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Abstract (200 words max)

The morphological changes of phosphonate polypeptoid electrolyte membranes, poly-N-
(2-ethyl)hexylglycine-block-poly-N-phosphonomethylglycine (pNeh,,-b-pNpm,), in hydrated and
dry states were characterized by cryogenic transmission electron microscopy (cryo-TEM) and
cryogenic electron tomography (cryo-ET). The analysis of 3D tomograms revealed that the
pNeho-b-pNpmy thin films absorbed a large amount of water, resulting in the formation of
membranes that were nearly flat and giant multicompartment vesicles dispersed in the water
phase. A simple lamellar phase appeared when the films were dried. In contrast, pNeh-b-
pNpmyg thin films absorbed little water and formed small highly curved unilamellar and
multilamellar vesicles. Water was located mainly outside the closely-packed vesicles. When
water was removed by drying, the walls of adjacent vesicles collapsed to form honeycomb-like
capsules. The changes in domain size reflected changes in chain conformations. The pNpmy
blocks were saturated by water and fully extended, while pNpm;s blocks were neither saturated
by water nor fully extended. In addition, the thicknesses of hydrophobic blocks in the hydrated
films of both pNehy-b-pNpmy and pNeh s-b-pNpm;3 were smaller than those in the dry films,
reflecting an increase of the average distance between the neighboring junctions of polypeptoid

molecules.
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Introduction

Polymer electrolyte membranes have attracted considerable attention in recent years due
to their application in fuel cells," lithium-ion batteries,"** and artificial photosynthesis.”’ These
polymers generally comprise conductive microphases that enable ion transport and rigid
insulating microphases that provide the membrane with the mechanical properties necessary for
large-scale manufacturing and operation in devices. Hydration of polymer -electrolyte
membranes is important for applications related to proton transport (fuel cells, artificial
photosynthesis, etc.). Hydrated membranes are also important in the field of drug delivery due to
the spontaneous formation of structures capable of carrying therapeutic agents such as micelles
and vesicles.'“'” Block copolymers consisting of hydrophobic blocks and hydrophilic blocks
serve as model systems for studying the effect of hydration on nanoscale morphology.

The phase behavior of hydrated block copolymers (in bulk samples) has been studied

extensively by scattering methods (X-ray and neutron).*!!-%!

Scattering data reveals the
statistically averaged global morphology of the sample. Probing the microphase separation of
individual nanodomains can only be achieved by direct imaging methods such as transmission
electron microscopy (TEM) and atomic force microscopy (AFM).!'"*'"l" In contrast to surface
information provided by AFM, TEM enables investigation of the interior structures of thin
specimens. However, polymers are easily damaged by electron beam exposure, and minimizing
the damage caused by the electron beam radiation is essential. This is enabled by low-dose

cryogenic transmission electron microscopy (cryo-TEM). The effect of radiation damage is

minimized when the specimen is cooled to cryogenic temperatures leading to the preservation of



high spatial frequency information.!"®?? In addition, vitrification results in the preservation of the
natural state of the specimen, such as self-assembled soft materials in solution. %"

Nafion, the most intensively studied polymer electrolyte membrane, is a random
copolymer comprised of hydrophobic semi-crystalline tetrafluoroethylene backbones and
hydrophilic perfluoroether side chains with sulfonic acid termini. In the dry state, the sulfonic
acid ionic clusters are sequestered in the hydrophobic matrix, while percolating channels of
hydrated sulfonic acid form within the hydrophobic matrix in the hydrated state. The structure of
Nafion has mainly be determined by interpreting the X-ray and neutron scattering patterns. The
patterns were fitted based on the interpretation of amplitude information without phase
information in Fourier space. There are, therefore, numerous models for the morphology that
have been proposed. 21 To facilitate the accurate structural study, AFM,P*¥! X-ray
ptychography, ¢ and TEM""** have been used for direct two-dimensional (2-D) imaging of
hydrated and dry Nafion at the nanoscale. In addition, the 3D morphologies of hydrated and dry
Nafion were studied by X-ray tomography,*“! electron tomography (ET),****! and cryogenic
transmission electron tomography (cryo-ET)™* at various length scales from micrometer to
nanoscale in position space. These analyses of 3D reconstructed Nafion, in the hydrated bulk and
thin film, quantitatively revealed the effect of water on the morphological changes and the spatial
distribution of water channels.

