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ABSTRACT

Crystallization-driven self-assembly (CDSA) of amphiphilic polymers into well-defined
nanoscopic structures with different morphologies and functionalities has attracted increasing attention.
Here, we investigate the CDSA of coil-comb shaped diblock copolypeptoids, namely poly(N-methyl
glycine)-b-poly(N-decyl glycine) (PNMG-b-PNDG), in dilute methanol solution using X-ray/neutron
solution scattering in conjunction with cryogenic transmission electron microscopy (cryo-TEM)
techniques. A series of PNMG-b-PNDGs were synthesized by sequential benzyl amine-initiated ring-
opening polymerizations of the corresponding N-substituted N-carboxyanhydrides, in which the
degree of polymerization and the length of the blocks were varied. The PNMG-b-PNDG polymers
with lower volume fraction of the crystalline PNDG blocks (fenoc = 0.44) were found to slowly self-
assemble into one-dimensional long worm-like nanofibrils in methanol. The nanofibrils bear
anisotropic crystalline core where the comb-shaped PNDG blocks were stacked in a face-to-face
fashion along the long axis of the nanofibrils. Upon increasing fpnpe to 0.61 and 0.68, the final
morphology of PNMG-b-PNDG micelles changed from worm-like nanofibrils to rigid short nanorods
and then two-dimensional nanosheets. The nanofibrils were formed by a self-seeding growth pathway
that involves the initial formation of a few seeded crystals followed by the addition of soluble unimers
to the preferred crystal facets resulting in the gradual elongation of the micelles. By contrast, the
nanorods were formed by a two-stage process involving the formation of spherical micelles with an
amorphous core in the first stage and rapid confined crystallization of the micellar core and their fusion
into the rod-like nanostructures at the second stage. Understanding the relationship between chemical

composition, micellar morphology and CDSA pathway of coil-comb shaped diblock copolypeptoids



IS an important step towards the rational design of anisotropic polymeric nanostructures with tailorable

morphology.



INTRODUCTION

Anisotropic polymeric nanostructures such as one-dimensional (1D) nanorods, nanoribbons two-
dimensional (2D) nanosheets or platelets) have attracted growing interests due to their potential for
biomedical and biotechnological applications (e.g., drug delivery® 2 and biomineralization).®
Crystallization-driven self-assembly (CDSA)*® of coil-crystalline block copolymers (BCPs) has been
demonstrated as an effective strategy to access anisotropic polymeric nanostructures. AB-type diblock
copolymers comprised of solvophilic corona-forming segments and crystallizable core-forming
segments are the most commonly used structural motif to induce the formation of anisotropic
nanostructures in solution by the CDSA process.” A number of well-known polymers that can
crystallize by the chain folding mechanism (e.g., polyethylene,® ° polyethylene oxide,° poly(e-
caprolactone)*13 and polylactide)***” have been investigated as crystalline core-forming segments.
Metallopolymers (e.g., polyferrocenylsilanes)*®?® and n-conjugated polymers with more rigid
backbones (e.g., poly(3-alkylthiophenes))” 2! have also served as crystalline core-forming blocks to

facilitate the formation of a variety of nanostructures by CDSA for targeted applications.

The morphology of nanostructures obtained by CDSA strongly depends on the specific polymer
composition'® 2! and the self-assembly pathway.® 32 With these solvophobic crystalline blocks, the
molecular exchange is often restricted due to high free energy penalty, resulting in kinetically trapped
molecular assemblies in an out-of-equilibrium state with a very long lifetime.> 8 32-% As a result, one
can access anisotropic polymeric nanostructures with varying morphology by altering the solvent,®
15,20, 22 |ength of the solvophobic crystallizable block!® 1" and annealing condition.?® In some cases,
CDSA of block copolymers can proceed in a living fashion in solution, allowing access to sophisticated

hierarchical nanostructures with tailorable shape, size and low polydispersity.* 7+ 14 19,20, 23-28



Polypeptoids featuring N-substituted polyglycine backbones are structural mimics of
polypeptides.®®39 In contrast to polypeptides, polypeptoids exhibit thermal processability, enhanced
protease stability and good solubility in water and common organic solvents due to the absence of
hydrogen bonding and stereogenic centers along the backbone, in sharp contrast to polypeptides. The
cytocompatibility and biodegradability also make polypeptoids an attractive class of biomimetic
polymers for biomedical and biotechnological applications (e.g., antifouling coatings, drug/gene
delivery and biosensor).2*#? Recent developments in the controlled polymerization and solid-phase
synthesis have enabled access to a variety of polypeptoids with tailorable chain length, microstructure
and architecture, setting the stage for the further investigation of their solution and solid-state self-
assembly behaviors.*** It has been found that polypeptoids with relatively short n-alkyl side-chains
(n < 2), such as poly(N-methyl glycine) (PNMG) (a.k.a. polysarcosine), are amorphous with random-
coil conformations similar to conventional amorphous polymers.® % By contrast, comb-shaped
polypeptoids with relatively long n-alkyl side chains (4 < S < 14, where S is the number of carbon
atoms in the linear n-alkyl group) are crystallizable and exhibit two phase transitions with the
temperature change, i.e., a crystalline phase and a “sanidic” liquid crystalline (LC) mesophase, prior
to isotropic melting.*®%° It should be noted that crystallization of these comb-shaped polypeptoids can
occur at relatively low degree of polymerization (>10 mer).>® 7 In the crystalline phase, the
polypeptoids chain adopt a board-like structure where the backbone is fully extended in an all cis-
amide conformation and is approximately coplanar with the n-alkyl side chains (Figure S1).>% % Here,
the intermolecular interactions between n-alkyl side chains are likely arise from van der Waals
interactions (or packing constraints in the crystalline lattice), whereas the interactions between all cis-

