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Polychaete worms display a remarkable jaw structure, where a gradient in metal-ligand coordination down the
length of the jaw results in a shift from hard to soft mechanics. To mimic these gradient structures, a Zn-
coordinated supramolecular polymer is crosslinked into a covalent matrix to afford supramolecular semi-in-
terpenetrating networks (SIPNs). These SIPN materials exhibit improved mechanics with a lower supramolecular
content (30 wt%), allowing for energy dissipation through cavitation to increase material toughness. The shift in

mechanical behavior is further attributed to the morphology, where the size of the phase-separated droplets and
nature of the continuous phase in these SIPNs contributes to the material mechanics. Furthermore, chemical
gradients are applied to these systems through exposure to a competitive ligand, offering control over the lo-
calization of supramolecular interactions. These materials offer a framework to mediate mechanics while
maintaining the ability to program gradient supramolecular interactions.

1. Introduction

In nature, materials exhibit complex behaviors through the orga-
nization of physical interactions, attaining structures afforded through
a small chemical library of canonical amino acids paired with self-as-
sembly. For example, polychaete worms exhibit Zinc-histidine (Zn-His)
coordination crosslinks in their jaws, with a decreasing concentration of
these interactions occurring down the length of the mandible [1,2]. The
localization of these metal-ligand interactions contributes to changes in
mechanical behavior along the jaw, yielding a single material dis-
playing both stiff and soft material mechanics. Similarly, the byssus
threads of marine mussels contain both Zn-His and catechol-Fe co-
ordination interactions, which contribute to mechanical toughening
and energy dissipation by behaving as reversible sacrificial bonds
[2-4]. These interactions and their precise localization offer higher
toughness and wear resistance than is typically achieved in conven-
tional polymer materials.

To achieve similar sacrificial bond architectures and controllable
interactions, researchers often turn to supramolecular chemistry to
construct tunable, non-covalent assemblies. Supramolecular polymers
offer a modular platform for tuning material toughness and archi-
tecture, with changes in mechanics and assembly being driven by both
local environment and supramolecular connectivity. Much like the
aforementioned mussel byssus threads, physical interactions in

synthetic materials behave as sacrificial bonds, contributing to tough-
ness by reversibly rupturing under deformation [5-7]. Another attrac-
tive aspect of supramolecular chemistries is their stimuli-responsive
behavior, where the physical interactions can be modulated or dis-
rupted by the presence of environmental changes, including heat [8],
competitive solvents/ligands [8,9], ultraviolet (UV) light [10-12], and
pH [13,14]. These characteristics have led to supramolecular-based
materials seeing widespread use in drug delivery, tissue scaffolding,
and sensing [15-17].

Of the many available interactions for building supramolecular
polymer networks, metal-ligand coordination offers a convenient plat-
form for constructing responsive, reinforced networks, due in part to
the strength of their associations [17,18]. Moreover, these coordination
interactions are sensitive to a number of stimuli, allowing for materials
that can be mediated through changes in pH, the presence of compe-
titive ligands, or shifts in coordinating metal chemistry [9,13,19]. Ap-
plying these strategies, bio-inspired materials that mimic the con-
tinuous gradients or mechanical enhancement present in natural
systems have been realized. For example, Neal et al. utilized crosslinked
acrylate networks bearing histidine residues to incorporate a con-
tinuous gradient into their films using a competitively binding solvent
and concentration doping of a coordinating metal solution, resulting in
controllable localized stiffness and coordination concentration [20]. To
achieve high elasticity and toughness analogous to marine mussel
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byssal threads, Holten-Andserson et al. utilized catechol-functional
hydrogels that could be crosslinked with Fe®* [13]. The assenbly of
these gels were controlled by changes in pH and displayed storage
modulus values that were similar to a covalently-crosslinked gel while
maintaining self-healing properties.