Morphological studies of polymer electrolyte membranes are facilitated by the presence
of well-defined hydrophilic and hydrophobic blocks. TEM and scanning transmission electron
microscopy (STEM) have been widely used to directly image the morphology and distributions
of acid groups in dry thin films of sulfonated ionomers. ' However, the analyses of 2-D

projection were limited by overlapped features in the thin film, (thickness is much larger than



acid group size), and electron beam damage.”’**! Low-dose imaging and STEM tomography 3D
reconstructions enabled the quantitative characterization of the location and size distribution of
sulfur-rich clusters in a free-standing dry polystyrene sulfonate-b-polymethylbutylene (PSS-b-
PMB) thin film. ¥ The characterization of hydrated films requires the preservation of hydration.
Cryo-ET has been widely used to characterize the internal structures of self-assembled block
copolymers in solution.*>*>-*¥! More recently, cryo-ET was applied to study the presence of water
channels in the hydrated membranes comprised of sulfonated block copolymers.”” 3D
reconstructed tomograms in position space revealed the presence of a distinct morphology of a
polymer electrolyte membrane in the hydrated state as compared to that in the dry state.

As compared to the sulfonated block copolymer electrolytes, phosphonate block
copolymers are attractive systems due to the efficient proton transport under low water uptake
conditions, and higher chemical and thermal stability.'®! We previously reported the synthesis
and characterization of a family of well-defined phosphonate polypeptoid diblock copolymers:
poly-N-(2-ethyl)hexylglycine-block-poly-N-phosphonomethylglycine ~ (pNeh-b-pNpm)  with
volume fractions of pNpm (¢,m) at 0.44 and dispersity (D) < 1.0003 using an iterative solid-
phase method.®? Microphase separation in the hydrated bulk film results in the formation of
pNpm-rich domains that conduct protons. The purpose of this study is to reveal the nature of
microphase separation in the hydrated pNeh-b-pNpm thin films at the nanoscale. We studied two
symmetric pNeh-b-pNpm block copolymers with different chain lengths. We focus on the
morphology of hydrated and dried (after water vapor annealing) thin films characterized by cryo-
ET. In the hydrated state, the reconstructed tomograms demonstrate that the pNehy-b-pNpm,
molecules (the smaller chain length sample) absorb a large amount of water, resulting in the

formation of membranes that are nearly flat and giant multicompartment vesicles dispersed in the



water phase. In contrast, pNehs-b-pNpm;3 molecules self-assembled into small closely-packed
unilamellar and multilamellar vesicles surrounded by narrow water channels. When the hydrated
films are dried, the two pNeh-b-pNpm thin films exhibit different morphologies: pNehy-b-pNpmy
exhibits a lamellar morphology, while pNeh;;-b-pNpm;s forms honeycomb-like polygonal
capsules. Quantitative analysis of the tomograms indicates that drying results in a decrease in the
hydrophilic domain size and an increase in the hydrophobic domain size in both polymers.
Experimental section
Polypeptoids synthesis

Two sequence-defined amphiphilic polypeptoid block copolymers, poly-N-(2-
ethyl)hexylglycine-block-poly-N-phosphonomethylglycine (pNeh,-b-pNpm,), were synthesized
as described in our previous work. '® The chemical structure of the copolymer is shown in
Figure 1A. The characteristics of the copolymers (m, n, molecule weight and polydispersity) are
given in Table 1. The polypeptoids in Table 1 have a fixed block ratio (the ratio m/n=1/) and a
fixed volume fraction (¢y,, = 0.44), as depicted in Figure 1B. Amphiphilic polypeptoids were
dissolved in a tetrahydrofuran (THF) /water mixture (1:1 v/v). The concentration of the solutions
was 0.1 mg/mL.
Preparation of thin films

Thin films were prepared by drop casting five microliter droplets on the gold grids covered
by lacey carbon supporting films with pre-deposited 10 nm diameter gold colloid nanoparticles
(TedPella, Inc). After the evaporation of the solvent, the grids with the as-cast thin films were
annealed in the humidity chamber of a Vitrobot (FEI Inc.) at 20 °C in air with 100% relative
humidity (RH) for two hours. The frozen hydrated films were prepared by plunging the grids into

liquid ethane in a Vitrobot and then stored in liquid nitrogen for cryo-transfer. The dry films



