapptec Apex 396 robotic synthesizer according to previously
published methods using commercially available amine submonomers
(Figure 2).** Bromoacetylation steps were performed twice to enable

SRR tﬂ\)f )

o

~N

Npe
N-(R-1-phenyiethyl)glycine  N-[(+)-1-phenylethyllglycine  N-(2-methoxyethyl)glycine N-(2-phenylethyl)glycine

Figure 2. Repeat units incorporated in polypeptoid sequences include
a homochiral N-(R-1-phenylethyl)glycine used to direct structure to
form helical blocks (ChirRX, where X is the total number of
monomers), the racemic form of the same unit, N-(+-1-phenylethyl)-
glycine, used to form unstructured blocks (RacX), a (2-methoxyethyl)-
glycine spacer, and an achiral repeat unit, N-(2-phenylethyl)glycine,
also used to form unstructured blocks (AchirX). Exact polypeptoid
sequences can be found in Supporting Information Table 1.

high yields of desired product. The N-terminus of all polypeptoids
were functionalized with an alkyne group by installing an N-
propargylglycine monomer followed bj acetylation on the resin and
purification as previously described.” Molecular weights of the
polypeptoids were determined using an Applied Biosystems 4800
series MALDI-TOF. MALDI samples were prepared using a 1:1 ratio
of polypeptoid in acetonitrile (0.5 mg/mL) to 1,8,9-anthracenetriol
(10 mg/mL in THF). The exact polypeptoid sequences investigated in
this work are shown in Supporting Information Table 1. The sequence
was chosen to be composed of repeats of a known helix-forming
hexamer.*>**?

Synthesis of Polypeptoid-b-Poly(n-butyl acrylate) Block
Copolymers. The block copolymers were synthesized by azide—
alkyne coupling using the procedure described previously (Supporting
Information Scheme 1).*' Upon completion of the reaction, the
polymer was precipitated twice in cold methanol/water mixtures and
centrifuged at 4 °C to collect the product. Materials were further
purified by (1) dissolving in acetonitrile followed by (2) adding water
dropwise until the desired product precipitated while the polypeptoid
homopolymer remained in solution. This product was collected by
centrifugation. Characteristics of all block copolymers are listed in
Table 1.

Gel Permeation Chromatography (GPC). The molecular
weights and dispersities of the poly(n-butyl acrylate) homopolymers
were measured on a Malvern triple detector gel permeation
chromatography system using Waters Styragel columns. Refractive
index traces were used for molecular weight determination using
polystyrene calibration standards (Polymer Laboratories) and were
collected in 30 °C tetrahydrofuran with a flow rate of 1 mL/min.
Representative GPC traces for the synthesized block copolymers are
shown in Supporting Information Figure 1.

Circular Dichroism (CD). Solution CD measurements (Support-
ing Information Figure 1) were performed on a J-185 CD
spectrometer (Jasco Inc.). Stock polypeptoid solutions were prepared
in tared vials using 5 mg/mL of polypeptoid powder in acetonitrile.
The stock solutions were diluted to a concentration of 0.1 mg/mL for
acquiring CD spectra. CD spectra were collected using a quartz cell
(Hellma USA) with a path length of 1 mm. A scan rate of SO nm/min
was used from 180 to 260 nm, and three measurements were averaged
for each compound. Solid-state CD samples (Supporting Information
Figure 2) were prepared by drop-casting polypeptoid homopolymer
and polypeptoid-containing block copolymers from a tetrahydrofuran
solution onto quartz discs. Discs were dried in air and then under
vacuum overnight to remove residual solvent. Measurements were
performed on a Jasco J-1500 spectrometer from 190 to 260 nm.

