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ABSTRACT: Dynamic metal-coordinate cross-links impart smart
and superior physicochemical properties in their deployments in
many biological and artificial metallopolymer networks in various
stages of solidification via dehydration. Nonetheless, a quantitative
model that describes to what extent the dynamic behaviors of
metal-coordinate bond transition from the hydrated to the
dehydrated state is missing. In previous work, we have shown
that local water binding helps metal-coordinate bonds to maintain
their dynamic properties during bulk network dehydration, thereby
offering mechanical damping properties to the network deep into
the dehydrated solid state. Using mussel-inspired hydrogels with
chemically tuned fractions of metal-coordinate cross-links, here, we
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reveal the direct scaling relationship between the macroscopic relaxation time of the dehydrated network and the amount of
microscopic water bound by metal-coordinate cross-links. This quantitative relationship between dehydrated metal-coordinate
network mechanics and metal-coordinate cross-link dynamics may help us better understand and emulate the sustainable process of
solidification via spatiotemporally controlled dehydration of load-bearing materials on wide display in nature.

Many biological macromolecular organic—inorganic
materials exhibit inspiring mechanochemical properties,
thanks to the strong, reversible bonds present in dynamic
supramolecular assemblies such as metal-coordinate bonds.' ™
Found in various marine biological materials including marine
worm jaws”'°™"* and mussel holdfast fibers,"*'*™>> metal-
coordinate cross-links possess unique properties responsible
for the mechanochemical behaviors displayed by these
materials: (i) metal-coordinate bond strength can approach
that of covalent bonds (based on single-molecule force
spectroscopy measurements”*); (i) metal-coordinate bonds
are kinetically labile; thus, they can dynamically break and
reform to dissipate energy and recover structural damage from
external shocks; and**®*’ (iii) metal-coordinate cross-linking
can be triggered by external stimuli such as pH changes,
offering material stimuli-responsiveness.”® Mussels, in partic-
ular, take advantage of several of these traits of metal-
coordinate cross-linking in the robust tethering holdfast of
their byssal threads."” Each of these proteinaceous holdfast
fibers is composed of an inner core and an outer cuticle. The
collagen proteins in the core are partially cross-linked via
histidine side groups coordinating with ions of transition
metals like Cu and Zn,'®'” while the catecholic proteins of the
cuticle are partially cross-linked by coordination complexes
with ions of transition metals including Fe and V (Figure
1)."%7?" Substantial evidence suggests that the metal-
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coordinate cross-links in mussel byssal threads and their
biomimetic derivatives enable enhanced mechanical energy
dissipation during dynamic loading in hydrated condi-
tions.'®"*' However, mussel byssal threads experience
dramatic changes in hydration levels in their natural intertidal
habitat,”®™*° and our understanding of the extent to which
metal-coordinate cross-links retain their dynamic behavior
during bulk material solidification via dehydration is very
limited.”’ More generally, elucidating the role of water in
controlling any dynamic bond behaviors in aqueous networks
transitioning from fully solvated swollen states to desolvated
condensed states may lead to a universal understanding of the
critical steps during solidification via dehydration of both
natural and synthetic macromolecular networks highly relevant
for new sustainable material processing strategies.

In a previous study of the dehydration effects on mussel-
inspired metal-coordinate hydrogels, evidence suggested that
Fe—catechol coordinate bonds retain their mechanical energy-
dissipative properties after gel dehydration through local water
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Figure 1. (a) Bioinspired catechol cross-linking path to form a hybrid gel network cross-linked by both dynamic metal-coordinate bonds and
permanent covalent bonds. Fe®" are known to initially oxidize catechols to induce covalent cross-linking; thus, increased [Fe**] indicates the higher
fractions of covalent bonds within the network. (b) Compared histidine cross-linking path where only the metal-coordinate cross-linking takes
place for network formation. Note that the depictions in both (a) and (b) are conceptual and not meant to describe the detailed chemical structure
of the final network. (c) Viscoelastic response of hydrogels formed with different [Fe]/[catechol] ratios (1:3, black; 3:3, red; 6:3, gray) and [Ni]/
[histidine] of 1:2 as a covalent-free counterpart (purple) at pH 10 to oscillatory shear at 1% strain at 25 °C. (d) Loss factor (tan § = G”/G’) of the
same data in (c). (e) Comparison of relaxation times () for hydrated (H) and dehydrated (D) samples of each condition. The metal-free systems
of catechol and histidine polymer networks were used as controls without cross-links. 7 was obtained by fitting Kohlrausch’s stretched—exponential
relaxation model (eq 1) to stress-relaxation curves shown in Figure S1.
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Figure 2. (a) Water loss (wt %, eq 4 in the Experimental Methods section) of each sample from TGA measurements (Figure S2). The
coordination-present samples (colored bars, left) exhibit lower water mass loss than the coordination-absent samples (blank bars, right). (b)
Amount of water retained after dehydration by its weight fraction (left axis) and the number of water molecules (right axis). The retained water
fraction (Af, wt %, colored bars, left y-axis) was calculated by subtracting the final water loss of the coordination-present sample from that of the
coordination-absent counterpart (eq S in the Experimental Methods section). The number of H,O bound by metal coordination (1,0, g#mol,

