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Abstract

We report the effect of alkyl side chain branching on melt-recrystallization of nanoconfined
polypeptoid films using poly(N-octyl glycine) (PNOG) and poly(N-2-ethyl-1-hexyl glycine)
(PNEHG) as model systems. Upon cooling from the isotropic melt, confined PNOG molecules
recrystallize into near-perfect orthorhombic crystal structure with the board-like molecules stacked
face-to-face in the substrate-parallel direction, resulting in long-range ordered wormlike lamellae that
occupy the entire film. By contrast, rod-like PNEHG molecules bearing branched N-2-ethyl-1-hexyl
side chains stack into a columnar hexagonal mesophase with their backbones oriented parallel to the
substrates, forming micron sized sheaf-like superstructures under confinement, exposing large areas
of empty spaces in the film. These findings highlight the effect of alkyl side chain branching on the

packing motif and multiscale crystalline structure of polypeptoids under nanoconfined geometry.



Crystallization of macromolecules is a fascinating process that produces multiscale hierarchical
structures with chains orderly packed together into lamella, stacked lamellae and complex
superstructures, such as spherulites.! Among various systems, the crystallization behavior of ultrathin
polymer films has attracted special attention due to the emerging of polymer-based nanotechnologies,
such as functional coatings, microelectronics and photovoltaic devices.” * Interestingly, molecular
orientation, crystalline morphology, nucleation and growth behavior of ultrathin polymers films can
deviate significantly from their bulk counterparts due to the so-called “nanoconfinement effect”.>*
Since mechanical, optical and electrical properties of polymeric materials are directly linked to their
crystalline structure, understanding and controlling the crystallization of nanoconfined polymer films
are essential to achieve desired performance. Apart from applicational demands, confined
crystallization also offers an opportunity to gain a better understanding of the crystalline behavior of
a particular polymer, where crystals often display anisotropic behaviors and quasi-two-dimensional
morphologies that can be characterized by various experimental techniques.>°

Polypeptoids, a family of synthetic peptidomimetic polymers, have recently attracted much

attention due to their potential for biotechnological applications, such as antifouling coatings,!%-1
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drug/gene delivery and biosensing.!>!” Differs from polypeptides, polypeptoids lack hydrogen

bonding interactions and stereogenic centers along the backbone, allowing their molecular packing
and phase behavior to be systematically tailored by adjusting the N-substituent structures.'® 1

Crystallization and crystallization-driven self-assembly of polypeptoids have attracted growing

interests due to their capability to form a variety of well-defined nanostructures, including

20-22 24-26

nanofibers,?*22 nanotubes,?* nanosheets?*?® and more sophisticated hierarchical structures.?> 2’ It has
been found that polypeptoids with relatively long n-alkyl side chains are crystallizable and exhibit
two ordered phases, a highly ordered orthorhombic crystalline phase and a “sanidic” liquid
crystalline (LC) mesophase, upon cooling from the isotropic melt.?® 2° The two corresponding
transition temperatures are strongly coupled, suggesting a correlation between main chain and side
chain packings.?® In the crystalline phase, the polypeptoids chain adopt a board-like structure where

the backbone is fully extended in predominantly cis-amide conformation and is approximately

coplanar with the linear n-alkyl side chains (Figure S1).°° Interestingly, when the long alkyl side



groups are asymmetrically branched, e.g., in the case of racemic N-2-ethyl-1-hexyl side chains, the
polymer shows a single first-order transition with a small enthalpic change upon cooling from
isotropic melt and prefers to stacked hexagonally into an LC mesophase.?> 2® The asymmetrical
branching of alkyl side chains also has a significant impact on the solution aggregate morphology of
amphiphilic coil-crystalline diblock copolypeptoids, producing symmetrical hexagonal nanosheets in
dilute solution.”> However, despite many interesting findings, the hierarchical self-assembly of
crystallizable polypeptoid homopolymers is not fully understood. How alkyl side chain branching
affects the crystallization of polypeptoids under confined geometry also remains unclear.