Small-Angle X-ray Scattering (SAXS). Samples were prepared
by using a spatula at room temperature to fill a 1 mm thick aluminum
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Table 1. Block Copolymers Used in This Study

block copolymer composition M, peproid (kDa) Ppeptoid” D (nm) ODT” (°C) morphology®

PnBA-b-Rac24 coil-b-unstructured 3470 0.18 N/A N/A DIS

PnBA-b-ChirR24 coil-b-helix 3470 0.18 N/A N/A DIS

PnBA-b-Achir36 coil-b-unstructured 5128 0.25 14.5 HEX
PnBA-b-Rac36 coil-b-unstructured 5128 0.25 15.1 120 HEX
PnBA-b-ChirR36 coil-b-helix 5128 0.25 18.4 115 HEX
PnBA-b-(ChirR18-b-Racl8) coil-b-(helix-b-unstructured) 5128 0.25 164 HEX
PnBA-b-(Racl8-b-ChirR18) coil-b-(unstructured-b-helix) 5128 0.25 18.6 HEX
PnBA-b-Rac48 coil-b-unstructured 6786 0.31 18.0 150 HEX
PnBA-b-ChirR48 coil-b-helix 6786 0.31 22.0 136 HEX
PnBA-b-Rac54 coil-b-unstructured 7615 0.33 19.7 201 HEX
PnBA-b-ChirR54 coil-b-helix 7615 0.33 25.0 171 HEX

“PnBA block has M,, = 14 000 kDa and P = 1.11 for all diblock copolymers, as determined by GPC using PS standards. Volume fraction @yoiypeptoid =
M, PePeid/1 18/ (M PP/1.18 + M P"®4/1.08). *ODTs were only measured for helical versus unstructured block copolymer pairs with 36, 48, and 54

polypeptoid units. “DIS = disordered; HEX = hexagonally packed cylinders.

washer with the soft poly(n-butyl acrylate)-containing block
copolymer. One side of the sample washer was glued to a Kapton
window with high temperature stable silicone adhesive (Dow
Corning), and the entire sample cell was annealed in a vacuum oven
(10~ Torr) at 130 °C for 24 h. After annealing, a second Kapton
window was glued to the washer to completely seal the polymer
sample.

SAXS was conducted at the Advanced Light Source (ALS, beamline
7.3.3) and at the Stanford Synchrotron Radiation Lightsource (SSRL,
previous beamline 1-4). At the ALS, the beamline was configured with
an X-ray wavelength of 4 = 1.240 A and focused to a spot size of 50 by
300 ym. Two-dimensional scattering patterns were collected on a
Pilatus 100k detector. At SSRL, the beamline was configured with an
X-ray wavelength of 4 = 1.488 A and focused to a 0.5 mm diameter
spot. A single quadrant of a two-dimensional scattering pattern was
collected on a CCD detector with an active area of 25.4 mm by 25.4
mm. Calibration using silver behenate standards, radial averaging, and
scattering intensity corrections were performed using the Nika package
for Igor Pro.*

Transmission Electron Microscopy (TEM). Thin film block
copolymer samples were prepared by spin-coating thin films (~100
nm) from THF onto silicon nitride (Ted Pella, S0 nm thick) and
annealing in a vacuum oven overnight at 130 °C. After annealing, the
samples were selectively stained with RuO, vapor (Electron
Microscopy Sciences, 0.5% aqueous solution) for 10 min prior to
characterization. TEM imaging was conducted on a JEOL JEM-2100
microscope at an operating voltage of 200 kV. Additional 100 nm thick
samples were cryo-microtomed with a Leica UC7 Ultramicrotome
with FC7 cryo attachment and collected directly from the dry diamond
knife. Thin sections were places on CF300 amorphous carbon-coated
Cu grids from Electron Microscopy Sciences and stained with RuO,.
These samples displayed significant deformation due to cryo-
microtoming, but minority polypeptoid sections were stained dark,
confirming that RuO, selectively stains polypeptoid domains, likely via
the aromatic ring in the phenylethyl moiety (Supporting Information
Figure 7).

Bl RESULTS AND DISCUSSION

The impact of secondary structure on block copolymer self-
assembly was investigated by examining cylindrical assembled
structures in a series of diblock copolymers in which one block
has a precisely controlled helical or unstructured coil
conformation. Prior works have emphasized that stiffness and
chain shape can have important impacts on self-assembly. Here,
this relationship is examined in a polypeptoid system that
controllably forms helical secondary structures. Further, the
secondary structure formation is determined only by the choice
of chiral versus racemic side chains. While the bending radius
(local stiffness) of the chain forming the helix remains quite
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short, the helix itself has a longer persistence length than that of
the unstructured chain.>® This behavior, in which the helix
becomes stiff relative to the unstructured chain, yet becomes
less space-filling (smaller R,), emphasizes that standard
descriptions of conformational asymmetry do not adequately
describe secondary structures such as helices. The helical chain
shape and the placement of helical segments relative to the
microdomain interface are found to have significant impacts on
the final structure due to the specific impacts of space-filling,
stretching, and packing interactions.