outlined bars, right y-axis) was derived by multiplying the above Af by the original mass of the hydrogel divided by the molecular weight of water
(eq 6 in the Experimental Methods section). The temperature was increased from 23 to 140 °C with a rate of S °C/min (i.e., total 23.4 min ramp
time) in air. (c) Raman spectra of the systems with Fe/catechol ratios of 1:3, 3:3, and 6:3 dehydrated at 20 °C over 48 h in 16% R.H. The spectra
have been normalized in reference to the strongest peak at 1480 cm™". Detailed peak assignments are listed in Table S1.

binding.*” Nevertheless, the quantitative correlations between
the dehydrated network dynamics, the density of metal-
coordinate cross-links, and the amount of bound water in the
network were not elucidated. Moreover, other than studies of
Fe—catechol bonding, little work has been done to investigate
whether metal—ligand complexation more broadly displays
water binding capabilities. Therefore, here we attempted to
elucidate the quantitative relationship between the evolving
time scale of network stress-relaxation and the amount of water
retained by two different metal-coordinate cross-links during
network dehydration: Fe—catechol and Ni—histidine coordi-
nation complexes. We found that the stress-relaxation time
scale and the amount of bound water of dehydrated networks
were both determined by the concentration of metal-
coordinate complexes via a quantitative relationship that
follows a negative-exponential scaling. These new findings
help us advance our understanding of the role of the water-
binding capability of metal-coordinate bonds in controlling the
viscoelastic properties of macromolecular networks undergoing
solidification via dehydration, knowledge which could turn out
to be critical to the future success of sustainable material
processing platforms.

We used four-arm PEG modified with either catechol
(4cPEG) or histidine (4hPEG) to form polymer hydrogels
cross-linked via metal coordination with Fe3* or Ni**,
respectively, as the platforms for our study. In the Fe—catechol
system, we can control the amount of metal-coordinate cross-
links relative to permanent covalent cross-links within the
network by simply adjusting the Fe** concentration (Figure
1a). On the other hand, the Ni—histidine system contains only
metal-coordinate cross-links, thus behaving as a purely
transient network (Figure 1b).”*** In the Fe—catechol
networks, it is known that Fe®*" ions form tris-Fe—catechol
coordination complexes at basic pH (>8.5), while the excess
Fe’" ions are also known to oxidize catechols to induce
covalent dicatechol cross-linking under the initiallﬁy acidic pH
before the pH jump for Fe coordination.”° Thus, by
adjusting the concentration of Fe** mixed with 4cPEG (e.g,,
[Fe]/[catechol] = 1:3, 3:3, 6:3), we can control the fractions of
permanent covalent and dynamic metal-coordinate cross-links

in the resulting covalent/metal-coordinate hybrid networks
(Figure 1a). To our satisfaction, the hydrogel formed with the
1:3 mixing ratio, assumed to stoichiometrically form cross-links
of mostly tris-Fe—catechol coordination, exhibited the most
fluidlike behavior. The 1:3 hydrogel showed the fastest
network relaxation demonstrated by the dynamic oscillation
frequency of ~5 rad/s at which fluidlike behaviors
(represented by loss modulus G”) take over solidlike behaviors
(represented by storage modulus G’) of the network (Figure
1c). In contrast, the hydrogels formed with 3:3 and 6:3 mixing
ratios show increasingly solidlike behavior as shown by the G’
> G” and less frequency-dependent G’ trends in the measured
frequency region. The control over the network dynamics by
the Fe—catechol cross-linking chemistry can be further
supported by the loss factor (tand = G"/G’) (Figure 1d).
The liquidlike, energy-dissipative behavior shown by the high
tan 0 of the 1:3 network is in sharp contrast with the low tan &
of the 3:3 and 6:3 hydrogels, indicating the solidlike, energy-
storing behavior. Consistent with these comparisons, the bis-
Ni—histidine-coordinate cross-linked hydrogels with only
metal-coordinate cross-links show even faster relaxation
(Figure 1c) and a higher loss factor (Figure 1d) than 1:3
hydrogels at the same tested pH 10. These observations
confirm the dynamic nature of metal-coordinate cross-links in
contrast to the permanent covalent cross-links and tunable
viscoelasticity of the hydrogels, as demonstrated previously by
Barret et al.>® Thus, these metal-coordinate networks serve as a
good controllable platform for testing the dehydration effects
on the dynamic behaviors transitioned from their wet hydrogel
state to the dehydrated xerogel state.