Scheme 1. Chemical structures of PNOG and PNEHG

O
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Poly(N-octyl glycine) (PNOG) Poly(N-2-ethyl-1-hexyl glycine) (PNEHG)
In this study, two polypeptoids, i.e., poly(N-octyl glycine) (PNOG) bearing linear n-octyl side
chains and poly(N-2-ethyl-1-hexyl glycine) (PNEHG) bearing branched racemic N-2-ethyl-1-hexyl
side chains were synthesized to investigate the effect of side chain branching on their melt-
recrystallization in the thin films (Scheme 1) (PNOG: DP,=43, M,= 7.3 kg/mol, b = 1.17; PNEHG:
DP.= 54, M= 9.2 kg/mol, B = 1.10 (Table S1 and Figure S2-S4)). Based on differential scanning
calorimetry (DSC), the isotropic melting temperatures (Tm) for PNOG and PNEHG bulk samples
were determined to be 177.5 °C (AHm, 2 = 41.3 J/g) and 156.3 °C (AHm = 3.9 J/g), respectively
(Figure S5). During the cooling cycle, the bulk PNOG shows an isotropic melt to “sanidic” LC
mesophase transition at 7.c = 144.1 °C and a LC mesophase to crystalline phase transition at 7c =
24.6 °C, respectively.?® 2° By contrast, PNEHG exhibit only one weak exothermic peak at Tic =
134.2 °C during the cooling cycle (Figure S5), corresponding to the transition from isotropic melt to

columnar hexagonal LC mesophase (vide infra). Similar thermal behaviors were also found for
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PNOG and PNEHG with higher DP, (Figure S5), implying the effect of side chain branching on
phase transition is not sensitively dependent on the M,,. Ultrathin films of PNOG and PNEHG with
the thickness of ca. 50 nm were spin-coated onto HF-treated silicon (Si) substrates and subjected to
melt-recrystallization process. After thermally annealed at T = 200 °C >> Ty, for 1 h, two types of
cooling procedures were applied subsequently: (1) slowly cooled to room temperature (RT ~ 22 °C)
over a period of 13 h, resulting in a non-isothermal crystallization process (Figure S6);! (2) rapidly
cooled to RT at a rate of ~ 200 °C/min, then kept at RT isothermally to induce recrystallization. The
thickness and internal structure of the films were further characterized by specular X-ray reflectivity
(XRR) (Figure S7). The detailed synthesis of the polymers, polymer characterization, thin film
preparation and characterization were summarized in the Supporting Information (SI) section.

In situ, high temperature grazing incident wide-angle X-ray diffraction (GIWAXD) experiments
were performed to investigate the structure and phase transition of PNOG and PNEHG thin films. At
T>> T (i.e., T =200 °C), both PNOG and PNEHG films show amorphous halo rings in GIWAXD
(Figure S8), suggesting both polymers are fully disordered and randomly oriented in the molten state.
The phase transition temperatures (i.e., Tic or 7c) of PNOG and PNEHG films upon cooling are
estimated by the peak intensity and position changes in the temperature-dependent GIWAXD
profiles (Figure S9). Upon transition from isotropic melt to LC mesophase, PNEHG film show less
pronounced changes in the molecular distance separated by N-alkyl side chains (~ 0.1 nm) compared
to the PNOG counterpart (~ 0.4 nm) (Figure S9), consistent with the weaker exothermic peak in DSC.
Along with the DSC results, it was found that the 7ic and 7c values of the 50 nm-thick PNOG film
remain almost unchanged as compared to those of the bulk counterpart, while the PNEHG film
shows a ~ 20 °C Tic reduction relative to bulk (see SI for detailed explanation).

After slowly cooling the sample to RT (i.e., T =~ 22 °C < T¢), the recrystallized PNOG film
shows a series of well-defined arc-shaped (00/) reflections located at ¢ = 0.30, 0.60, 0.90, 1.20 and
1.50 A" in the out-of-plane (g:) direction (Figure 1a), corresponding to long-range ordered side-by-
side molecular packing of PNOG (separated by n-octyl side chains) along the crystallographic c-
axis.?> 26: 28 30 The characteristic (100) reflection at ¢ = 1.39 Al in the in-plane (gxy) direction

corresponds to the face-to-face molecular packing along the crystallographic a-axis (d = 0.45 nm).