Chiral Side Chains Induce Helical Chain Shape. Here,
in order to directly investigate the impact of secondary
structure on self-assembly, a system was chosen in which the
secondary structure could be tuned with nearly identical
backbone and side chain chemistry. Previous work on
polypeptoid polymers has shown that polypeptoids can be
induced into a helical conformation by choosing primarily
bulky, chiral side chains of the identical chirality; the equivalent
polypeptoid with a racemic mix of side chains remains
unstructured. In particular, by incorporating at least 50% of
monomers as N-(R-1-phenylethyl)glycine, the polymer is
induced into the helical conformation;*****° if a racemic
combination of side groups is used instead (stoichiometric
amounts of R- and (S-1-phenylethyl)glycine), the polymer
retains an unstructured conformation.”” Importantly, this
method of sterically inducing the helical conformation is
remarkably stable across a range of solvents and temperatures
in solution and may form entropically stabilized helices (unlike
hydrogen-bond-stabilized helices, which transition to an
unstructured state above a critical temperature).”*** This
remarkably environment-independent and stable helix makes it
ideal for bulk studies. Indeed, circular dichroism measurements
of this polypeptoid in a solid-state thin film shows that the
ellipticity signal observed in solution is maintained in the solid-
state (Supporting Information Figure 3). In addition, by
choosing a material with secondary structure arising from side-
chain chirality, these materials gain a degree of synthetic
tunability that materials with main-chain chirality (such as
polypeptides and PLLA) cannot. By directly changing the side
chain identity for a single backbone chemistry, both analogues
of helical materials with racemic side chains that lack secondary
structure and analogues completely lacking chirality may be
synthesized. Further, the use of side chain chirality enables
extremely local control over structure, which is often more
challenging to achieve via traditional polymerization methods.

DOI: 10.1021/acs.macromol.8b00055
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helix contour length=77.2 A
compound: ChirR36

I, unstructured chain = 6.2 A
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Figure 3. Incorporating bulky side groups with identical R-chiralities into the polypeptoid induces a helix (sequence corresponding to “ChirR36” in
this paper) (a). Despite the short bending radius of the chain forming the helix, the chain forms a helical secondary structure that has a long
persistence length compared to the persistence length of the unstructured chain composed of a racemic mix of side groups (sequence corresponding
to “Rac36” in this paper) (b). The helix has a smaller radius of gyration than the unstructured chain. While the helix is relatively stiff, the structure is
less space-filling than the unstructured chain. Chirality-inducing bonds are highlighted in red.*®

While polypeptides can also be synthesized in a sequence-
defined manner allowing local control along the chain, the
intrinsic hydrogen bonding results in crystallinity which further
confounds the direct impact of side chain structure on assembly
in the melt. Thus, manipulating secondary structure via the side
chain chirality of polypeptoids presents an ideal method for
manipulating secondary structure for bulk self-assembly studies

Here, the polypeptoid chain adopts a polyproline I-type helix
with cis bond conformations preferred from monomer to
monomer.”” Importantly, a preference for an all cis-amide bond
conformation results in the chain locally having a short bending
radius and overall occupying less space. Prior work has directly
investigated the chain conformation of these materials in
solution via neutron scattering. For 36-unit polypeptoid
homopolymers, the helix has an R, of 13.3 A (as opposed to
the unstructured chain’s R, of 14.5 A) (Figure 3). However, the
favored cis-amide bond conformation forms a helix with a
persistence length of 10.5 A, nearly twice that of the
unstructured chain (at only 6.2 A).*® Importantly, this helical
persistence length refers to an effective segment of the helix
(which will contain several effective chain units). Further, the
contour length of the helix (77.2 A) is considerably shorter
than the contour length of the chain composing it (130.0 A). 3
This leads to an important feature: the helix will have a more
rodlike character than the equivalent unstructured chain (lp hehx/
Lcpetix > Ly chain/Lc,chain) (although notably even [, of 10.5 A
is quite short relative to Ly, of 77.2 A). Critically, this means
that the effective number of segments Ny, for the helix will be
smaller than the number of segments N,;, of the unstructured
chain. Further, while the conformational symmetry parameter
typically becomes larger with increasing stiffness (5 = Rgz/ Vv
increases with [, for a given chain volume V), here B of the
helix is actually smaller than * of the unstructured chain for
identical volumes V, despite L peix > Iy chain- Ultimately, this
implies that while in a classical coil chain, space-filling
properties, resistance to deformation, and local chain stiffness

2093

scale together; here, the helical secondary structure allows a
stiffer structure to be created that nonetheless occupies less
space and has less configurational freedom. This has important
ramifications for self-assembly—in particular, the conforma-
tional space occupied and force required to stretch or deform
the chain.