amide backbones may involve additional contributions, such as CH---O hydrogen bonding or amide



dipole interactions.>® °1 %8 The all cis-amide backbone conformation, which is more compact and
possesses a higher degree of ordering than the all trans-amide conformation, allows for more favorable
intra- and inter-molecular interactions during self-assembly processes.® %8 Considering the unique
crystalline packing of polypeptoids, we reason that amphiphilic diblock copolypeptoids comprised of
a comb-shaped crystallizable segment and a coil-like amorphous segment are well-suited to generate
fully biocompatible and biodegradable polymeric nanostructures with high aspect ratios in solution by
the CDSA process. We previously showed that diblock copolypeptoids (i.e., PNMGz112-b-PNDGye)
comprised of a soluble coil-like PNMG block and a crystallizable comb-like poly(N-decyl glycine)
(PNDG) block slowly self-assembled into long, worm-like nanofibrils in dilute methanol via CDSA.*
With similar coil-comb shaped polypeptoid-based diblock copolymers, i.e., poly(ethylene glycol)-b-
poly(N-octyl glycine), Sun, Li and coworkers reported the formation of 2D nanosheets through a
sphere-to-cylinder-to-nanosheet transition pathway during CDSA in dilute ethanol.®? Using a
cosolvent strategy, they also demonstrated the hierarchical self-assembly of 2D nanosheets induced by
the fusion of early nanofibrils comprised of coil-crystalline poly(ethylene glycol)-b-poly(N-(2-
phenylethyl) glycine).> Interestingly, instead of forming a core-shell type nanostructure, Zuckermann
and coworkers reported that comb-comb shaped diblock copolypeptoids, i.e., poly(N-2-(2-(2-
methoxyethoxy)ethoxy)ethyl glycine)-b-poly(N-decyl glycine), self-assemble into hollow,
multiwalled nanotubes in water via the co-crystallization of both hydrophilic and hydrophobic
blocks.*® In spite of the increasing reports on polypeptoid-based nanostructures generated by CDSA,
the molecular arrangement at the nanometer scale and the underlying self-assembly mechanism of
these nanostructures are not well understood.

In this contribution, we report a study on the CDSA of coil-comb shaped diblock copolypeptoids,

6



namely poly(N-methyl glycine)-b-poly(N-decyl glycine) (PNMG-b-PNDG), in dilute methanol
solution by a combination of X-ray/neutron scattering and cryogenic transmission-electron
microscopic (cryo-TEM) techniques. The shape, size and molecular packing of the self-assembled
PNMG-b-PNDG nanostructures have been found to depend strongly on the relative volume fraction
and chain length of PNDG segments. As the volume fraction and the chain length of PNDG block
increases, the morphology of self-assembled nanostructures changes from 1D worm-like nanofibrils,
to 1D short nanorods and then to 2D nanosheets. The nanofibrils were shown to form by a self-seeding
growth mechanism with the comb-like PNDG blocks stacked in a face-to-face fashion along the long
axis of nanofibrils, resulting in anisotropic crystalline cores. By contrast, the formation of nanorods
occurred by a two-stage process, involving the initial formation of spherical micelles followed by rapid
confined crystallization of micellar cores and fusion into rod-like nanostructures. These findings on
the molecular arrangement and the formation mechanism of PNMG-b-PNDG nanostructures in dilute
solution not only provide a new strategy towards the rational design of polypeptoid-based
nanostructures with tunable size, shape and morphology, but also shed lights on the CDSA of comb-

shaped polymers bearing long and linear aliphatic side chains in general.
RESULTS AND DISCUSSION

Polymer Composition and Preparation of Micellar Solution. A series of linear amphiphilic
diblock copolypeptoids, i.e. poly(N-methyl glycine)-b-poly(N-decyl glycine) (PNMG-b-PNDG), with
different number-average degree of polymerization and volume fraction of the PNDG segment have
been synthesized by the benzyl amine-initiated ring-opening polymerization of the corresponding N-
substituted N-carboxyanhydrides (R-NCAs) in a sequential manner (Scheme S1).43> %8 The polymer

composition of PNMG-b-PNDG samples has been determined by *H NMR spectroscopic analysis
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(Figure S2-S4) and summarized in Table 1. Size-exclusion chromatography (SEC) analysis of the
polymers revealed monomodal molecular weight distribution with polydispersity index (PDI) in the
1.07-1.26 range (Figure S5). As the PNMG block is solvophilic and the PNDG block is relatively
solvophobic in methanol, as indicated by the liquid contact-angle measurements (Figure S6), PNMG-
b-PNDG block copolymers with varying composition are expected to form intermolecular assemblies
in methanol. We have found that all diblock copolypeptoids can be readily dissolved at a 5 mg/mi
concentration in methanol with heating at ~ 65 °C for 1 h. No sign of crystallization of PNDG blocks
was observed at 65 °C in the polymer solution, evidenced by the high temperature SAXS/WAXS
measurements (vide infra). Crystallization of PNDG blocks occurred upon cooling the PNMG-b-
PNDG solution from 65°C to room temperature,** %° facilitating the crystallization-driven self-
assembly (CDSA) of diblock copolypeptoids in methanol. The solutions were left at room temperature
for at least 15 days prior to further structural characterization by a combination of transmission-
electron microscopy and neutron/X-ray scattering methods. (Note: previous studies have shown that
15 days is sufficient for the formation of self-assembled PNMG-b-PNDG nanostructures in 5 mg/mL

methanol solution).*



Table 1. Molecular characteristics of PNMG-b-PNDG diblock copolymers and structural parameters

of PNMG-b-PNDG nanostructures obtained by CDSA

Composition | fenps? Micellar R®  Reehain® 0r%  Nagg cross’ dooy’  daooy® Diameter  Diameter
of PNMG-b- Morphology (nm) (nm) (nm) (nm)  (SANS)" (cryo-
PNDG (nm) TEMY
(nm)
PNMGios-b- | 0.44  Nanofibrils 3.3%£ 3.8% 0.4 2 Y 0.46 ~23.4 ~20
PNDG20 0.2 0.2
PNMGui21-b- | 0.61 Nanorods 6.8+ 58+ 0.3 ~4 2.4 0.46 ~38.0 ~27
PNDGys 0.2 0.2
PNMGi24-b- | 0.68 Nanosheets N/A N/A N/A N/A 2.5 N/A N/A N/A
PNDGe3