Using supramolecular chemistry as a platform, we incorporate 2,6-
bis(1’-methyl-benzimidazolyl)-4-hydroxypyridine (BIP) functionalized
polymers into a supramolecular semi-interpenetrating network (SIPN)
framework, wherein the covalent crosslinks confine the supramolecular
interactions and offer a handle to tune the mechanics of the network. As
a subset of polymer blends, semi-interpenetrating networks combine
two or more polymer networks, at least one of them covalently cross-
linked. The crosslinking process restricts phase separation that occurs in
many polymer blends; the covalent crosslinks act as a barrier to mac-
rophase separation and restrict the phases to the micron or sub-micron
scale [21,22]. Interpenetrating networks containing supramolecular
chemistry in one of the material phases have been recently applied to
construct tough materials with applications in self-healing and tissue
engineering [23-25]. This pathway allows for exploration of the che-
moresponsive behaviors of BIP within a covalent matrix, independently
tuning self-assembly and mechanics while maintaining a stable film.
Using these SIPNs, we program gradients in Zn>* metal concentration,
and, thus, control the localization of metal-ligand coordination inter-
actions. These systems offer supramolecular interaction localization
and tunable mechanical responses.

2. Experimental
2.1. Materials

All chemicals were used as received unless stated otherwise.
Chelidamic acid, tetrahydrofuran (anhydrous) and N-methylphenyle-
nediamine were purchased from Acros Organics. Poly(ethylene glycol)
dimethacrylate (PEGDMA, M,, ~750 g/mol), pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP), diethyl azodicarboxylate (DEAD, 40 wt
% in toluene), triphenylphosphine (TPP), and 2,2-dimethoxy-2-pheny-
lacetophenone (DMPA) were purchased from Sigma Aldrich. N,N,N',N'-
tetramethylethylenediamine (TMEDA) was purchased from Alfa Aesar.
Zinc(IDbis(trifluoromethanesulfonamide) (Zn(NTf;),) was purchased
from Strem Chemicals. Poly(ethylene-co-1-butene) (PEB) was gener-
ously donated by Nippon Soda Co. All other solvents and reagents were
purchased from Fisher Scientific and used as received.

2.2. General characterization

Purification of synthesized reagents was carried out on a Teledyne
ISCO CombiFlash RF Prep flash column purification system. 'H Nuclear
magnetic resonance (NMR) spectroscopy was performed on a Bruker
600 MHz NMR using 256 scans. After crosslinking the SIPN, the net-
work structure was probed via Soxhlet extractions in chloroform. From
Soxhlet, the extracted sol was measured, and the gel fraction was cal-
culated using Eq. (1):

) ] €y

where m; and my are the initial and final masses of the extracted films,
respectively [26].

Stress-strain experiments were conducted on a Zwick Roell fitted
with a 100 N load cell operating in tension mode. A pre-load force of
0.005 N was applied before testing, and all tests were carried out at a
strain rate of 10%min " until failure. Samples for tensile testing were
typically 3 mm wide and 0.2 mm thick with a gauge length between 5
and 10 mm. Crosslinked PEG controls had a sample thickness of 0.7 mm
due to the difficulty of removing the more brittle PEG from the mold
when cast as a thinner film. All samples were tested in triplicate to

. m; — my
gel — sol fraction(%) =100 X [1 — | ———
m;
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ensure reproducibility of the observed mechanical behaviors.

X-ray photoelectron spectroscopy (XPS) was carried out on a K-
Alpha Series instrument from Thermo Fisher Scientific. Line scans were
performed on films between 1.0 and 1.5cm long, with scans taken
down the length of the film using a beam size of 400 um and a step size
of 600 um for each scan. Peak fitting and elemental analysis were done
in Avantage software (Thermo Fisher Scientific). The data is reported as
normalized peak area to denote the change in the amount of Zn?>* down
the length of the film irrespective of the proportions of surrounding
elements (e.g. C, N). This approach was chosen so that potential re-
arrangements of the supramolecular polymer during gradient formation
wouldn’t influence the amount of Zn>* that was observed in the pro-
cessed data.

Atomic force microscopy (AFM) was acquired on a Bruker
Dimension 3100V in tapping mode using Sb-doped Si tips (Bruker).
Images were taken at a scan size of 5 um with 512 scans and 512 points
per line. Height and phase images were processed in the open-source
Gwyddion software.