The well-defined (10/) reflections located along the perpendicular direction of gxy-axis suggest a
long-range correlation between face-to-face and side-by-side packings.?> *° The off-axis reflection
located at ¢ = 1.33 A™! (d = 0.47 nm) with an angle of ~ 27° with respect to the gxy direction (Figure
S10) was assigned to the distance between the closely packed n-octyl side chains within the typical
V-shaped motifs with n-octyl side chains splaying on both sides of the backbone.?* 3° The non-
isotropic diffraction pattern indicates that the crystalline orientation is preferential “edge-on” (Figure
2a), allowing n-octyl side chain ends to maximize their contacts with the HF-treated Si surface. This
is consistent with poly(N-decylglycine) films prepared on hydrophobic Si,**> where the board-like
molecules are stacked side-by-side in the substrate-normal direction to lower the interfacial energy at

both free surface and polymer-substrate interface.
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Figure 1. 2D GIWAXD images of the 50 nm-thick PNOG films measured at (a) RT (7 < T¢) and (b) 100 °C
(Tc < T < Tic), respectively. The out-of-plane (g,) and in-plane (gxy) directions are indicated by arrows. The
peaks attributed to the distance between the closely packed n-octyl side chains are indicated by the red arrows
in (a). The corresponding 1D GIWAXD profiles along the ¢. direction were shown in (c). Also shown are 2D
GIWAXD image of the 50 nm-thick PNEHG films measured at RT (d), the corresponding 1D GIWAXD
profile along the ¢ direction measured at 7 = 22 and 200 °C (e), and the azimuthal profile of 2D GIWAXS
patterns of PNEHG films measured at RT at ¢ = 0.49 A™' (f). Note that the 1D GIWAXD intensity data in (c)
and (e) have been shifted vertically for clarity.

When the film is recrystallized at temperatures below 71c but above Tc, i.e., within the “sanidic”
LC mesophase, the PNOG molecules are more randomly oriented inside the film, which give a series

of azimuthal rings of (00/) reflections (Figure 1b). While the majority of molecules are still edge-on,
6



a lack of long-range correlation between face-to-face and side-by-side packings is evidenced by the
absence of higher order (10/) reflections, likely arising from the disordered planes of molecules
along a-axis (Figure S11).%° Importantly, the off-axis peaks corresponding to the n-octyl side chain
packing also disappeared, indicating the disordering of side chains in the mesophase. The (00/) peaks
along g, at 100 °C (i.e., Tc < T < Tic) are also less intense than those measured at RT (Figure 1c). By
using the Scherrer equation,*” ** the structural coherence of (001) is estimated to be 27.6 nm and
22.4 nm at RT and 100 °C, respectively, suggesting a more ordered side-by-side packing in the
crystalline phase relative to the LC mesophase.

Figure 1d displays the 2D GIWAXD pattern of the recrystallized PNEHG film measured at 7 =
22 °C after slow cooling process. The pattern clearly indicates that PNEHG molecules are
hexagonally packed: Apart from the (01) peak located at g. = 0.49 A™! (d = 1.28 nm), which
corresponds to the distance between adjacent PNEHG separated by N-2-ethyl-1-hexyl sidechains
(1.47 nm) in an interdigitated arrangement,?® there are two off-axis diffraction spots with an angle of
60° respect to the g. direction (Figure 1d and 1f), corresponding to the (10) and (11) reflections in the
hexagonal lattice.>**® Multiple weakly scattered peaks correspond to higher order reflections are also
discernible. Hence, the PNEHG molecules, having their bulky side chains radially and outwardly

displayed along the extended backbone due to steric hindrance,?

are rod-like and packed into a
columnar hexagonal (Colhex) mesophase in the substrate-normal direction with their backbone or the
molecular director (n) oriented parallel to the substrate (Figure 2b). Unlike the board-like PNOG
molecules with their backbone being nearly coplanar with the n-octyl side chains, the asymmetric
branching of the 2-ethyl-hexyl side chains imposes a much greater steric hindrance, rendering
PNEHG molecules adopt a rod-like geometry with the side chain splaying out along an extended
backbone. Two diffuse arcs with intensity maxima located at ¢ = 1.28 A™! are also discernible, likely
arising from the average distance between relatively disordered N-2-ethyl-1-hexyl side chains (0.49
nm).*° Hence, the molecular packing of polypeptoid thin films is significantly altered when the alkyl
side chains are asymmetrically branched. This is in stark contrast to the very similar molecular
packing of poly(3-(2’-ethyl)hexylthiophene) and poly(3-hexylthiophene) into lamellar-like