(after water vapor annealing) were prepared by partially dehydrating the annealed films in air
(35% humidity) and then fully under ultrahigh vacuum (lower than 1077 Torr) in the transmission
electron microscope column.
Cryo-TEM and cryo-ET characterizations

The grids covered by the as-cast dry thin films and the grids covered by dry (after annealing)
thin films were loaded at room temperature and then cooled down to liquid nitrogen temperature
in the microscope column. The grids covered by the frozen hydrated thin films were cryo-
transferred in to the microscope under the protection of liquid nitrogen to preserve the natural
state. Micrographs and tomograms of the as-cast dry thin film, the frozen hydrated thin film and
the dry thin film (after water vapor annealing) were collected using a JEOL-3200FSC
transmission electron microscope (JEOL Inc. Japan) at 300 KeV with the energy filter slit width
at 30 eV at -175°C. Micrographs were recorded at 20K magnification on the JEOL-3200FSC by
a K2 direct electron detector in counting mode with 10 frames in each dose fractionation movie.
The dose fractionation movies were aligned and summed using Motioncorr2.!*! The accumulated
dose used to obtain the micrographs and the tilt series were ~ 20 ¢/A? and ~ 80 e/A2, respectively.
Single tilt series for tomography were collected in the angle range of —60° to 60° with the
increment of 4 degrees for each tilt series. Alignment, CTF correction and 3D reconstruction
were carried out using the IMOD tomographic reconstruction software package.'®! The
reconstructed tomograms were denoised using nonlinear anisotropic diffusion (NAD) filter,
segmented and colored in IMOD.!®! It is important to note that the thicknesses of hydrated and
dry films were measured based on the tomograms collected from different locations on the
different grids so that they cannot be compared directly to calculate water uptake. All thin films

used in this study were not stained.



Results and discussion

Figure 2A shows a cryo-TEM image of an as-cast pNehy-b-pNpmy film. This image is
featureless. Figure 2B shows a cryo-TEM image of the same sample in the hydrated state after it
has been annealed in water vapor for two hours. The sample exhibits a lamellar morphology;
some lamellae are curved, but the radius of curvature is much greater than the thickness of the
lamellae. The hydrated pNeho-b-pNpmy film was dried and imaged, and the result is shown in
Figure 2C. The lamellar morphology in the dry film is similar to that in the hydrated state.
However, the domain sizes are different and the contrast is weaker. The dark regions in all the
images in this paper represent the electron dense phosphorus-rich pNpm microphase. In many
figures, however, the distinction between the pNeh and pNpm phases is unclear, as is the case in
Figure 2 where the dark bands represent the edges of polymeric membranes. Figure 2D shows a
cryo-TEM image of an as-cast dry pNehs-b-pNpm,g film. While weak microphase separation is
seen in this film, there are no obvious signatures of a well-defined morphology. Figure 2E shows
a cryo-TEM image of the same sample in the hydrated state after it has been annealed in water
vapor. This sample also exhibits lamellar morphology but the lamella in pNeh s-b-pNpm,g are
more highly curved and less well-defined than those in pNeho-b-pNpm,. Drying the hydrated
pNehg-b-pNpmg film results in the formation of thin dark lines that outline a honeycomb-like
morphology. It is evident that the morphologies of dry films are affected by annealing history;
compare Figures 2A and 2C, and Figures 2D and 2F.

The low signal-to-noise ratio (SNR) in the low-dose micrographs in Figure 2 hinders
accurate characterization of the morphologies. In particular, the clarity of micrographs decreases

when the film thicknesses increase due to hydration. Interpretation of morphologies based on 2D



projections sometimes lead to controversy, and discrepancies are found between imaging and

13314465661 Tt jg therefore important to examine the 3D morphologies

scattering characterization.!
of our polypeptoid thin films in both hydrated and dry states.