“ The volume fraction of PNDG block (fpnpg) was calculated from the block copolymer composition and

the density for each block. ” R. is the core cross-sectional radius. “ Ry, chain is the radius of gyration for the

corona chain. ¢ The polydispersity values of core cross-section radius (or) were obtained from the SANS

analysis. The corresponding R. distributions of PNMGjs-b-PNDG2 nanofibrils and PNMG121-b-PNDGas

nanorods were shown in Figure S8. “ The lower bound values of average number of polymer chains in the

cross-sectional area (Nagg, cross) Were estimated using the equation Nagg, cross & TR/ (lble), where I, and L

correspond to the dimensions of fully extended PNDG segments along the crystallographic b and ¢ axis,

respectively.” d-spacing of the (001) packing of the PNDG crystalline domain (d(o1)) was determined by

MAXS. ¢ d-spacing of the (100) packing of the PNDG crystalline domain (d(100)) was determined by WAXS.

" The average diameter of the 1D nanostructures obtained from SANS model fitting. - The average diameter

of the 1D nanostructures obtained from cryo-TEM imaging.

Structural Elucidation of Coil-Comb Shaped Diblock Copolypeptoid Micelles. Cryo-TEM

analysis of the vitrified PNMGz0s-b-PNDG2o methanol solution (1 mg/mL obtained by dilution from

5 mg/mL solution) (Figure 1(a)) has revealed the formation of micron long worm-like nanofibrils with



an average diameter of ~ 20 nm. It

(b) AR A | £i L RARAS)
100 .
was also found that the overall _ 1\
10 .
B
morphology ~ for  PNMGaos-b- = 1r 2
T o0l F -
PNDG2o nanostructures remains 401 | . 1
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| dentical i broad 0.001 0.01 0.1
nearly identical in a oa gAY
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(102) y
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mg/mL) (Figure S7). To obtain

0.1

02 04 06 08 10 12 14 16
-1
g(A)

nanofibrils, we conducted small- Figure 1. (a) Representative cryo-TEM image for PNMGios-b-
PNDGy in diluted methanol solution (1 mg/mL). (b) SANS
angle neutron scattering (SANS) and intensity profile (open circles) for the 5 mg/ml PNMGios-b-
PNDGy in deuterated methanol measured at static state at room
small angle X-ray scattering (SAXS) temperature. The solid line corresponds to the best-fit to the data
based on the cylindrical micelle model described in the text. (c)
experiments on the 5 mg/mL MAXS/WAXS intensity profile for the 5 mg/ml PNMGios-b-

PNDG;y in methanol measured at a static state at room

detailed structural information of the

PNMG105-b-PNDG20 methanol temperature.
solution. Figure 1(b) shows the

SANS profile of the 5 mg/mL PNMGa05-b-PNDG20 methanol solution measured at room temperature
using a quartz “banjo” cell. At the low ¢ regime (q < 0.005 A1), the scattering intensity exhibits a
power-law dependence on g (i.e., | ~ g*) with an exponent («) of -1, indicating the formation of one-
dimensional elongated rod-like nanostructures in methanol. Based on the SANS and cryo-TEM results,

it is reasonable that the PNMGa10s-b-PNDG20 molecules can self-assemble into elongated rod-like

micelles comprised of a collapsed PNDG core and a shell with swollen PNMG chains.

The scattering model for core-shell rod-like micelles (a.k.a. cylindrical micelles), which was

initially developed by Pedersen and co-workers,> % has been used to fit the SANS intensity profiles

10



of the PNMGa105-b-PNDG2 solution (Figure 1(b)). The detailed description of the scattering model
was summarized in the Sl. In brief, the scattering form factor of a single micelle with a compact rod-
shaped core surrounded by Gaussian corona chains at the core surface consists of four different terms:
the self-correlation of the rod-like core, the self-correlation of the chains, the cross term between the
rod-like core and chains, and the cross term between different chains, which are expressed in terms of
the core cross-sectional radius (R¢) and length (Lc), as well as the radius of gyration (Rg, chain) Of the
Gaussian corona chains that are centered at a distance dintRg, chain away from the surface of the rod-like
core (dint is close to unity to mimic non-penetration of the corona chains into the core region).
Dispersity in R¢ was also included in the modeling by a lognormal distribution of core radii with a
polydispersity or. It should be mentioned that the rod-like micelle model assumes the core to have a
circular cross-section. While it will be shown later that the PNDG segments crystallize in the micelles
to form an anisotropic core which cannot have an exactly circular cross-section (vide infra), the good
fitting of the SANS/SAXS data with the rod-like micelle model suggests the cross-section of the PNDG

core can be approximated as a circular shape (Figure 1(b)).