Scanning electron microscopy (SEM) was conducted on a JSM-
7400F (Jeol) at an accelerating voltage of 3kV. All samples were
sputter-coated with a layer of Au/Pd prior to imaging. For fractography,
samples were subjected to tensile testing up until failure prior to ima-
ging. Images were gathered near the fracture edge of the films. To view
the SIPN morphology, samples were extracted in chloroform overnight
to remove the soluble BPEB-Zn, dried under vacuum, sputter-coated,
and imaged.

SAXS data was acquired at the Advanced Materials Characterization
Laboratory (AMCL) on a Xenocs Xeuss 2.0. The scattered beam was
recorded on a CCD detector with a pixel resolution of 486 x 618 (1
pixel = 0.172mm). The data collection time was 60min. For the
measurements, X-rays were generated at 50 kV/0.6 Ma at a beam wa-
velength of 1.542 A (Cu Ka radiation) and sample-to-detector distances
of 1200 cm. The instrument was calibrated using silver behenate. The
generated X-ray beam was slit-collimated using a Kratky camera with a
beam size of 0.3mm (length) X 0.3 mm (width). The data was cor-
rected for sample absorption and background noise before scaling to
absolute intensity (em™1). The two-dimensional data sets were azi-
muthally averaged to give intensity as a function of the magnitude of
the scattering vector, q, where q = 4msin(6)/A and 20 is the scattering
angle. All data processing and analysis was performed using Origin 8.8.
Bragg diffraction maxima were fitted using a Lorentzian peak fitting
function. For gradient samples, scattering was performed down the
length of the sample to probe the structural shifts that occurred after
exposure to the competitive TMEDA ligand; 5 measurements were
taken and a step size of ~1 mm was used.

Nanoindentation was performed on a Nanoindenter XP (MTS) fitted
with a Berkovich tip. Samples were mounted on double sided tape; care
was taken to ensure that the samples were flat prior to testing. The
sample surface was deformed to a depth of 2 pm, and a Poisson’s ratio of
0.4 was used for all calculations. To compare how the gradient may
impact local mechanics, indentations were performed down the length
of a gradient SIPN-70 film. A step size of 1200 um was applied between
each indent and multiple spots were run per line. Due to surface
roughness, it was difficult to retrieve triplicates of each indented line.
This constraint limits quantitative analysis of the data; however, the
general trend in elastic modulus can be used to highlight how local
mechanics are changing down the length of the gradient film.

2.3. Synthesis of BPEB-Zn SIPN

BIP and BPEB-Zn were synthesized according to an established
procedure [9,11]. BPEB-Zn was incorporated into the SIPN in varying
weight percentages to probe the effects of increasing supramolecular
polymer content on the resultant behavior of the SIPNs. To distinguish
between different samples, the nomenclature SIPN-X was chosen, where
X represents the weight percent (wt%) of BPEB-Zn present in the final
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film. The fabrication procedure for SIPN-50 is detailed as an example.
To a round bottom flask, BPEB (0.49 g, 0.13 mmol) was dissolved in
5 mL of chloroform. Zn(NTf5), (56 mg, 8.9 X 10”2 mmol) was prepared
as a 0.1 M solution in acetonitrile and added to the BPEB solution. The
amount of Zn(NTf,), was chosen to achieve a ratio of 0.7:1 Zn?":BIP
coordination sites (accounting for the 2:1 BIP:Zn?" coordination
structure). This stoichiometry was chosen based on results from Burn-
worth et al. where a slight excess of BIP contributed to enhanced mo-
bility of free BIP units during light-driven healing experiments [11].
After allowing the Zn(NTf,), to dissolve, all solvents were removed
under vacuum and the components were dissolved in 5mL of chloro-
form.

In a separate flask, PEGDMA (0.37 g, 0.49 mmol), PETMP (0.12 g,
0.25mmol), and DMPA (5mg, 2.0 x 10~ 2mmol) were dissolved in
5mL of chloroform before addition to the flask containing BPEB-Zn.
The solution was stirred briefly and cast into a trimethyl silane-treated
petri dish, covered (to prevent the premature termination of photo-
initiator), and allowed to anneal overnight prior to curing. In some
cases, it was important to leave the cast films in a chloroform atmo-
sphere for additional 24 hrs to promote the formation of an even film.