Cryogenic electron tomography was used to obtain the morphologies of microphase
separated structures after water vapor annealing in the hydrated films and in films that were dried
after hydration. In the discussion below, we only focus on the dried films obtained after
hydration, not the dry as-cast films. Figures 3A and B show the 3D tomographic reconstructions
of the hydrated thin films of pNeho-b-pNpmy Supporting movie 1 shows all x-y plane slices in
the tomogram. Figure 3A shows a slice perpendicular to the projection direction (z axis) of the
reconstructed tomogram. It displays horizontal cross-section (x-y plane) through the hydrated
thin film. It is evident that the hydrated pNehy-b-pNpm, thin film exhibits the presence of a wide
variety of morphologies. The dark bands seen throughout the slice represent membranes obtained
by the self-assembly of pNeho-b-pNpmy molecules; we posit that these bands indicate the
locations of both hydrophilic and hydrophobic blocks. They primarily represent the walls of
vesicles. We find unilamellar and multilamellar vesicles. In addition, we observe
multicompartment structures where small vesicles are in enclosed in the larger ones. The clarity
with which morphologies can be identified in the 3D tomogram in Figure 3A is significantly
better than the 2D projection of the same sample shown in Figure 2B obtained by cryo-TEM.
This is because interference from structures below and above the x-y plane shown in Figure 3A
has been eliminated. Three boxes numbered from 1 to 3 in Figure 3A have been chosen for
further study. The 3D structure of the vesicle contained in box 1 is shown in Figure 3B,. The
location of the dark regions representing the two membranes of the vesicles in three-dimensions

are shown by mesh rendering in two colors (half vesicles are shown for clarity). Each vesicle



membrane is comprised of a hydrophobic pNeh core and hydrophilic pNpm brushes.®”’ The
space between the two vesicle membranes must be filled with water (the interior of the small
vesicle must also contain water). Figure 3B, gives an indication of the thickness of the frozen
hydrated thin film; the vesicle in box 1, which has a diameter of about 120 nm, is entirely
contained within the film. The 3D structure of the membranes in box 2 is shown in Figure 3B,
These membranes are essentially perpendicular to the x-y plane and are reminiscent of the
classical lamellar phase found in block copolymers.'®*®! The data in Figures 3A and B do not
quantitatively reveal the nature of microphase separation within the pNehy-b-pNpmy membrane.
This discussion will be presented shortly using the box labeled 3 in Figure 3A.

A thin film pNehy-b-pNpmy was subjected to the same water annealing protocol described
above followed by drying as described in the Experimental Section. Figures 3C and D show the
3D tomographic reconstructions of the dried film. (See supporting movie 2 for details.) Drying a
pNeho-b-pNpmy film after hydration results in the formation of deformed membranes and broken
vesicles. The dark lines seen throughout the slice are distinctly thinner than the dark bands seen
in the Figure 3A. Stacks of lamella oriented perpendicular to the x-y plane are evident in many
locations. The bright regions in these stacks represent the locations of the hydrophobic pNeh
blocks. The 3D structures associated with boxes 1 and 2 in Figure 3C are shown in Figure 3D.
Figure 3D, shows a multilamellar vesicle that was broken by the drying process. Figure 3D,
shows a stack of parallel lamellae that are analogous to the stack shown in Figure 3B, The data
in box labeled 3 will be used to quantitatively determine the morphology of dry pNeho-b-pNpmy
film in the discussion below.

The 3D tomographic reconstruction of the hydrated thin film of pNeh;g-b-pNpmg is

shown in Figure 4A. (Supporting movie 3 shows all x-y plane slices in the tomogram.) The



coexistence of multilamellar and multicompartment vesicles is clearly seen. It is noteworthy that
the density of vesicles in the hydrated pNeh s-b-pNpm; thin film is much higher than that in the
hydrated pNehy-b-pNpmy thin film. The data in the three boxes numbered from 1 to 3 are
indicated by dashed white lines. They will be used for 3D visualization and further discussion.
As was the case in Figure 3, the 3D membrane morphology is visualized by mesh rendering.
The 3D visualized vesicles (half vesicles are shown for clarity) in box 1 and 2 are shown in
Figures 4B, and B,. Multilamellar vesicles with three layers and two layers are indicated by
different colors in box 1 and box 2, respectively. The data in box 3 will be used to quantitatively
determine the morphology of hydrated pNeh s-b-pNpmjs film shortly.