Diblock Copolymers Form Cylindrical Morphologies.
To directly investigate the effects of the helical versus
unstructured chains on block copolymer self-assembly, a series
of poly(n-butyl acrylate)-b-polypeptoid diblock copolymers
were synthesized containing an identical poly(n-butyl acrylate)
block but varying side chain chirality and thus chain properties
of the polypeptoid blocks (Figure 4ab). Coil—coil block
copolymers that microphase segregate have a chain con-
formation that is stretched across the interface; to directly

am/\\f b M
coil-b-unstructured
PnBA-b-RacX

coil-b-helix
PnBA-b-ChirRX

Worsy W~

coil-b-(helix-b-unstructured)
PnBA b-(ChirRX-b-RacX)

coil-b-(unstructured-b-helix)
PnBA-b-(RacX-b-ChirRX)

Figure 4. Block copolymers used in this study. Red is poly(n-butyl
acrylate) while blue is polypeptoid. In (a) the polypeptoid block is
entirely helical, while in (b) it is entirely unstructured. In (c) and (d)
half of the helical block is helical while the other half is unstructured.
In (c) the helical part is located next to the block junction, while in (d)
it is located distant from it. Polypeptoids of variable length were used;
X refers to the number of monomers (18—54).
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PnBA-b-ChirR54 shows well-ordered cylinders lying down. The sample is in a thin film configuration on a silicon nitride grid; the polypeptoid block

is stained with RuO,.

probe this interaction, polypeptoids with both a helical and an
unstructured polypeptoid part were synthesized. The helix in
these polymers was placed either adjacent to (Figure 4c) or
distant from (Figure 4d) the block junction. In particular, due
to the condensed structure of the helix, it is expected that the
force required to stretch the helix across the interface will be
greater than that of the unstructured chain; this will result in a
difference in domain size. The synthesized block copolymers
(Table 1 and Figure 4) will be referred to as PnBA-b-helix
(PnBA-b-ChirRX, where X is the number of monomers in the
polypeptoid block) or PnBA-b-unstructured (PnBA-b-RacX)
for the block copolymers with the homochiral helix-forming
and the racemic unstructured polypeptoid block. The block
copolymers with the partially helical chain segments will be
referred to as PnBA-b-(helix-b-unstructured) (PnBA-b-
(ChirR18-b-Racl8) or PnBA-b-(unstructured-b-helix) (PnBA-
b-(Rac18-b-ChirR18)) depending on whether the helical
segment is close to the block junction or distant from the
block junction, respectively.

All of the described diblock copolymers with polypeptoid
blocks at least 36 monomers in length form hexagonally packed
cylinders as indicated by the 1:\/ 3:\/ 7 peak spacing as probed
by SAXS and TEM (Figure 5). TEM was performed with a
PnBA-b-polypeptoid where the polypeptoid consists of a helix-
forming S4-mer, for ease of imaging with larger domains. These
block copolymers have volume fractions of polypeptoid
(fpepmid) from 0.25 for a 36-monomer long polypeptoids to
0.33 for a S4-monomer long polypeptoid; they are all majority
poly(n-butyl acrylate). The long poly(n-butyl acrylate) block
creates a preference for the curved interfaces of cylindrical
blocks over lamellar morphologies in this regime. Furthermore,
this result is also similar to the behavior previously observed for
this range of volume fractions in polypeptoid—polystyrene
block copolymers.*' Block copolymers with volume fractions of
polypeptoid smaller than 0.25 are disordered. A result of the
cylindrical morphology is expected to be that unfavorable
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packing interactions arising between stiff, helical polypeptoids
will be exaggerated when confined within cylindrical domains
relative to those in lamellar domains.