In the fitting of SANS data, four independent parameters could be adjusted: the core radius (Rc),
core length (L), the radius of gyration of the corona chains (Rg, chain), the polydispersity of core radius
(or). The dint value is constrained within a range of 0.9 to 1 based on the previous study by Pedersen
and Gerstenberg on the core-shell micelles.>® The SLD values and molecular volume of PNDG (Vcore)
and PNMG (Vcorona) Were estimated based on the bulk densities of PNDG and PNMG homopolymers
(0.95 g/cm?® for PNDG*" #° and 1.405 g/cm® for PNMG®) and were kept invariant during fitting
procedure. A constant term that represents the incoherent scattering background, which mainly due to

the presence of hydrogen in the sample, was also included. Due to the limited g range in the scattering
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experiments and possible polydispersity of the L, the value of L. cannot be accurately determined
from the present model fitting of the SANS data. However, the exponential decay of 1(q) near q ~
0.013 AL still provides useful structural information regarding the cross-section of the long worm-like
nanofibrils. From the best-fit to the data, the Rc was estimated to be 3.3 = 0.2 nm with a
polydispersity (or) of 0.4 (Figure S8). The Ry, cnain Value was estimated to be 3.8 = 0.2 nm. The
thickness of the corona (hcorona) is then calculated to be 8.4 =+ 0.2 nm using the hcorona = (dint + 1.291)
Rg, chain relationship. Therefore, the average diameter of the PNMGaos-b-PNDG2o cylinders by SANS
analysis is approximately 23.4 nm, in good agreement with the cryo-TEM result (~ 20 nm) (Figure
1(a)). It should be noted that the SAXS data for the same sample (Figure 5(a), vide infra) can be well-
fitted using the same scattering model with identical Rc and Ry values obtained from SANS, further

supporting the validity of the fitting results.

Figure 1(c) shows the one-dimensional mid- and wide-angle X-ray scattering (M/WAXS) profile
of the 5 mg/mL PNMGi10s-b-PNDG2o methanol solution, which was obtained simultaneously with the
SAXS measurement. Note that the measurement was conducted at a static state (i.e. the solution was
not subjected to flow), and the resultant two-dimensional SAXS, MAXS and WAXS images display
isotropic ring-like scattering patterns (Figure S9). A sharp scattering peak was observed at q = 0.26 A"
! corresponding to a d-spacing of 2.4 nm by the d = 2r/q relationship. This d-spacing corresponds to
the distance between adjacent backbones of PNDG segments that are separated by the long n-decyl
side chains in the board-like crystalline packing,*#" 45! je. the (001) packing along the
crystallographic c-axis, as illustrated in Figure S1. In addition, a higher order peak due to (003) packing
is present at 3q = 0.78 A%, The (002) peak, which is expected to be located near 2q = 0.52 A%, is barely

discernible. The more intense (003) peak compared to (002) indicates the formation of well-organized,

12



symmetric lamellar structure inside the micellar core. At higher q region, we observed the (100)
reflection at q = 1.37 A%, corresponding to the closest packing distance between PNDG backbones
along the crystallographic a-axis of the board-like crystalline structure (Figure S1) with a d-spacing of
0.46 nm.>%>! Higher order reflections from (101), (102) and (103) planes are also present (Figure 1(c)),
indicating the long-range structural correlation between the nearly mutually perpendicular a-axis and
c-axis as expected in the board-like crystalline structure (Figure S1).°! In addition to these sharp
scattering peaks, a broad peak centered at q = 1.1 A tis also visible. While we attribute this mainly to
incomplete background subtraction of the SAXS data, it may arise from some amorphous domains in

the nanofibrils.

It is clear that the structure of PNDG segments inside the crystalline domains of the nanofibril’s
core is consistent the reported board-like crystalline packing of polypeptoids where the backbones
adopt all cis-amide conformation.®® 5 A critical question thus arises: how are the crystalline domains
of PNDGgo arranged inside the nanofibrils? Are they randomly oriented to form an isotropic core or
preferentially oriented in a certain direction to form an anisotropic core within the nanofibrils? It is
well-known that elongated particles tend to re-orient themselves under shear so that the long axis of
the particles becomes parallel with the flow direction when being passed through a confined space.%?
% To gain additional insights regarding the orientational ordering of the crystalline domains within the
nanofibril’s core, we conducted S/M/WAXS experiments on the methanol solution containing
PNMGy05-b-PNDG2o nanofibrils under unidirectional flow in a capillary flow cell (with an inner
diameter of 1.47 mm). The corresponding flow cell geometry is depicted in Figure S10 and details of
the measurements were summarized in the Supporting Information. Figure 2 shows the two-

dimensional (2D) SAXS, MAXS and WAXS data of the 5 mg/mL methanol solution containing the
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PNMG105-b-PNDG2o nanofibrils
measured at room temperature under
continual unidirectional flow with a

constant shear rate of ~ 25.6 s near the

capillary wall. A shear rate (or flow rate)-

)
—_ T T 1 T I 1 ] T
B B = 1+ (100) (101) -
dependent anisotropy of the scattering g LN '(102)
. i . —S 0.1F ] 1 1 1 1 1 1
patterns is evident (Figure S11). Under a 02 04 06 08 10 12 14 16
© g, (A"
shear rate of ~ 25.6 s near the wall, the _ T T T T . T . I
5 1 (001) o
2D SAXS pattern shows clear anisotropy < o1 | . . 1 . 1 , /
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
of scattering intensity with lower gL A

Figure 2. Two-dimensional (a) SAXS, (b) MAXS and (c)
WAXS images for 5 mg/ml PNMGis-b-PNDGy in diluted
methanol solution measured during unidirectional flow at

intensity along the scattering vector in the

flow direction (qy) relative to that along room temperature. The directions parallel (qs) and

perpendicular (q.) to the flow direction are indicated by

the scattering vector perpendicular to the arrows. The corresponding one-dimensional profiles of the

MAXS/WAXS results along the qy and q. directions are

flow direction (q.). The scattering pattern plotted in (d) and (e), respectively.