mesophase irrespective of their difference in the sidechain branching pattern.’’° Nevertheless, it is



consistent with poly(9,9-bis(n-octyl)fluorene-2,7-diyl) and poly(9,9-bis(2-ethylhexyl)fluorene-2,7-
diyl) where asymmetric sidechain branching gives rise to different molecular packing motifs.3> 4
The seemingly contradictory effects of alkyl side chain branching may have to do with the difference

in the structural coupling between side chain and main chain packing in different polymer systems.

Growth Direction

\ 0.45 nm
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‘

(a) PNOG (b) PNEHG

Figure 2. Schematic illustrations of the molecular packing and hierarchical crystalline structure of (a) PNOG
and (b) PNEHG thin films on solid substrates.

The formation of crystalline lamellae of PNOG and PNEHG films induced by melt-
recrystallization was further characterized by AFM and GISAXS. Note that the non-annealed as-cast
films are relatively homogeneous and featureless with surface roughness less than 1.2 nm, as
confirmed by XRR (Figure S7) and AFM (Figure S12). As seen from Figure 3a, the PNOG film
recrystallized from slow cooling is occupied by well-organized long wormlike crystalline lamellae
that run parallel to the surface. Since crystal growth of long PNOG chains along the backbone
direction (i.e., b-axis) is less favorable due to potential effects of chain ends and polymer dispersity,
it is reasonable that the b-axis crystalline dimension corresponds to the width of the long worms.
Along with GIWAXD results, molecular arrangement inside of these wormlike structures can be
rationalized: While the board-like PNOG molecules are stacked side-by-side (along c-axis) in the
substrate-normal direction, the elongation of the long wormlike crystalline lamellae in the lateral
direction is attributed to the face-to-face stacking of PNOG along a-axis (Figure 2a). The GISAXS
result of the slowly cooled sample measured at RT shows a broad peak maximized at 0.048 A™!
along ¢xy (Figure 3e), corresponding to the long period,*! i.e., the d-spacing between adjacent
crystalline lamellae, which is in good agreement with the AFM result (Figure 3a). This long period is
almost identical to the theoretical value of the fully extended backbone length of PNOG (12.9 nm),*

suggesting the PNOG molecules are likely unfolded (i.e., fully extended) in the crystalline state.



The question then arises: In what state did the well-organized wormlike crystalline lamellae of
PNOG form? Based on high-temperature GISAXS (Figure 3e), the broad peak attributed to the long
period, i.e., the spacing between adjacent crystalline lamellae, begins to appear after cooling to
150 °C, indicating the crystalline lamellae have already formed upon the transition from isotropic
melt to “sanidic” LC mesophase. However, the peaks that correspond to long periods in the LC
mesophase are much less intense compared to those observed in the crystalline state. Further cooling
to 7' < Tc induces the formation of a well-defined long period, attributing to the enhanced structural
ordering and long-range correlation between the crystalline planes at the molecular level.
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Figure 3. Representative AFM height images of PNOG (top row) and PNEHG (bottom row) films that
recrystallized from isotropic melt via slow cooling (a and c) and fast cooling (b and d). The magnified view of
the region indicated by the white square is shown in the inset of (a). The cross-sectional height profiles along
the white lines are shown below each image. (e) /n situ high-temperature 1D GISAXS profiles for the PNOG
films along g., during the cooling process. The intensity data were shifted vertically for clarity. (f) The
average height of the sheaves (Hsheaves) as function of the initial film thickness (Zinitial) of PNEHG. The black

solid line corresponds to the best fit to the Ainiia dependence of Hsheaves using a linear function of Hsheaves =
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The hierarchical lamellar morphology upon recrystallization becomes vastly different when the
alkyl side chains are asymmetrically branched. It was found that the columnar hexagonally packed
PNEHG molecules grow into large sheaf-like structures consisting of dozens of rigid fibrous
lamellae with an average width of ~ 100 nm for each fiber (Figure 3¢ and Figure S13). The