A slice from the tomogram of a dry pNeh s-b-pNpm,g thin film (after annealing in water
vapor) is shown in Figure 4C. (See supporting movies 4 for details.) It is evident that the drying
process causes a significant rearrangement of hydrated vesicles. In some regions, we see
relatively large multilamellar capsules (dry vesicles) — see box 1 in Figure 4C. In other regions,
we see coalesced unilamellar capsules with a polygonal shape — see box 2. Both kinds of
capsules are curved in the z direction as shown in the 3D visualizations in Figures 4D, and D,.
However, the tops of the capsules are flat. In Figure 4C, careful examination of the regions
within each capsule reveals two different shades of grey: a light grey band that surrounds the
black lines representing the membrane and a dark grey interior. The dark grey interior is the
projection of the flat top of each capsule. The light grey band represents the extent of capsule
curvature in the z direction. This is clarified in Figure 4D.

The thicknesses of the films were measured in the 3D reconstructed tomograms. (See
Figure S1 in SI.) Although the thin films of two polypeptoid block copolymers were prepared by

drop casting the same amount of solution with the same concentration (0.1mg/mL) on the lacey



carbon supporting films, the resulting film thicknesses were very different. The thickness of
hydrated pNehy-b-pNpm, film was uniform and about 240 nm. The hydrated pNeh s-b-pNpm; g
film was also uniform with a thickness of about 100 nm. This difference, reflecting different
levels of water uptake, leads to significant differences in the thickness of the dry films. The dry
pNeho-b-pNpmy film has a uniform thickness of about 130 nm. The thickness of dry pNeh ;-b-
pNpmy; film is not uniform, ranging from 30 to 70 nm. The thickness of the film above box 1 in
Figure 4 is about 70 nm while that of box 2 is about 30 nm.

It is common to create large vesicles by rehydrating dry films of lipids."®”" Our results
show that pNeho-b-pNpmyis better suited for this than pNeh s-b-pNpms. pNehy-b-pNpmg absorbs
more water and readily forms large loosely-packed vesicles in thin films while pNeh g-b-pNpm;g
absorbs less water and forms small closely-packed vesicles.

In the hydrated state, membranes shown in Figures 3 and 4 must exhibit microphase
separation with dry hydrophobic pNeh cores and hydrophilic pNpm brushes extending outward
from the cores.’>” This aspect of the morphology is, however, not evident in the images
discussed thus far. Figure 5 shows the horizontal slices (x-y plane in the top panel) and the
corresponding perpendicular slices (y-z plane as indicated by the dashed red lines in the bottom
panel) of small portions in the hydrated and dry films as indicated by boxes 3 in Figures 3 and 4.
Two-dimensional Fourier transforms of the slices (shown as inset) and their one-dimensional (1-
D) radial profiles (rotational averaged Fourier transforms) of the x-y plane slices are shown in the
right panel in each figure. The slices in x-y plane and y-z plane in Figure SA show the membrane
morphology in the hydrated pNeho-b-pNpm, thin film. The dark bands represent the phosphorus-
rich pNpm brushes. The thin grey bands between adjacent pNpm brushes represent the pNeh

hydrophobic cores. The broad grey bands represent absorbed water. The 1-D profile of the FFT



in the left panel shows two major peaks. The first peak occurs at 15 nm and the second peak
occurs at 7.5 nm.

The slices in Figure 5B show the lamellae vertically arranged in the dried pNehg-b-
pNpmy thin film after water vapor annealing. Slices in both x-y and y-z planes indicate the
presence of a well-ordered lamellar morphology. The dark regions represent the phosphorus-rich
pNpm blocks, while the grey regions represent the hydrophobic pNeh blocks. The 1-D profile of
the FFT in the left panel shows two major peaks. The first peak occurs at 7.5 nm and the second
peak occurs at 3.7 nm.

Figure 5C shows the membrane structure of vesicles in the hydrated pNeh s-b-pNpm; g
thin film. In the x-y plane, we see two bilayer vesicles, one has a capsule-like cross-section and
the other is circular. Similar to that in the hydrated pNeho-b-pNpmy thin film, the dark regions
are attributed to the phosphorus-rich pNpm brushes. There are two grey regions within each
vesicle. They represent the hydrophobic pNeh cores. The space between the vesicles has
different length scales in different regions in the slice. We posit that absorbed water resides in
these regions. Two peaks are observed in the 1-D FFT profile in Figure 5C. The first peak occurs
at 7.8 nm and the second peak occurs at 5.0 nm.