The films were cured in a UV chamber (SPDI UV, A. = 365 nm) for a
total of 20 min (10 min exposure for each side of the film) at an in-
tensity of ~11 mW/cm? After curing, the films were annealed in a
vacuum oven at 80 °C for one day to remove any volatile compounds
and to terminate any remaining initiator or acrylate functionalities. A
similar procedure was used to produce PEG-based controls, consisting
of PEGDMA crosslinked with stoichiometric amounts of PETMP.

2.4. Gradient structures in SIPN films

To impart localization of metal-ligand interactions into the films, we
introduced a competitive ligand (TMEDA) as a pathway to achieve
gradients in metal-ligand coordination interactions. Toward this goal,
small lengths (1.0 — 1.5 cm) of film were suspended over a solution of
TMEDA, with only their ends directly exposed to the ligand. The ligand
was incorporated into the film via capillary action. The gradient prop-
erties were evaluated using XPS, SAXS, nanoindentation, and SEM
fractography to track changes in Zn>* localization and structural shifts
of the BPEB-Zn, respectively.

3. Results and discussion
3.1. Material synthesis and film fabrication

The metallopolymer precursor (BPEB-Zn) was synthesized through a
Mitsunobu coupling procedure (Fig. 1), yielding oligomeric, bifunc-
tional chains that could be chain-extended through coordination of
their BIP end-groups with Zn(NTf,),. The Mitsunobu pathway was
chosen due to the efficient coupling between the primary alcohol
groups on the PEB termini and the relatively acidic phenol residue on
BIP in the presence of TPP and DEAD [27]. The BIP and BPEB structures
were characterized via 'H NMR (Fig. S1). Coordinated BPEB-Zn was
crosslinked into a PEG-based matrix through UV-driven thiol-radical
click addition (Fig. 1). The formation of an orthogonal crosslinked PEG
network was utilized to shift the phase behavior of the SIPN films and to
result in a platform to tune the mechanical behavior. By increasing the
wt% of BPEB-Zn from (30, 50 and 70 wt%), the size of phase domains
and character of the continuous network were controlled, moving from
a system in which PEG formed the continuous network (SIPN-30 and
SIPN-50) toward a system where the BPEB-Zn formed the continuous
phase (SIPN-70). This design strategy provided an avenue for probing
the interplay between covalent crosslinking and supramolecular inter-
actions in an orthogonally-bound SIPN framework, and the mechanical,
morphological, and stimuli-responsive behavioral shifts that occurs
with increasing BPEB-Zn content. The use of UV-initiated thiol-radical
click chemistry was chosen due to its high efficiency, as evidenced by
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the high gel fractions achieved for each film (Table S1).
3.2. Mechanical characterization and morphology

The mechanics of the supramolecular SIPN films were probed by
tensile testing, wherein each film was subjected to deformation until
failure (Fig. 2). It is initially apparent that the crosslinked PEG control
shows a linear deformation typical of conventional elastomers, while
also exhibiting limited extensibility (~19%) and, thus, limited tough-
ness. This behavior can be attributed to the tightly crosslinked network
that is being formed by the short PEGDMA chains (M, ~ 750 g/mol).
Additionally, while it is expected that thiol-methacrylate coupling is the
primary mechanism for crosslinking in these materials, radical poly-
merization between methacrylate groups cannot be ruled out; such
crosslinks could contribute to the brittle behavior observed in these
systems.