To examine whether the dynamic nature of the metal-
coordinate cross-links persists upon dehydration, we charac-
terized the changes in viscoelastic properties upon dehydration
(Figures le and S1). To evaluate the macroscopic dynamic
behavior of the network quantitatively, we analyzed the
relaxation time (z) (Figure le) from the stress-relaxation
profiles of hydrated (Figure Sla,e, denoted H) and dehydrated
gels (Figure S1d,h, denoted D). As the relaxation curves of
many viscoelastic polymer materials follow Kohlrausch’s
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Figure 3. Proposed schematics on the dynamic behavior of the dehydrated Fe—catechol networks of the different ratios between the metal-
coordinate bonds to covalent bonds within the cross-linked network. Given that a single metal-coordinate complex binds water molecules to form
multiple hydration layers, the metal-coordination-dominant network contains more metal-coordinate complexes with hydration shells within the
system. We infer that these hydration shells serve as a local medium facilitating the metal-coordinate complex to exhibit their dynamic bonding and
debonding activities. Thus, the dynamic behavior of a network will become prominent as the total number of the complex with hydration shells
(”comp]ex) in the system increases. Then, the total number of cases that coordination center metals bond or debond with ligands in a network (ITtot)

can be quantified by multiplying all (11;q1e,)
Hpx--xIL,,

Itot = I (right); if there are two, ITtot = I1* (middle); if four, [Ttot = I1* (left). Therefore, the dynamic bonding activities within a defined
timeframe (i.e., the rate of the dynamic behaviors) in the network would be proportional to ITtot. This concept model can explain the dynamic

individual sets of the number of cases for dynamic bonding activities in each complex (IT;) as IT; X

= 1" where Vi, 1 < IT; = IT for the same type of metal—ligand complex. For instance, if there is only one complex in a network,

behavior associated with water retention in a dehydrated network where metal-coordinate bonds are present.

stretched—exponential relaxation model, the 7 could be derived
byeq1

G(t) = Goexp[—g] ,0<a<1 W

where G, is a plateau modulus, @ is the fitting parameter
dictated by the physical constraints of each system, and 7 is the
characteristic relaxation time.””’~*” Surprisingly, the 7 values of
not only the hydrated but also the dehydrated states of
networks were shorter (i.e, more dynamic) as the metal-
coordinate cross-links become dominant in the network (i.e.,
7(1:3) < 7(3:3) < 7(6:3)). This confirms that the 1:3 system is
indeed the most dynamic Fe—catechol network in the
dehydrated state (Figure S1d) as well as in the wet state
(Figure Sla). The Ni—histidine network with only metal-
coordinate bonds also showed shorter 7 values in both
hydrated and dehydrated states than all other networks
containing covalent bonds. Importantly, the relaxation times
of both coordination-dominant networks (i.e., 1:3, Ni—His)
after dehydration are around 100 and 1000 times shorter than
those of their corresponding metal-free (blank) counterparts
with no cross-links. These results corroborate that the metal-
coordinate bonds after dehydration ended up more dynamic
than any other inter-/intramolecular interactions between the
uncross-linked polymer strands under dehydration-induced
solidification.

To investigate the relationship between the network-bound
water and the metal-coordinate cross-links, we sought to
directly compare the water loss and the water loss rate with or
without the presence of metal-coordinate bonds in the polymer
networks. We, therefore, conducted thermogravimetric analysis
(TGA) on the metal-coordinating catechol (Figures 2 and
S2a—c) and histidine (Figures 2 and S2d) systems in
comparison with ligand-free control systems with otherwise