1, 42 a

crystalline morphology of PNEHG is reminiscent of the so-called axialite or hedrite,
superstructure comprised of multilayer crystalline lamellae that spread out from a growth center.
Interestingly, unlike the wormlike PNOG lamellae that are densely packed throughout the entire film,
the PNEHG lamellae grew to a much greater height than the initial thickness of the as-cast film
(hinitia), leaving behind microscopic holes in the film due to the consumption of amorphous materials.
The identical sheaf-like morphology was observed by recrystallization of PNEHG films via slow
cooling with varying initial thickness (20 nm < Ainitial < 100 nm) (Figure S14). The average height of
sheaves (Hsheaves) 1s found to be ~ 30 % greater than /initial (i.€., Hsheaves = 1.3Ainitia1) (Figure 3f). Since
the rod-like PNEHG molecules are preferentially “lying-down” with n aligned parallel to the
substrate, we conclude that the lamellar faces are determined by the 2D growth of PNEHG crystals
with a Colnex lattice, while the width is attributed to the end-to-end stacking of PNEHG along the
backbone direction (Figure 2b). Unlike the symmetric hexagonal sheet formation previously found in
the solution self-assembly of PNMG-h-PNEHG diblock copolypeptoids,?® the lamellar growth of
PNEHG films are highly asymmetric: While lateral stacking of the rod-like PNEHG molecules can
reach up to several microns before colliding with another crystalline sheaf, the molecular stacking in
the substrate-normal direction is much limited, resulting in average thickness of several tens of
nanometers in for the fibrous lamellae. This indicates that the anisotropic lamellar growth is largely
suppressed in the substrate-normal direction, where transportation of PNEHG molecules towards the
liquid crystal growth front become increasingly retarded when the lamellae grow higher than Ainitial
and eventually halted at Hsneaves = 1.3initial.

The final crystalline morphology of PNOG and PNEHG films highly depends on the cooling

conditions. At molecular level, it was found that the fast cooled film exhibits similar molecular

packing and crystalline ordering relative to the slowly cooled counterpart (Figure S15). While at
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microscale, rapid cooling leads to the formation of shorter wormlike structures of PNOG that appear
to be less densely packed in the film relative to those formed under slow cooling condition (Figure
3b). We postulate that rapid quenching with a large degree of supercooling increases the nuclei
density and accelerates crystal growth, resulting in less long-range ordered lamellar stacks. Similarly,
when fast cooling was applied to the PNEHG film, the areal density of the sheaf-like structure was
notably increased, and the average size of the sheaves became smaller than those observed in slowly
cooled samples (Figure 3d). These findings indicate that the melt-recrystallization for both PNOG
and PNEHG is governed by nucleation and growth processes.

In conclusion, we investigated the confined melt-crystallization of polypeptoids bearing two
different alkyl side chain architectures, i.e., linear vs. branched. With long linear alkyl side chains,
PNOG molecules form highly crystalline thin films with densely packed wormlike lamellar crystals
on hydrophobic silicon substrates. The crystalline films are anisotropic with the board-shaped PNOG
molecules packed into orthorhombic lattice and preferentially stacked edge-on in the substrate-
normal direction. By contrast, PNEHG molecules bearing branched N-2-ethyl-1-hexyl side chains
stack into a Colnex mesophase with the molecular director (n) aligned parallel to the substrate when
recrystallized from isotropic melt. This results in the formation of hierarchically ordered sheaf-like
superstructures constituted of stacked fibrous PNEHG lamellae, exposing large areas of empty
spaces in the substrate-supported films. Supercooling conditions were shown to strongly influence
the nanostructured morphologies of the films, consistent with the recrystallization of both PNOG and
PNEHG films occurring by nucleation and growth processes. These findings shed new light on the
relationships among side chain architecture, molecular packing motif and multiscale crystalline
structure of polypeptoids under nanoconfined geometry. This study also demonstrates that side chain
branching can serve as an effective approach for controlling the hierarchical assembly of
crystallizable polymers. Investigations on the effects of molecular weight and polymer-substrate
interaction are currently in progress for a more comprehensive understanding of confined
crystallization of polypeptoids bearing long alkyl side chains.
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