The BPEB-Zn system shows the highest extensibility and toughness
of the tested films, which can be attributed to the supramolecular or-
ganization, wherein the BIP-Zn coordination sites act as sacrificial
bonds, dissipating absorbed energy by rupturing during deformation, a
primary toughening mechanism in supramolecular polymer networks
[5,28,29]. These metal-ligand coordination interactions in the supra-
molecular BPEB-Zn also lead to toughness enhancement of the PEG
crosslinked network in the SIPN samples. In SIPN-50 and SIPN-70, it is
apparent that, while the BPEB-Zn plays a large role in the improved
toughness of these materials, their extensibility is still limited by the
covalent matrix. In both of these samples, a quasi-linear deformation
behavior is observed until film failure. Interestingly, SIPN-30 displays
higher extensibility and toughness than the other two SIPN samples at a
lower BPEB-Zn content. Whereas SIPN-50 and SIPN-70 display a quasi-
linear yield up until failure, SIPN-30 exhibits a yield point indicative of
more plastic-like deformation. In particular, such behaviors are ob-
servable in rubber-reinforced plastic materials, alleviating the brittle-
ness of the continuous phase (PEG in this case) [30,31].

Examining the fractured film surfaces under SEM (Fig. 3) offers
insight into the deformation behavior and energy dissipation pathways
that are present in the controls (PEG and BPEB-Zn) and the SIPN series.
For PEG, the formation and propagation of microcracks is the primary
pathway for alleviating stress, indicative of a more brittle material
deformation behavior [32,33]. In contrast, BPEB-Zn shows evidence of
cavitation, an important means of energy dissipation supported by the
plateau region visible in the tensile curves of BPEB-Zn, where the
growth of these voids led to a decrease in the stress response of the
material up until failure [34].

These findings frame analysis of the supramolecular SIPN films.
SIPN-30 exhibits similar cavitation as seen in BPEB-Zn, where the
growth of voids serves to alleviate stress at failure zones. These cavi-
tation events are represented in the tensile curve by the plateau region
that occurs after the sample yields, contributing to the sample’s high
toughness when compared to other SIPN samples. Interestingly, these
cavities are not present in SIPN-50, where the sample again exhibits
microcracking that explains the brittle failure of the sample at relatively
low strains (~47%). SIPN-70 shows some evidence of cavitation events
during deformation, but these voids appear less often than in SIPN-30
and BPEB-Zn samples, which supports the more brittle fracture me-
chanism observed.

To better understand the interactions between the phases in our
SIPNs that dictate the mechanical behavior, atomic force microscopy
(AFM) and SEM were utilized to probe the phase separation occurring
within the SIPN systems (Figs. 4, S3). As expected, increasing the BPEB-
Zn content in the system increases the phase size, eventually resulting
in a phase inversion in SIPN-70, where BPEB-Zn and PEG form a co-
continuous network. Interestingly, there is no co-continuous mor-
phology accessed at a 50/50 ratio of PEG/BPEB-Zn, which might be
expected when the network constituents are present in equal amounts.
Instead, BPEB-Zn is present in dispersed droplets. Inspecting extracted
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PETMP, DMPA, 365 nm UV

Fig. 1. (A) Synthesis scheme of BPEB-Zn and SIPNs. Here, the blue lines and green nodes represent the PEGDMA chains and PETMP crosslink junctions, respectively.
(B) Photograph of SIPN-70 film. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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SIPN-50 412+ 015 46.5x5.10 1.37%0.06 0.38% 0.06
SIPN-70 7.73%0.97 46.8% 2.58 1.80%0.19 0.60%0.07

Fig. 2. Tensile behavior of the SIPN systems and controls. The table summarizes Young's modulus (E,), strain-at-break (e},), maximum stress (0,,), and toughness

values.

SEM images initially shows evidence of rather large droplet formations,
but the AFM results point to what appears to be smaller, irregular
droplets. This morphological analysis suggests that a co-continuous
morphology may have formed initially, but the tightly crosslinked
covalent network drove break-up into droplets to minimize interactions
between the incompatible networks [35]. However, the breakup of co-
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continuous phases would leave areas rich and poor in supramolecular
polymer. Upon extraction with chloroform, the removal of BPEB-Zn
from the areas rich in supramolecular polymer could cause the re-
maining PEG to contract. This hypothesis is supported in part by the
porous structure of the extracted regions (Fig. S4), indicating smaller
droplet formations being removed from the material during extraction.
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SIPN-70

Fig. 3. SEM images of fractured SIPN, BPEB-Zn, and PEG samples highlighting the presence of cavitational voids (BPEB-Zn, SIPN-30, SIPN-70) and microcracks (PEG,

SIPN-50) upon sample failure.