identical compositions. Note that the coordination-free PEG
systems did not retain water after dehydration by ambient
drying or thermal increment in TGA.”> All coordination-
present systems clearly showed less and slower water loss than
the coordination-absent systems (Figures 2a and S2a—d).
Especially, the Fe—catechol coordination-present systems
displayed a trend of less water loss with lower [Fe®*] (Figure
2a). In addition, all of the coordination-present systems
exhibited a similar maximum mass loss rate (~1.8%/°C) and
kept losing mass until ~110 °C to reach their equilibrium
(Figure S3). These results are interesting since they appear to
contradict a common notion of colligative properties.
Typically, more solutes present in a hydrogel should decrease
its relative water loss (i.e, (m; — my)/m, where m; and my
indicate the initial wet mass and dry mass, respectively) due to
the mass conservation of nonvolatile solute particles (i.e.,
higher my) and slow down the water loss rate by suppressing
vaporization at the water—air interface (i.e., Raoult’s law). This
common view indeed applies well to the coordination-absent
systems, which behaved like a classic general solution where
the sample with the least amount of solutes (i.e., 1:3) showed
the greatest water loss (Figure 2a), the fastest water loss rate
(~2.4%/°C), and the lowest equilibrium temperature (~90
°C) (Figure S4). Like Fe—catechol coordination-present
system, the decrease in the mass loss rate against temperature
increment was also found in the Ni—histidine coordination-
present system (Figures S2d and SS). These observations
thereby support our hypothesis that the amount of bound
water in the coordination-present networks is predominantly
controlled by the fraction of metal-coordinate cross-links,
overwhelming the colligative properties.

To quantify the amount of water conserved by metal
coordination against dehydration, we derived the number of
water molecules (ny,0) from the difference in the water loss
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between the coordination-absent and coordination-present
systems (Af) (Figure 2b, eqs 4—6 in the Experimental
Methods section). The ascending order of water retention
(Af, nyy,0) among the Fe—catechol systems is consistent with

the ascending order of the fraction of metal-coordinate cross-
links. The retained water in Fe—catechol coordination systems
could be also evidenced by Raman spectroscopy (Figure 2c),
where all samples exhibited the characteristic vibration bands
reported previously for Fe—catechol coordinations (Table
S1).>*” Here, the band at ~320 cm™" attributed to the Fe—
H,O interactions®”**~** showed the different intensities
among the three samples: strong for 1:3, medium for 3:3,
and weak for 6:3. This trend agrees well with the comparative
water retention calculated in Figure 2b. Note that the
noncoordinated Fe** did not have a distinguishable influence
on this signal.>> Moreover, "H NMR spectroscopy proved the
existence of mobile H,O molecules responsive to the magnetic
field”~* in the 1:3 system (Figure $6) with the most retained
water (Figure 2b). These spectroscopic results further support
the water retention trends we observed using mass measure-
ments (Figures 2a,b, S2, and S3).

Based on these results, we tried to establish a base
mechanism model to quantitatively address the correlation
between the metal-coordinate cross-links and the water
retention of the networks after dehydration (Figures 1 and
2). We observed that the metal-coordination-rich network
stays dynamic and binds water in contrast to the metal-
coordination-free uncross-linked counterpart that retains little
water and hardly behaves dynamically after dehydration
(Figures le and 2).** Hence, it is reasonable to consider that
the network-bound water remains close to the metal-
coordinate cross-linking sites rather than elsewhere in the
polymer backbone. Thus, while we note that the metal-
coordinate bonds can still be dynamic without observed
water,”*”** we infer this locally “wet” condition of metal-cross-
linking sites can facilitate the dynamic behaviors beyond those
expected in the perfectly water-deplete state (Figure S7) since
the dynamic exchange of metal-coordinate cross-links can be
assisted by solvents.”” Therefore, we postulated that a defined
number of water molecules are bound to each metal-
coordinate complex keeping the metal-coordinate bonds
locally wet and facilitating their dynamic behavior after
dehydration (Figure 3, Figures S7). We previously viewed
that each metal-coordinate complex is surrounded by multiple
hydration layers like other water-binding macromole-
cules.”***! Our calculated number of bound water molecules
(Figure 2b) is consistent with such interpretations. Using the
1:3 Fe—catechol system as a reference, we regarded that every
Fe*" (0.3 ymol) here forms a tris-coordination complex with
catechols (0.3 umol). Then, 84.26 umol retained H,O

molecules (ny,0, Figure 2b) here must be bound to the

coordination complexes, forming multiple hydration layers
since a single coordination complex cannot accommodate 280
water molecules within the first octahedral coordination shell
(i.e., the binding capacity of 8 water molecules). This rationale
for the existence of multiple hydration layers surrounding the
coordination complex applies also to our other systems (Table
S2 for details). We propose that these hydration shells function
as the local medium, wherein the coordination bonds can be
facilitated to be mobile enough after dehydration to bond and
debond possibly through dynamic exchange between the
metals or ligands and surrounding water molecules, as seen

from our stress-relaxation data (Figure S1). We infer that these
water molecules can exchange bonding between the catechols
and metals within the first hydration layer. The coordination-
absent systems, without either metal ions or ligands, do not
provide these hydration shells after dehydration.”> Thereby,
the dehydrated coordination-free polymer chains face the
physical penalties for their movement and exhibit a behavior
close to a covalent-dominant network, even though they are
not chemically cross-linked (Figures le, S1d,h, and S8).