clearly indicates the partial alignment of

the long axis of PNMGios-b-PNDG2o nanofibrils parallel to the flow direction.’2% Meanwhile,
M/WAXS analysis has revealed a significantly more pronounced scattering peak due to the (001)
reflection in the g. direction relative to that in the q; direction, indicating that the (001) molecular
packing separated by the n-decyl side chains with a d-spacing of dooz = 2.4 nm was aligned in the
direction perpendicular to the long axis of the PNMGa1os-b-PNDG2o nanofibrils. Consistently, the
scattering peaks due to (100) reflection and the associated higher order reflections from (101) and (102)
planes are more notable along the gy direction as compared to those in the q. direction. This indicates
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that the adjacent cis-amide
backbones with a d-spacing

of dio = 0.46 nm was

Thickness of the nanosheet

Nanofibril Nanorod Nanosheet

aligned in a direction léj

Increasing PNDG volume fraction

parallel to the long axis of
Figure 3. Schematic illustration of molecular packings of the core-forming

the  nanofibrils. These PNDG blocks within (a) a nanofibril (PNMG1os-b-PNDG20), (b) a
nanorod (PNMGi21-b-PNDGu46) and (c) a nanosheet (PNMGi24-b-

combined results supportan  PNDGe3), respectively. The backbones and n-decyl side chains of PNDG
are indicated in blue and red, respectively. The solvophilic PNMG

anisotropic crystalline core  segments connected to the chain end of PNDG backbone is omitted for
clarity.

structure for the PNMGaos-

b-PNDG2o nanofibrils, as depicted in Figure 3(a).

Based on the model fitting results (Table 1), the average cross-sectional area of the PNDG core
inside of the PNMGi0s-b-PNDG2o nanofibrils is found to be 34.2 nm?. The facial area of the PNDG2o
segment, i.e., the surface area of the fully extended PNDG2o segment with all cis-amide conformation
along crystallographic b and ¢ axes (Figure S1), is estimated to be 14.4 nm2.5! Thus, the cross section
of the nanofibril core should have at least two side-by-side stacked PNDG molecules (Figure 3(a) and

Effect of Polymer Composition on the Structure and Morphology of Coil-Comb Shaped
Diblock Copolypeptoid Micelles. As crystallization of the core-forming PNDG segments play an
important role in the morphology of the coil-comb shaped block copolypeptoids in solution, we further
investigated how increasing the chain length (or the volume fraction) of the PNDG segments
influences the morphology of nanostructures formed by CDSA. Figure 4(a) shows the morphology of

the self-assembled PNMG121-b-PNDGas nanostructures in dilute methanol. Unlike the long worm-like

15



nanofibrils formed by CDSA of PNMGios-b-
PNDG2o (fenpe = 0.44), the PNMG121-b-PNDGas
having an intermediate PNDG volume fraction

(frnoe = 0.61, Table 1) self-assembled into rigid

~
(¢
~—

4 PR R AL
rod-like structures with much shorter length in 10" Forrorg : 0’ PNMGyyp-b-PNDGyg
0" Mo N O PNMG,,-b-PNDG,
methanol. The average length of the nanorods Ty “’:
5
estimated from cryo-TEM are in a range of B 'OI
10
approximately 100 - 400 nm. As the PNMGi21- el
0.001 0.01 0.1
: %
b-PNDGas nanorods are much shorter in length ) a2

T — PNMG,,-b-PNDGyq
1E —— PNMG,,-b-PNDGy,

micron lengths (Figure 1(a)), the 2D scattering sl C L T
q (A7)

relative to PNMG10s-b-PNDG2o nanofibrils with

I(g) (a.u.)

pattern of the former is nearly isotropic under  Figure 4. Representative cryo-TEM images for (a)
PNMG121—b—PNDG46 and (b) PNMG124—b—PNDG53
unidirectional flow in the capillary tube. Thus, all  i; diluted methanol solutions (1 mg/ml). (c) SANS
intensity profile (open circles) for the 5 mg/ml
X-ray results of the PNMGi21-b-PNDGas  PNMGy-5-PNDGus and PNMG24-b-PNDGg; in

deuterated methanol measured at a static state. The
nanorods discussed below were collected under  solid line in (c) corresponds to the best-fit to the data

based on the cylindrical micelle model described in
static condition without flow. the text. (d) MAXS/WAXS intensity profiles for the
5 mg/ml PNMG121—b—PNDG46 and PNMG124—b—
The SANS data of PNMGi21-b-PNDG4s PNDGes; in methanol measured at a static state.
nanorods (Figure 4(c)) can be well-fitted using the same cylindrical micelle model as described earlier,
affording a PNDG core radius of Rc = 6.8 £ 0.2 nm and a polydispersity of Rc of 0.3. The average
diameter of the PNMG121-b-PNDGa4s nanorods obtained by SANS analysis is approximately 38.0 nm,

which is larger than that (27 nm) determined by the cryo-TEM imaging. The discrepancy is likely due

to the diminished contrast of the corona regions of nanorods against the solvent background under
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cryo-TEM (Figure S12). The detailed structural parameters of nanorods obtained by the SANS analysis
were summarized in Table 1. The PNMGa121-b-PNDGase nanorods were found to have much thicker
PNDG core comparing to the PNMGaos-b-PNDG2o nanofibrils. The corresponding M/WAXS results
(Figure 4(d)) show discrete reflection peaks due to the crystalline PNDG domains at nearly identical
q positions to those observed for the PNMGaos-b-PNDG20 nanofibrils, suggesting that the crystalline
packing in the core of PNMGa2:-b-PNDG4s nanorods are very similar to that in the PNMGios-b-
PNDG2o nanofibrils. Assuming the crystalline packing of the PNDG segments in the PNMG121-b-
PNDGy4s nanorods are identical to that in the PNMGa05-b-PNDG20 nanofibrils, the cross section of the
former core would have at least 4 PNDGas molecules stacked side-by-side in a fully extended cis-
amide backbone conformation. (Note: the facial area of a fully extended all-cis PNDG4s block is

estimated to be 33.1 nm?) (Figure 3(b) and Nag cross iN Table 1).