These results agree well with data derived from tensile testing, wherein
a primarily linear deformation is observed in the SIPN-50 sample, al-
luding to the covalently crosslinked PEG phase dominating the de-
formation of the sample due to it forming the continuous network. The
co-continuity accessed by SIPN-70 is also likely driven by the tightly
crosslinked network; while present in smaller amounts than the BPEB-
Zn, the high crosslinking efficiency driven by the use of thiol-radical
“click” addition allows for the crosslinked PEG to still span the network.
This behavior is well supported by the tensile data since the SIPN-70
curve shows a blend of both PEG brittle deformation and a discrete
yield directly before failure occurs. The small droplets in SIPN-30 are
reminiscent of droplet dispersions that are present in rubber-toughened
polymer blends, where the droplets act as energy absorption and dis-
sipation centers, serving to prevent catastrophic failure and crack
propagation [30,32,34]. It is proposed that the BPEB-Zn droplet phase
in SIPN-30 plays a similar role in toughening the brittle PEG continuous
phase. However, while SIPN-50 shows the same droplet morphology, it
lacks the plastic yielding of SIPN-30. This behavior could be partially
explained by the droplet size and distribution. The droplets formed by
SIPN-30 are smaller and distributed more evenly, driving more local
deformation of the supramolecular phase and more energy dissipation
events, a behavior noted in some rubber-toughened polymer blends
[31,33,36].

To understand how the crosslinking of the PEG matrix impacts the

organization of supramolecular motifs in the SIPNs, SAXS was utilized
to determine if confinement of the BPEB-Zn by a crosslinked network
shifts BPEB-Zn assembly. The 1-dimensional (1D) scattering patterns of
the SIPN films show that the BPEB-ZN forms microphase-separated la-
mellar morphologies in which the metal-ligand complexes form a ‘hard
phase’ that physically crosslinks the poly(ethylene-co-butylene) ‘soft’
domains (Fig. 5) [11]. The SAXS data highlights ordered, lamellar dif-
fraction patterns with a strong Bragg diffraction maximum at integer
multiples of the primary diffraction peak (2q*, 3q*, and above). The
long-range ordering of the SIPN-X materials increases as the weight
percentage of BPEB-Zn in the SIPN is increased (9.15 for SIPN-30 to
9.84 nm for SIPN-70), consistent with local confinement of metal-ligand
coordination interactions caused by the presence of covalent crosslinks
in the SIPN films with less BPEB-Zn. However, SIPN-70 displayed ex-
tensive peak broadening when compared to other samples, indicating a
disruption of the local ordering of the metal-ligand coordination as-
semblies caused by the presence of the PEG domains. This disruption is
explained in part by the co-continuous morphology that is accessed at
this weight ratio of the two phases. The reduced interfacial curvature
and, therefore, forced interactions that occur between the two phases
allow PEG to play a larger role in impacting the local ordering that is
present in the BPEB-Zn phase. This behavior further supports the re-
duction in strain-at-break in the SIPN-70 sample during deformation,
where the disruption of the metal-ligand coordination by the PEG

Fig. 4. AFM phase micrographs of SIPN samples SIPN-30 and SIPN-50 show dispersed droplets with distribution and size dictated by the ratio of BEPB-Zn present and
the crosslink density of the PEG phase. SIPN-70 displays a co-continuous morphology.
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SIPN-50 0.068 0.068 9.26 0.007
SIPN-70 0.065 0.064 9.84 0.019

Fig. 5. SAXS of SIPN and BPEB-Zn samples (top) and a table displaying q*, lamellar period, and peak width data (bottom).

network likely prevents effective energy dissipation prior to failure.

3.3. Gradient formation in SIPN films

Polychaete worms derive the strength in their jaws from gradient
metal-ligand interactions, resulting in a mandible with a remarkable
ability to absorb and dissipate energy by exhibiting a hard, energy
absorptive phase at the tip of the jaw and an energy dissipating, soft
material near the jaw’s base [1,2]. In an effort to mimic the gradient
structures present in these worm jaws, the end of SIPN films were ex-
posed to a competitive TMEDA ligand for 60s and gradients were
programmed into the films through capillary action (the setup for in-
corporating gradients is pictured in Fig. S6). The gradients were vi-
sualized by XPS and SAXS, wherein the amount of Zn>* present in
different areas of the film demonstrates the ability for generation of
gradients in these through the presence of a competitive ligand.