Figure 5D shows a magnified view of the morphology of the dried pNehg-b-pNpm;; thin
film. We see three different capsules: a rectangular capsule and two polygonal capsules. The
rectangular capsule has a 7.0 nm wide light grey interior. The dark outline of the capsule
represents the pNpm blocks while the light grey interior represents the pNeh blocks. This capsule
represents a dried unilamellar vesicle. The polygonal capsules have a 7.0 nm wide outer light
grey band and a darker grey interior. The y-z plane slice shown in Figure 5D shows a complex

onion-like morphology in the interior of capsule. The slices only allow for the determinations of



the location of the pNpm blocks that outline the capsule; the exact nature of the microphase
separation in the interior of capsule is beyond the resolution of our approach. Two peaks are
observed in the 1-D FFT profile in Figure 5D. The first peak occurs at 10.5 nm and the second

peak occurs at 5.4 nm.

Frequency filters were applied to the images of the hydrated pNehy-b-pNpm, thin films in
Figure 5A with a cutoff frequency at 0.125 nm™'. Our objective was to sort out the origin of the
primary and secondary peaks in FFT, as done in a previous study." The low-pass filtered and
high-pass filtered images are shown in Figures 6A and B, respectively. The 1-D FFT profiles
with corresponding frequency ranges in the Fourier space are shown in the bottom panels in
Figures 6A and B. The low-pass filtered slice in Figure 6A reveals the periodic structure with
alternating polymer membrane and water layers. The high-pass filtered slice in Figure 6B shows
the internal structure of the polymer membrane. The membrane structure, comprised of two dark
hydrophilic pNpm bushes and a grey hydrophobic core, is evident in this Figure.

The same analysis with a cutoff frequency at 0.166 nm™' was applied to the slice of the
hydrated pNeh,s-b-pNpm;; film shown in Figure 5C. The low-pass filtered and high-pass filtered
images are shown in Figures 6D and E, respectively. In this case, both images are similar,
reflecting the fact that the pNeh, pNpm and water microphases have similar dimensions.
Particularly, the thickness of water microphase in pNeh g-b-pNpm;g is much smaller than that of
pNeho-b-pNpm,. The high-pass filtered image, Figure 6E, clarifies the size and geometry of the
water phase that surround the vesicles.

Figures 6C shows a schematic of the morphology of the hydrated pNehy-b-pNpm, thin

film. The averaged thicknesses of each domain in the schematic were measured using line



profiles across the images in Figures 6A and B. The absorbed water phase between two
membranes has the thickness at 8.1 nm. The averaged thickness of membrane is 7.2 nm,
comprising two hydrophilic brush layers (each is 2.4 nm thick) and a hydrophobic core (2.4 nm).
The fully stretched chain length of pPNpmy and pNeh, is about 2.8 nm when the chains are in all-
trans conformation.”>® The measured thickness suggests that the pNpm, brushes are strongly
stretched and saturated by water. Inferences regarding of the nature of pNehy chains depend on
whether the chains emanating from either side of the hydrophobic core interdigitated or not. The
electron microscopy results thus cannot be used to determine chain conformations in the
hydrophobic core. As shown in Figure 6F, the hydrated pNehs-b-pNpm;g thin film shows
different domain sizes. The averaged thickness of the membrane is 11.0 nm, comprising two
hydrophilic brush layers (each is 3.3 nm thick) and a hydrophobic core (4.4 nm). The averaged
thicknesses of each domain in the schematic were measured using line profiles across the images
in Figures 6D and E. The fully stretched chain length of pNpm s is two times longer than that of
Npmy which is about 5.6 nm when the backbones are in all-frans conformation. Interestingly, the
measured thickness suggests the pNpm;g and pNeh;s chains are not as strongly stretched as
pNpmy and pNeh,.

The thicknesses of the different domains in the hydrated and dry films are summarized in
Table 2. It is interesting to note that the thickness of hydrophobic block in the hydrated film is
smaller than that in the dry film. It is perhaps not surprising to observe this change in the
polypeptoid diblock copolymers. As reported by Koizumi et al.,”””! when a molecule with a small
molecular weight like water is solubilized into one of the microdomains of a diblock copolymer,

it causes an expansion of the average distance between the neighboring junctions of block



copolymer molecules at the interface, resulting in a decrease in the thickness of the insoluble
domain.