It is also important to consider the role of confinement.
Semiflexible chains are especially responsive to local fields and
confinement. For example, semiflexible chains with sufficiently
strong nematic interactions will align parallel to a surface, with
orientational effects that persist to roughly a radius of gyration
from the wall.™* While excluded volume effects become
extremely important for stiff chains in solution or confined into
two dimensions,”° here polypeptoids are studied in the bulk
and in net extend perpendicular to the interface. Further, due to
the coupling from each block sharing the same interfacial area,
the distance between chains varies as each block is stretched.
Although the chain conformation is clearly perturbed, it retains
significant conformational freedom relative to semiflexible
chains confined parallel to surfaces.

Structural Effect of Helix versus Unstructured Chain
on Block Copolymer Microdomains. To understand how
the helical segment impacts the domain structure, the
differences in structure across this series of poly(n-butyl
acrylate)-b-polypeptoid block copolymers are examined.
Importantly, across this series of block copolymers the exact
same poly(n-butyl acrylate) block was used, and the
polypeptoid blocks each include precisely the same number
and identity of monomers, varying only in side chain chirality.
The block copolymers were formed by click chemistry
(Supporting Information Scheme 1), allowing this series to
be robustly formed. Thus, by examining the changes in domain
structure, we are directly probing the impact of secondary
structure. It is important to recall that since each block has an
identical area per chain at the block copolymer interface and are
assumed to be incompressible, that if one block stretches
relative to the interface, the other block must also stretch. In
the cylindrical geometries described, the cross-sectional area
occupied by the polypeptoid cylinder as well as the cross-
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sectional area of the PnBA domain will vary as d** where
d

peak of SAXS. Detailed calculations of cylinder radius,
interdomain spacing, and interfacial area are found in
Supporting Information Table 2 (accompanying illustration
Supporting Information Figure 8).

In the unstructured block copolymer, the essential physics
contributing to the domain structure are similar to those of
standard coil—coil block copolymers. In examining the impact
of helical versus unstructured polypeptoid blocks, it is expected
that the helical block would be more resistant to deformations
of chain conformation (in particular, chain stretching at the
interface with increasing segregation strength) than the
unstructured chain, which would be expected to result in
smaller domains. Further, given that the helical polymer
occupies less conformational space than the unstructured
polymer, the domains were expected to be larger for the
unstructured polymer than for the helix, despite the increase in
stiffness for the helix. However, instead the block copolymer
with the helical block displays a significantly larger domain
(approximately a 20% increase in domain size) than the block
copolymer with the unstructured chain. This was true across a
range of polypeptoid block lengths (number of polypeptoid
monomers = 36, 48, and 54) (Figure 6) with identical PnBA

=0 is the domain spacing calculated from the primary

30 = T T T T T H
W Helical polypeptoid block (ChirRX, X = 36, 48, 54)
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Figure 6. Domain spacing of block copolymers with a chiral (helical)
and racemic (unstructured) polypeptoid block, where the polypeptoid
blocks have identical numbers of monomers and vary only in side
chain chirality. Helical polypeptoids create larger domains for all
polypeptoid lengths probed (36, 48, and 54 units). Error in domain
size is smaller than marker for X = 48 and X = 54.

blocks. A PnBA-b-unstructured diblock copolymer in which the
racemic N-(1-phenylethyl)glycine was replaced with the achiral
N-(2-phenylethyl)glycine monomers displayed a nearly identi-
cal domain spacing to the racemic case, emphasizing the
unstructured nature of the racemic N-(#-1-phenylethyl)-
glycine-containing polypeptoid. The observed increase in
domain size with the helical block may be traced to additional
stretching of the PnBA block which occurs due to unfavorable
interactions between the PnBA block and the helical block.
Alternatively, these changes may be attributed to packing
frustrations in the core of the cylinder arising from the stiffer
polypeptoid block. Future work will examine similar structures
in lamellar nanostructures, where packing frustrations are
expected to be minimized as stiff segments can locally align
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more readily. However, it is important to realize that the helical
block is not a rod; it retains nearly eight persistence lengths per
helical 36-mer.