It is apparent from the normalized peak curves derived from XPS
(Fig. 6) that the gradient behavior in each film shifts between SIPN
samples. In SIPN-30, a minimum in Zn>" is seen before a maximum is
reached by the 5th position (3000 um from the film’s edge) after a
gradual increase in Zn?* concentration. The decrease in Zn>" further
down the length of the film could be caused by concentration of the
Zn2" at the TMEDA solvent front, where the droplet-in-matrix mor-
phology of SIPN-30 traps the localized Zn?" after removal of the
TMEDA. SIPN-70 shows a similar behavior to SIPN-30, however, the
initial minimum in Zn?* is extended, a behavior that can be attributed
to the continuous BPEB-Zn phase. In this case, the diffusion of Zn?" is
not hindered by confinement to droplets. Contrastingly, SIPN-50 shows
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Fig. 6. Normalized peak area of the Zn?>* peak as derived from XPS. Each
position denotes a 600 pum step size down the length of the film.

a more gradual increase in Zn>* down the length of the film. The re-
latively slow increase in Zn>* shown in this sample may be caused by
both the isolated droplets and fluctuation in BPEB-Zn that occurs
through the material after collapse of the co-continuous network during
crosslinking of the PEG. With a larger interparticle distance between
these droplets, movement of the Zn?>" may be hindered during TMEDA
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Fig. 7. SAXS data showing structural evolution of SIPNs upon exposure to TMEDA where that curves at 1 mm refer to the measurement taken nearest the end exposed

to TMEDA.

travel.

To understand how the assembly of the BIP groups shifts during the
application of the chemical gradient, SAXS measurements were taken
down the length of the gradient films (Fig. 7). The derived data com-
plements the XPS normalized peak area curves. In SIPN-30, the initial
position displays a decrease in peak intensity and peak broadening,
indicating a more disordered assembly that is reminiscent of the un-
coordinated BPEB scattering peaks (Fig. S7); this disorder is also ac-
companied by a higher q" value of 0.072 A~ (Table S2). Further from
the exposed end of the film, the curves match those of neat SIPN-30 and
the q value decreases to 0.068 A™1, where it stays relatively constant
continuing down the length of the film. Furthermore, the peaks become
narrower, indicating a more ordered structure that is synonymous with
the presence of Zn?" driving the assembly of coordinated structures.
Conversely, SIPN-50 shows only a slight shift to higher q* values
(0.070 A~ 1) near the TMEDA-exposed film end, which is consistent
with the XPS data where there is a more gradual change in Zn** con-
centration down the length of the film. In SIPN-70, the initial SAXS data
near the exposed end of the film shows no appearance of scattering
peaks. This behavior indicates a complete removal of BPEB. Since the
BPEB-Zn acts as a continuous phase in these materials, the presence of
TMEDA could have dissolved and extracted the BPEB-Zn in this area of
the film. Moving down the film, the q* value remains consistent at
0.66 A™!, but the peaks become narrower indicating an increase in
local ordering.

To demonstrate how these changes in local structure in the SIPN
films could change mechanics, the SIPN-70 gradient sample was sub-
jected to nanoindentation (Fig. 8A). However, due to the surface
roughness in these films, it was difficult to obtain multiple data points
in every area of the film to consistently track changes in local modulus.
For this reason, the obtained nanoindentation data is used more to
showecase the trend of elastic modulus down the length of the film. The
values obtained for local elastic modulus are also higher than expected
when compared to bulk Young’s modulus values; however, this trend
can be explained by the use of the Berkovich tip for indenting, which
has been shown to give higher values of elastic modulus when small
indents are made [37]. Gratifyingly, the measured modulus at areas
nearest the exposed end of the SIPN-70 film is significantly lower than
the modulus measured for the SIPN-70 control (60 + 11 MPa). This
value increases as the indents are made further from the exposed film
end, eventually showing close agreement with the measured local
modulus of the neat SIPN-70 film, and indicating that the removal of
Zn?* influences changes in mechanical behavior. Due to the low mo-
lecular weight of the BPEB polymer, once the coordinating metal center

is removed the oligomeric chains are unable to contribute greatly to the
mechanical response of the sample.