The molecular underpinnings of our observation remain to be established. Our
experiments show that the lower molecular weight pNeh9-H-pNpm9 sample absorbs significantly
more water that the higher molecular weight pNeh18-b-pNpm18. The low polymer concentration
in hydrated pNeh9-b-pNpm9 resulted into a morphology of loosely packed large vesicles. In
contrast, the high polymer concentration in hydrated pNeh18-b-pNpm18 resulted into closely
packed small vesicles. These two vastly different morphologies serve as the initial state for the
drying process. It is therefore not surprising that the dry morphologies appear to be greatly
affected by the hydrated morphologies. In the case of pNeh9-b-pNpm9, individual vesicles
collapse and break during drying process. In the case of pNehl8-b-pNpml8, neighboring
vesicles collapse to give honeycomb-like structures. The presence of straight lines in the
micrograph of dry pNeh18-b-pNpm18 suggests that these membranes are more elastic than the

pNeh9-b-pNpm9 membranes.

Conclusion

We studied the effect of hydration on the morphology of thin phosphonate electrolyte
films formed by two sequence-defined amphiphilic polypeptoid block copolymers. The block
ratio was identical (1:1) but the chain length (m/n) varied from 18/18 to 9/9. The analyses of 3D
tomograms revealed that the pNehy-b-pNpmy thin films absorbed a large amount of water inside
large multicompartment vesicles. The vesicle membranes were almost flat on the length scale of

the membrane thickness; they were very similar to the swollen lamellar phase. It was thus not



surprising that a simple lamellar phase appeared when the films were dried. In contrast, pNeh -
b-pNpm,; thin films absorbed little water and formed small highly curved unilamellar and
multilamellar vesicles. Water was located mainly outside the closely-packed vesicles. When
water was removed by drying, the walls of adjacent vesicles collapsed to form onion-like
capsules. The morphological change was much like collapsing bubbles to give a foam. A
combination of low-dose cryo-TEM imaging and 3D tomography was essential to reveal these
unique morphologies. The changes in domain size reflect changes in chain conformations. The
pNpmy blocks were saturated by water and fully extended, while pNpm s brushes were neither
saturated by water nor fully stretched. In addition, the thicknesses of hydrophobic blocks in the
hydrated films of both pNeho-b-pNpmy and pNeh s-b-pNpms are smaller than those in the dry
films, reflecting an increase of the average distance between the neighboring junctions of
polypeptoid molecules. These findings reveal the complex nature of the relationship between the
molecular structure of block copolymers and thin film morphology. We hope that our
experiments will lead to a better understanding of the effect of chain length on self-assembly of

amphiphilic block copolymers in thin films.
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Figure 1. A. Chemical structure of amphiphilic polypeptoid block copolymer; B. Schematic
cartoon of molecular structure represents the amphiphilic polypeptoids with different chain
length but same block ratio. The green and blue spheres represent the repeating units in the

hydrophobic pNeh block and the hydrophilic pNpm block, respectively.



Table 1. Characteristics of the diblock polypeptoids pNeh,,-b-pNpm,,

Polypeptoids m n molar mass' Dispersity*
(g/mol, calc/obs)
pNeho-b-pNpmy 9 9 2941.4/2941.4 1.0003
pNehs-b-pNpmg 18 18 5823.8/5824.7 1.0001

! Determined by electrospray ionization (ESI) mass spectrum.®*!

% PDI is estimated as described by the ESI and matrix assisted laser desorption/ionization mass

spectrometry (MALDI) data.[®

Hydrated




Figure 2. Low-dose bright field cryo-EM micrographs (2D projections) show the morphologies
of the as-cast, the hydrated, and the dry polypeptoids thin films after annealing in water vapor,
respectively. Magnified regions are shown in the boxes A.as-cast pNeho-b-pNpmy thin film, B.
frozen hydrated pNehy-b-pNpmj thin film and C. dry pNehy-b-pNpmy, thin film; D.as-cast pNeh;s-
b-pNpmys thin film, E. frozen hydrated pNehs-b-pNpmg thin film and F. dry pNehs-b-pNpmg

thin film,;