As the volume fraction of PNDG segments is further increased to 0.68 such as in the sample of
PNMG124-b-PNDGes, cryo-TEM analysis of their dilute methanol solution revealed the predominant
presence of two-dimensional (2D) nanosheets in addition to some short nanorods (Figure 4(b) and
Figure S13). The SANS profile of the PNMGa124-b-PNDGs3 solution exhibits elevated intensity in the
low g range and a | ~ g dependence near ¢ ~ 0.0035 A as compared to a | ~ g dependence for the
PNMG121-b-PNDGas solution (Figure 4 (c)), consistent with the formation of 2D lamellae-like
structures for the former and 1D rod-like structures for the latter. In addition, the majority of the
nanosheets exhibit a rectangular shape that is ~ 100 nm in width and several hundreds of nanometers
in length. The average thickness of the PNMGi24-b-PNDGes nanosheets was estimated to be ~ 14 nm
based on atomic force microscopy (AFM) (Figure S14). M/WAXS analysis of PNMG124-b-PNDGe3

nanosheets (Figure 4(d)) revealed notable scattering peaks due to the (001), (002) and (003) reflections,
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indicating molecular ordering due to side-by-side packing PNDG segments along the crystallographic
c-axis. By contrast, the (100) reflection and the associated higher order (101) and (102) reflections are
barely discernible in the WAXS region, indicating the relatively poor molecular ordering of adjacent
PNDG backbones along the crystallographic a-axis (Figure 3(c)). This result suggests that the
formation of PNMG124-b-PNDGe3 nanosheets is mainly driven by the molecular packing along the
crystallographic c-axis, while the molecular packing along the a-axis is significantly diminished. Given
that the PNDG backbone ends are linked with solvated PNMG chains and the PNDG crystals thus do
not grow in the crystallographic b-axis, it is reasonable that the dimension of the nanosheet along b-
axis corresponds to the thickness of the nanosheet, as shown in Figure 3(c). This molecular
arrangement would also minimize the unfavorable interaction between the solvent and the relatively
solvophobic PNDG sidechains. Based on the MAXS/WAXS results, we postulate that the length of
the nanosheets are determined the side-by-side packing of PNDG segments along the crystallographic
c-axis, whereas the width of the nanosheets is resulted from the face-to-face stacking of the PNDG
segments (Figure 4(c)). This picture is consistent with recent cryo-electron microscopy and molecular
dynamic simulation studies on crystallizable diblock copolypeptoid nanosheets.® In addition, we have
found that the lattice constant of (001) plane, i.e., the distance of adjacent PNDG backbones separated
by the long n-decyl side chains, slightly increased to 2.5 nm for the PNMG124-b-PNDGs3 nanosheets
as compared to that of the PNMG-b-PNDG nanofibrils and nanorods with smaller PNDG volume
fractions (2.4 nm). Meanwhile, the (001) peak is slightly broader (Figure S15). By fitting the primary
peak to a Gaussian function, the full width at half-maximum (FWHM) of the (001) peak of PNMG124-
b-PNDGes is estimated to be 0.022 A, which is larger than those obtained from PNMGios-b-PNDGzo
nanofibrils (0.018 A1) and PNMGi21-b-PNDGas nanorods (0.014 A™). These imply that the molecular
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packing of PNDG backbones along the crystallographic c-axis in the PNMG124-b-PNDGes nanosheets

is more disordered than those of the nanofibrils and nanorods.

The above results clearly shown that the structure and morphology of coil-comb shaped block
copolypeptoids nanostructures are dependent on the volume fraction of the crystallizable PNDG
segment relative to that of the PNMG segment. With relatively low PNDG volume fraction (0.44), the
PNMG-b-PNDG molecules predominantly self-assemble into long worm-like nanofibrils in dilute
methanol solution upon crystallization. With increasing volume fraction of the PNDG block (0.61-
0.68), the final morphology of the PNMG-b-PNDG nanostructures changes into short nanorods and

then to nanosheets.

Investigation of Self-Assembly Pathways for Coil-Comb Shaped Block Copolypeptoids in
Dilute Solution. Self-assembly pathways are important for the morphology of block copolymer
solutions.> 32 To gain insights regarding the mechanism for the formation PNMGi0s-b-PNDGgo
nanofibrils, we conducted time-dependent S/IM/WAXS experiments on the PNMGaios-b-PNDG2g
methanol solution (5 mg/mL) at room temperature after being cooled down from 65 °C within in ~ 6
min. First, it should be mentioned that the SAXS profile of PNMG10s-b-PNDG2o methanol solution at
65 °C shows relatively weak scattering and a flat Guinier regime at low q with no intensity upturn
(Figure S16(a)). The Guinier analysis of the SAXS data at 65 °C (Figure S16(b)) gives a radius of
gyration (Rg) of 2.3 nm, corresponding to the size of a single PNMGios-b-PNDG2o chain (i.e., unimer)
in methanol. This indicates that PNMG1os-b-PNDG20 polymers are well-dissolved and exist as unimers

in 65 °C methanol at 5 mg/mL concentration.