The changes in local modulus were then compared to changes in the
fracture behavior of the film. As stated above, the neat SIPN-70 films
show evidence of cavitation events during defromation. SIPN-70 gra-
dient samples were subjected to tensile testing and their fractured ends
were observe to track how the change local structure may influence
changes in energy dissipation (Fig. 8B, 8C). Interestingly, the bulk
mechanical properties of the gradient SIPN-70 sample do not differ
greatly from the neat SIPN-70 samples; however, slight reductions in
strain-at-break and toughness are apparent (Table S4). Inspection of the
fracture end shows evidence of microcracking as the primary pathway
for energy dissipation, indicating that the brittle covalent PEG network
is responsible for absorbing and dissipating the applied energy
(Fig. 8B). Moving approximately 1 mm away from the fractured end of
the film (~3 mm from the end of film prior to fracture), cavitational
voids are observed on the film’s surface (Fig. 8C). This voiding indicates
that the supramolecular polymer is contributing to the energy dissipa-
tion events in this area of the film due to a higher concentration of Zn®*
than what is present near the fractured area of the film. This observed
behavior is in good agreement with nanoindentation, SAXS, and XPS
results that point to an increased concentration of Zn®>* metal centers
3 mm from the TMEDA-exposed end of the film.

3.4. Conclusions

Here, SIPNs were explored as a platform for generating materials
with tunable mechanics dictated by their morphology and the local
assembly of supramolecular motifs. SIPN-30 displayed the highest
toughness of the SIPN samples. This behavior was attributed to the
small droplets dispersed in the PEG matrix, shifting the deformation
behavior to mimic that of a rubber-reinforced plastic material.
Furthermore, this mechanical shift was supported by cavitation of SIPN-
30 during deformation, as opposed to the formation of microcracks as
viewed in SIPN-50. In an effort to mimic the gradient of metal-ligand
coordination crosslinks exhibited by polychaete worms, a competitive
ligand (TMEDA) was introduced into the SIPN films via capillary action
to encourage the formation of Zn?>* gradients down the length of the
film. The formation of the gradients was shown to be a function of the
SIPN morphology. In SIPN-30 and SIPN-70, dramatic increases in Zn>*
occurred near the TMEDA-exposed end of the film, likely caused by the
close distribution of droplets in the SIPN-30 system and continuous
BPEB-Zn phase in SIPN-70. However, SAXS data indicated that there
was removal of BPEB-Zn near the TMEDA-exposed end in SIPN-70 due
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Fig. 8. (A) Nanoindentation data of SIPN-70 showing the change in measured modulus down the length of the film. (B) SEM image of the SIPN-70 gradient sample
fracture edge after tensile testing to failure. (C) Evidence of cavitation events in the SIPN-70 gradient sample approximately 3 mm from the TMEDA-exposed end of

the film.

in part to the co-continuous morpholgy exhibited in that sample. SIPN-
50 showed a gradual increase in Zn?" content down the length of the
film; this behavior can be partially explained by the distribution of large
droplets of BPEB-Zn in the PEG matrix resulting in a slower diffusion of
Zn?" up the length of the film. Furthermore, how changes in local
structure impacted local mechanics was explored. Nanoindentation
data indicated a trend of increasing modulus down the length of the
gradient film in good agreement with the changes in structure noted in
XPS and SAXS. This change in local stiffness was further supported by
SEM fractography images, wherein microcracking dominated the en-
ergy dissipation pathway near the fracture end. This work showcased
the ability to tune mechanics and stimuli-responsive behavior in a series
of metal-ligand SIPN systems. The ability to control the localization of
supramolecular interactions shows potential in the development of
smart materials, including in the fields of biomaterials and sensing.
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