Figure 3. Slices in the tomograms show the morphological changes in the hydrated and dry
pNehy-b-pNpmy thin films, respectively. A. a perpendicular slice through the tomogram of the

hydrated pNeho-b-pNpm, thin film, B. 3D visualizations of two regions, 1 and 2, labeled by



dashed boxes in A. Different colors represent the spatial distributions of the central regions of the
membranes using mesh rendering in iMOD. C. a perpendicular slice through the tomogram of
the dry pNeho-b-pNpmy, thin film, D. 3D visualizations of two regions, 1 and 2, labeled by dashed
boxes in C. Different colors represent the spatial distributions of the central regions of the
electron dense pNpm blocks using mesh rendering in iMOD. The areas indicated by box 3 are
shown in Figures 5 and 6. One slice along z direction is shown in each panel. The thickness of a

slice is 0.8 nm.



Figure 4. Slices in the tomograms show the morphological changes in the hydrated and dry
pNeh,s-b-pNpms thin films, respectively. A. a perpendicular slice through the tomogram of the
hydrated pNeh s-b-pNpms thin film , B. 3D visualizations of two regions, 1 and 2, labeled by
dashed boxes in A. C. a perpendicular slice through the tomogram of the dry pNeh s-b-pNpmg
thin film, D. 3D visualizations of two regions, 1 and 2, labeled by dashed boxes in C. Different
colors represent the spatial distributions of the central regions of the electron dense (hydrophilic)
pNpm blocks using mesh rendering in iMOD. The areas indicated by box 3 are shown in Figures

5 and 6. One slice along z direction is shown in each panel. The thickness of a slice is 0.8 nm.
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Figure 5. Small portions of slices in the tomograms show the morphological changes in the
hydrated and the dry thin films. The dashed red lines represent the positions of the slices through
y-z planes as shown at the bottom of each figure. The corresponding 2-D Fourier transforms
(inset) and radially averaged 1-D FFT profiles are shown in the right panel as insets and plots,
respectively. The arrows indicate the peaks in plots. A and B. Small portions of the
perpendicular slices through the tomograms of the hydrated and dry pNeho-b-pNpmy, thin film as
indicated by the boxes 3 in Figures 3A and C. C and D. Small portions of the perpendicular
slices through the tomograms of the hydrated and dry pNehs-b-pNpm;s thin film as indicated by

the boxes 3 in Figures 4A and C.
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Figure 6. Spatial frequency filter with a cutoff frequency of 0.125 nm™ and 0.166 nm™" were
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applied to the slices of the hydrated pNeho-b-pNpm, film in Figure SA and the hydrated pNehs-
b-pNpmys film in Figure 5C, respectively. The actual frequency filters are shown in the 1-D FFT
profiles at the bottom. Spatial frequency filtering enables the identification of the structures
responsible for the different peaks in the 1-D FFT profiles. A and B, Low-pass and high-pass
frequency filtered slices of the hydrated pNehy-b-pNpmy thin film. D and E, Low-pass and high-
pass frequency filtered slices of the hydrated pNehs-b-pNpmig thin film. The dark regions
represent the electron dense hydrophilic pNpm blocks. Schematic cartoons of the arrangement of
domains in the hydrated pNeho-b-pNpm, and pNeh,s-b-pNpm;; thin films are depicted in C and

F.



Table 2. Summary of thickness measurements

Polypeptoids Domain Domain Thin film Hydrophobic Hydrophilic Water phase
spacing spacing thickness pNeh pNpm domain (nm)
Hydrated' Dry' (hydrated/dry) domain size size
(nm) (nm) (nm) Hydrated/ Hydrated/Dry?
Dry (nm)
(nm)
pNehy-b-pNpmy 7.2 7.5 240/130 2.4/4.2 4.8/3.3 8.1
11.0 10.5 100/30-70 4.4/7.0 6.6/3.5 3.0

pNeh,g-b-pNpm,;

! Domain spacing is defined as the center to center distance between two electron dense domains
in a cross-section profile in the dry samples. In the hydrated samples, domain spacing is defined

as the thickness of the whole membrane, including two layers hydrophilic brushes and a

hydrophobic core. The measurement method is reported in the previous study.®”!

*Thickness of pNpm blocks in the hydrated film includes two layers of hydrophilic brushes.
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