Impact of Helix Placement Relative to Microdomain
Interface. To specifically determine the impact of chain
stretching at the block copolymer interface versus packing
frustrations in the core of the cylindrical microdomains, two
structures were designed with the helix-forming section at
different parts of the chain (Figures 4c,d and 7c,d). When the

U

Figure 7. Schematic depicting packing of PnBA-b-polypeptoid into
hexagonally packed cylinders with varying (a) helical versus (b)
unstructured polypeptoid components. (c) and (d) depict the PnBA-
b-polypeptoid with the helix near the block interface and in the
cylinder core, respectively.

helical segment is placed adjacent to the block junction, the
block copolymer displays minimal deviation from the
unstructured case (Table 1). The unstructured 36-mer results
in a domain spacing of 15.1 nm, while when the helix is placed
next to the block junction, it expands to only 16.4 nm, not
reaching the fully helical polymer’s spacing of 18.4 nm. This
result indicates that the large increase in domain size cannot
arise only from unfavorable interactions between PnBA and the
helical secondary structure, as the helix is located proximal to
the PnBA in this case. Further, the small domain size likely
arises because in this case the helical segment at the edge of the
domain spans less space and thus resists stretching, while the
unstructured segment of the chain near the center of the
domain is able to efficiently fill space. On the other hand, the
diblock copolymer with the helix in the domain core and the
unstructured chain next to the block junction forms a structure
considerably larger than the original. Here, it is believed that
this structure arises from chain stretching that is enabled at the
edges of domains (which also stretches the PnBA block) in
addition to unfavorable packing interactions between helical
blocks at the centers of the domains (Figure 7).

Importantly, these observations emphasize how current
descriptions of rod—coil interactions and common ways to
describe conformational asymmetry do not adequately address
the behavior of chain secondary structures. While coil polymers
(or any polymer in which the chain itself follows a random
walk) will become more space filling with increasing stiffness,
secondary structure can cause the chain to deviate. For a helical
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polymer, while the overall trajectory of the chain is defined well
by the persistence length of the helix, the chain backbone itself
travels considerably greater distance (14.2 nm of polypeptoid
contour over 10.5 nm of helix contour), thus causing a more
condensed conformation (smaller Rg). Essentially, these
secondary structures are characterized by nonrandom walk
trajectories, where the scaling of space filling and stiff—elastic
properties deviate from that of typical coil-like and semiflexible
polymers. Here, these helical structures induce larger domains
than their unstructured counterparts, primarily arising from
interactions in the center of domains, as the helix segments in
interfacial regions resist stretching.

Further, helix-containing diblock copolymers display an
order—disorder transition at lower temperatures than the
equivalent unstructured diblock copolymers (Table 1 and
Supporting Information Figures 4—6). For helix-containing
PnBA-b-ChirRX, Topy = 115 °C for X = 36, 136 °C for X = 48,
and 171 °C for X = 54. The analogous block copolymers
containing the unstructured block display significantly elevated
transition temperatures. For PnBA-b-RacX, Topr = 120 °C for
X =36, 150 °C for X = 48, and 201 °C for X = 54. Each series
shows the expected increase in Topr with increasing N, with an
increasing disparity between transition temperatures as the size
of the polypeptoid block grows. We attribute this difference to
the helical structure having fewer available conformations in its
condensed chain structure than the equivalent unstructured
chain and thus a lower effective N. Block copolymer self-
assembly occurs under conditions where free energy is
minimized by preventing the enthalpic penalties of unlike
chain interactions at the expense of losing entropic configura-
tional freedom. Heating above the order—disorder transition
temperature, this condition reverses: free energy is minimized
by accessing additional configurational freedom, at the expense
of allowing unfavorable enthalpic interactions. As a polymer
chain’s intrinsic configurational freedom decreases (lP/Lc
increases), its effective N also decreases, increasing the entropy
available through mixing and the Topy. The lower effective N
of the helix may also increase the influence of fluctuation effects
on the thermodynamics of the transition,”"”” and the
condensed nature of the chain may prevent some of the
polypeptoid—PnBA monomer contacts in the disordered state,
thus minimizing the enthalpic penalty of disordering. This is in
contrast to the result from PS-b-PLLA versus PS-b-PLA block
copolymers where the helical PS-b-PLLA phase was observed
to be stable to higher temperatures than the PS-b-PLA phase.”’
The authors attribute this to stabilized packing of the PLLA
chains relative to the PLA; it may be that the bulky side chains
of the N-(R-1-phenylethyl)glycine prevent stabilized packing of
these helices. It is important to note that while PLLA readily
crystallizes, polypeptoid helices have only been observed to
crystallize in oligomers of 4—8 units long following slow (~1
week) crystallization from dilute solution;*®*’ the 24—54-
monomer-long oligomers studied here do not display
crystallinity. Future studies that decouple the impact of forming
a condensed helix on the effective y will be interesting to
understand the relevant thermodynamic parameters controlling
the stability of phases containing secondary structures.