Upon cooling the solution to room temperature, a drastic change of the scattering profile was

observed (Figure 5). At time t =0 min, i.e., immediately after the solution was cooled down from 65°C
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to room temperature, the SAXS profile shows a —— ,
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Figure 5. (a) SAXS profiles of 5 mg/mL
PNMGi05-b-PNDGzy  methanol  solution at
different waiting time (t). The corresponding
MAXS/WAXS profiles in the high ¢ regime were
plotted in (b), in which the intensity data at
different times have been shifted vertically by
multiplying the MAXS/WAXS intensity by a
factor of 5 for clarity. The solid line in (a)
corresponds to the best-fit to the final equilibrium
SAXS result based on the cylindrical micelle

the M/WAXS profiles. Meanwhile, at the low g
regime in SAXS spectra, the dependence of
intensity over g gradually changed over from | ~
q2°to g®, and eventually to g* after ~ 400 min,
while the overall absolute SAXS intensity
continue to increase until a final state was model described in the text

reached. We attribute this increase in the SAXS intensity mainly due to the one-dimensional elongation
of the nanofibrils, consistent with the previous observation by the time-dependent cryo-TEM.* In

addition , SIMAXS profiles of the PNMG10s-b-PNDG2o methanol solution (5 mg/mL) at ~15 day and
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3 month are identical (Figure S17), indicating that 15 days is sufficient for the formation of the fibrils
to reach a final state.** As illustrated earlier in Figure 3(a), we conclude that the elongation of
PNMG10s-b-PNDG20 nanofibrils is induced by the face-to-face packing of PNDG backbones along the
crystallographic a-axis (i.e., the (100) packing), while the thickness (or lateral diameter) of the
nanofibrils is determined by both the backbone length (or b dimension) of PNDG and the (001) packing

along the crystallographic c-axis.

Although the scattering peaks corresponds to the (001) and (100) peaks are only weakly present
from the MAXS/WAXS profile due to low concentration of crystalline fragments at the initial stage
(i.e., ~ 1 hour), it is likely that the initial seed crystals also involve the molecular packing along both
crystallographic a and ¢ axes. In addition, the unimer addition to the micelles do not occur equally in
in all crystallographic directions. As we have observed for the PNMG10s-b-PNDG2o nanofibrils, the
face-to-face stacking of PNDG segment along the crystallographic a-axis is favored over the side-by-

side packing along the c-axis during the seeded growth process, resulting in long worm-like micelles.

As a result, we concluded that the slow formation of the PNMG1os-b-PNDG2o nanofibrils is
mainly governed by the so-called “self-seeding growth” mechanism (Figure 6).> 13 18.20.27.67.68 Qyrjyen
by the crystallization of the PNDG segments, the homogeneous/self-nucleation of PNMGaos-b-
PNDG2o unimers in solution creates initial “seed” micellar fragments upon cooling the solution to
room temperature.> & 18 2027 These seed crystals serve as “initiators” for subsequent deposition of
soluble unimers at the crystalline front, facilitating the steady growth of nanofibrils until all unimers
are consumed. Thus, that the average length of the final nanofibrils is expected to be correlated to the
relative initial seeds versus the unimer concentration, i.e., higher initial seeds concentration would

result in shorter nanofibrils and vice versa. The nature and extent of initial seed crystal formation is
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in solution.!® This aspect will be investigated in our

future efforts.

Long, worm-like Short, rigid
nanofibrils nanorods

In contrast to the self-seeding growth
Figure 6. Schematic illustration of the proposed

mechanism for the PNMG10s-b-PNDG2o self-assembly mechanisms for nanofibrils
(PNMGi05-b-PNDG2) (left) and nanorods

nanofibrils, the formation of PNMGi21-b-PNDGgs ~ (PNMGr2i-b-PNDGag) - (right) with  different
PNDG volume fractions via crystallization-

nanorods was found to occur by a very different self- ~ driven self-assembly (CDSA) in methanol. The
PNMG and PNDG blocks are indicated in red and
assembly pathway. First of all, SI’MAXS analysis of ~ Plue, respectively.
the PNMG121-b-PNDG4s methanol solution (5 mg/mL) at 65 °C (Figure S16(a)) revealed the formation
of amorphous spherical micelles with Rg=14.9 nm (Figure S16(c)). This is in contrast to the PNMGos-
b-PNDG29 methanol solution in which all polymers exist as unimers (Rg = 2.3 nm) at 65 °C. The
association of PNMGi21-b-PNDGass molecules into small aggregates at high temperature was also
confirmed by cryo-TEM analysis (Figure S18). We attributed the large difference in the initial

association state at high temperature (i.e., above the crystallization temperature of PNDG) to the

solubility difference of these polymers in methanol, which is mainly governed by their relative volume
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fraction of the solvophobic PNDG segments. In addition, no crystallization was observed for either

solution sample at 65 °C (Figure S16(d)).

The PNMG121-b-PNDGy4s solution was then cooled
down to room temperature from 65 °C with a similar
cooling rate as that for the PNMG10s-b-PNDG20 solution.
In contrast to the notable change in the SAXS profiles of
the PNMGu0s-b-PNDG2o sample as a function of time
(Figure 5(a)), the SAXS profiles of the PNMGi21-b-
PNDGy4s solution did not change significantly in both
shape and intensity over time at room temperature
(Figure 7(a)). Interestingly, the simultaneously collected
MAXS analysis revealed the presence of well-defined
(001) reflection peak immediately upon cooling the
solution to room temperature (Figure 7(b) and S16(e))

and a steady intensity increase over time, indicating the
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Figure 7. (a) SAXS and (b) normalized
MAXS intensity profiles (near q = 0.26 A™")
of 5 mg/mL PNMG2;-b-PNDGys methanol
solution at different waiting time (t) after the
solution was cooled to 20 °C.

rapid formation of crystalline domains in the solution. It is clear that crystallization has already started

during the cooling process. If we consider the length of the PNMG121-b-PNDGass nanorods to be ~ 200

nm at the final state (as estimated from the cryo-TEM images (Figure 4(a)), the aggregation number

of the PNMG12:-b-PNDG4s nanorods will be ~ 1834 with a core cross-section radius R = 6.8 + 0.2

nm. This is about 10 times larger than that of the amorphous spherical micelle precursor (~ 175) at

65 °C prior to the onset of crystallization (Figure S19 and Table S1). This clearly indicates that the

fusion and structural re-arrangement of preformed spherical micelles must have occurred to yield the
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final nanorods.