This work demonstrates a synthetic approach for producing
block copolymers containing helical secondary structures or
unstructured chains that are identical apart from side chain
chirality. These helical secondary structures form an all-cis
polyproline I (PPI) type helix, causing the structured chain to

be more condensed than the unstructured chain.®® Similar
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approaches could examine less dynamic all-cis PPI type helixes,
such as those induced by naphthalene side groups.”® A similar
approach could be leveraged to examine the opposite extreme:
leveraging steric groups and defined sequences that induce the
polypeptoid backbone to form either an unstructured chain or
an all-trans conﬁguration.53 In this case, the all-trans chain is
expected to be significantly extended relative to the
unstructured chain. Specifically understanding the differences
in behavior between the all-trans and all-cis cases will be
important; while in both cases “stiff” structures are formed, the
differences in structure are expected to have very different
impacts on coordination number as well as the scaling of how
well the polymer fills space with increasing chain stiffness.
Further, this work has demonstrated the usefulness of
leveraging sterics to design sets of materials with chemically
identical interactions but dramatically different chain shapes as
a way to decouple the impact on self-assembly of chain
secondary structure from the impact of chemical interactions
between individual repeat units.

B CONCLUSIONS

Here, we examine the impact of polymer secondary structure
on the self-assembly of a series of model PnBA-b-polypeptoid
block copolymers. The synthetic strategy of using a single
PnBA homopolymer for all diblock copolymers, and leveraging
truly monodisperse sequence-defined polypeptoids varying only
in the chirality of the side chains allows the influence of the
secondary structure to be precisely isolated from effects such as
polydispersity and backbone or side chain chemical inter-
actions. The helical structure described here prefers the cis
backbone conformation, thus forming a structure where the
helix fills less space than the equivalent unstructured chain, yet
is able to form a stiffer structure than it. This structure does not
follow the relationships typically associated with descriptions of
conformational asymmetry, where local chain stiffness neces-
sarily leads to a more extended structure and increased space-
filling properties. Despite this more condensed structure, in this
work the helical structure leads to larger domains than the
equivalent unstructured chain.

To determine which specific interactions—those at the
interface versus those in the core of the cylindrical domains—
drive these large domains, polypeptoid sequence control was
leveraged to place helical segments at specific positions along
the chain. It was found that the resistance of the relatively stiff
helix to stretching at the interface inhibits an interfacial
contribution to domain size; the majority of the helical
contribution to larger domain size appears to originate from
packing interactions in the center of cylindrical domains. Future
work will examine these block copolymers in lamellar
structures, where the role of packing frustrations is expected
to be less pronounced than in cylindrical structures. Further, a
lower order—disorder transition temperature is observed for the
PnBA-b-helical diblock copolymers relative to the PnBA-b-
unstructured diblock copolymers; this is attributed to the lower
effective N of the condensed polypeptoid helix relative to the
unstructured polymer, which increases the entropic gain upon
disordering. These deviations of behavior for helical secondary
structures from that expected for random walk polymers
exhibiting conformational asymmetry emphasizes the impor-
tance of developing improved physics for describing the
behavior of these systems.

An additional question arises because these helical secondary
structures—Ilike many secondary structures—have an intrinsic
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handedness. While the system here does not display chirality at
larger length scales, hierarchical transfer of chirality has
occurred in other block copolymer systems.”””’ Precise
synthetic systems similar to the one described here may be
leveraged to address questions of what parameters dominate
whether chirality can be transferred across hierarchical length
scales. It is expected that synthetically tunable systems with
variable pitch, radius, and dynamics can control the strength of
cholesteric and other liquid crystalline interactions; ultimately,
these are expected to be important parameters for generating
new phases, exploring new and unique thermodynamics, and
generating new functional materials.
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