It is evident that the self-assembly pathway for the PNMG121-b-PNDGas nanorods is distinctly
different from the self-seeding growth for the PNMGaos-b-PNDG20 nanofibril formation, as depicted
in Figure 6. For the PNMG10s-b-PNDG2o solution, the polymer existed as individual unimers at high
temperature. Cooling the solution down to room temperature (i.e., below the crystallization
temperature of PNDG) induces the nucleation of few seed crystals with crystallized PNDG segments
in solution. The remaining PNMG-b-PNDG free chains present in relatively high concentration are
continuously deposited onto the crystalline front of the seeds until all the free unimers are consumed,
resulting in the gradual formation of long worm-like nanofibrils having anisotropic crystalline core in
the solution. By contrast, in the PNMGi21-b-PNDGas solution, spherical micelles with an amorphous
PNDG core formed initially at high temperature, which is presumably favored due to reduced solubility
of the PNMGu12:-b-PNDG4s with higher PNDG content. In addition, the concentration of free
PNMGi121-b-PNDGas unimers is expected to be very limited due to the micelle formation at 65 °C. As
dissociation of micelles upon cooling to room temperature is highly unlikely, we can conclude that the
pre-formed spherical micelles of PNMGi21-b-PNDGass must undergo confined crystallization of PNDG
within the micellar core upon cooling,?® and subsequently form elongated rod-like nanostructure by

crystallization-induced fusion of the micelles.

The formation mechanism becomes more complex for the PNMG124-b-PNDGez nanosheets and
is not fully understood. The high-temperature SAXS result for the PNMG124-b-PNDGe3 solution
revealed a sharp intensity upturn with a g dependence at low-q, indicating the possible formation of
large aggregates at 65 °C before the onset of crystallization at low temperature (20°C) (Figure S20).

The formation of large aggregates at 65 °C has also been confirmed by cryo-TEM analysis (Figure
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S21). These results clearly suggest polymer association prior to onset of crystallization en route
towards the nanosheets. However, it is presently unclear how crystallization of PNDG upon cooling

plays a role in the final formation of nanosheet morphology.

Regarding the crystalline packing of PNDG chains within the nanosheets, the molecular ordering
along the a-axis is significantly diminished relative to that along the c-axis, as evidenced by the
weakened (100) peak and its higher order peaks relative to the (001) peak shown in Figure 4 (d) and
Figure S15. This is in contrast to an earlier study of the 2D nanosheets formed by crystalline-coil
peptoid diblock oligomers in which the face-to-face stacking of peptoid oligomer chains along the
(100) direction is favored.>* We propose that the possible intramolecular folding of long polypeptoid
backbones and the difference in the intermolecular interactions among the side chains may have
contributed to this discrepancy. For polypeptoid molecules with long and linear aliphatic side chains,
such as PNDG, the cis-amide backbones are more likely to fold along the crystallographic a-axis rather
than c-axis, due to steric hindrance of aliphatic side chains. As a result, the molecular packing of the
folded long PNDG blocks (i.e., PNDGs3) along a-axis is likely to be more disordered relative to that
of unfolded short chains. In addition, the nature of side chains also influences the propensity of face-
to-face stacking relative to the side-by-side stacking of peptoid chains. As compared to linear aliphatic
side chains, aromatic side chains can promote the face-to-face packing through m-m interactions.
Further studies on the effects of chain folding and side chain chemistry of comb-shaped polypeptoids

on solution aggregate structure will be pursued in future.
CONCLUSIONS

CDSA of coil-comb shaped diblock copolypeptoids, i.e., PNMG-b-PNDGs, in dilute methanol

solutions has been investigated using X-ray/neutron scattering and cryo-TEM techniques. It was found
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that as the chain length and volume fraction of crystallizable PNDG segments increases, the dilute
solution morphology of PNMG-b-PNDG diblock copolymers can be tailored from 1D worm-like
nanofibrils to 1D rigid nanorods and then 2D nanosheets. While all nanostructures consist of a
crystalline PNDG core, their self-assembly pathways can be distinctly different under identical
conditions. A self-seeding growth mechanism which is shown to be operative for the formation of
nanofibrils involves the initial formation of a few small “seed” crystals followed by the preferential
addition of the unimers to a certain crystallographic facet of the PNDG crystalline core, thus enabling
unidirectional elongation of the molecular assemblies with an anisotropic crystalline core. This is
rendered possible by the relatively low PNDG content in the block copolypeptoids, resulting in good
solubility of the block copolymers at high temperature prior to onset of CDSA. By contrast, for diblock
copolypeptoids with relatively high PNDG contents, their reduced solubility resulted in complex initial
associated states prior to onset of CDSA. In this case, their solution self-assembly can proceed by a
two-stage process involving the initial formation of amorphous spherical micelles followed by the
crystallization-driven fusion and reorganization of the micelles to form short nanorods with a
crystalline core. These findings have highlighted the important role of self-assembly pathways on the
solution morphology of coil-crystalline block copolymers. Considering the combination of desirable
properties of polypeptoids, CDSA of coil-comb shaped block copolypeptoids can be used for the
further development of new biomaterials and bio-devices with tunable polymer structures and
functionalities. Detailed investigations on the role of polymer molecular weight, chemical composition,
polymer concentration, crystallization temperature and solvent quality are in progress for a more

comprehensive understanding of the self-assembly of coil-comb shaped diblock copolypeptoids in
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solution. Future work will also be focused on investigating how to control the CDSA processes to
access 1D and 2D polypeptoid nanostructures with tailorable dimension and composition in high yields.
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