To rationalize our hypothesis that the water is bound to each
metal-coordinate complex to maintain the metal-coordinate
bond dynamics, we attempted to find a direct quantitative
correlation between the number of retained water molecules
and the dynamic behavior of dehydrated metal-coordinate
networks. Our suggested water-binding metal-coordinate cross-
link dynamics can be demonstrated through the following
rationales: (i) as we proposed, the metal ion can still bond and
debond with different ligands with equal probabilities within a
coordination complex that forms hydration shells persisting
after dehydration. (ii) Coordination complexes of the same
type of metal—ligand pair have equal capabilities of binding
water to form hydration layers, possibly via the metal ion
coordinating partly with water molecules within the coordina-
tion sphere (Figure $7).°***™* In other words, nyo is
proportional to the number of coordination complexes (i.e.,
Meomplex X MH,00 Meomplex < ni,0) and ny o bound per complex

(11,0 =M11,0/Mcomplex)  Stays constant for the same type of

metal—ligand coordination complex (e.g.ny,o values of Fe—

catechol complexes are the same in all 1:3, 3:3, and 6:3
systems, see Table S2 for details). (iii) The rate of dynamic
behaviors of the network is inversely proportional to the
network relaxation time 7. We use the relaxation frequency
(i.e., reciprocal relaxation time, v = 1/7) as the indicator of the
dynamic behavior rates. (iv) Finally, this v will be increased by
the increase in the total number of cases (ITtot) of different
coordination centers (i.e., coordinating metal ions) interacting
with available ligands in the network. Here, we define the
possible number of cases that one coordination center bonds
or de-bonds the ligands within a single individual complex as
IT; (IT; > 1, the value is specific to the type of metal—ligand
complex and is not meant to determine the actual number of
cases of microscopic metal—ligand bonding activities). Now,
we can deduce that v and IItot should exponentially increase
as the number of coordination complexes surrounded by
hydration shells increases as follows (Figure 3)

1 Meomplex
p=—oTitot= ] I, = [T = g0
T i=1
or T o g "o (2)

where for all i’s, I, = I1 > z > 1 for the same type of metal—
ligand complex. If our suggested model is valid, our
experimental data of 7 (Figure le) and nyo (Figure 2b)

should follow the quantitative relation from eq 2 as follows

ﬁ = i — E”Hzo(b)_”}izo@)
Uy T (3)

where subscripts a and b denote two different individual
systems containing the same type of coordination complexes,
respectively. As displayed in Figure 4, this model fits our
obtained data of Fe—catechol systems with an R* of 98.02%
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Figure 4. Plots displaying Any o (ny,0(b)—npo(a)) vs 7,/7, from
our experimentally obtained data of 7 by eq 1 from Figure le and ny,0
from Figure 2b (black square dots) of the Fe—catechol system and the
electronically fitted curve (red). Subscripts a and b indicate two
different systems: system a and system b. The fitted plot shows the
direct exponential relation (eq 3) between the two parameters
(Any o, 7,/7,) with an R? of 98.02%. More information on the fitting

process is available in Tables S3 and S4 and Figure S9.

(more details are in Tables S3, S4, and Figure S9). In addition,
we further obtained 7 from additional step-strain tests on [Fe]/
[catechol] = 2:3 and 4:3 (i.e, ny o of 1:3 > 2:3 > 3:3 > 4:3 >

6:3 from the trend in Figure 2) and found they also abide by
our established model (Figure S10). These results thereby
support that the number of retained water molecules, without
other variables, directly correlates with the dynamic behavior
represented by 7 of dehydrated networks containing metal-
coordinate cross-links.

Using this model, we can estimate the relaxation time and
the amount of bound water of a dehydrated network
containing Fe—catechol cross-links by specifying either
parameter. Although a detailed single molecular/atomic level
of bonding activity within a coordination complex is yet to be
clarified, we note that our model resembles an Arrhenius-type
equation at a constant temperature that describes a general rate
of bond association/dissociation, which hints at future
investigation toward a better understanding of the dynamic
bond mechanism in a dehydrated network. In addition, it is
known that hydrogen bonds can exist between water and both
catechols and Fe®*,>>>’ thus it is tempting to speculate that
hydrogen bonding may contribute to water binding and water
exchange between the catechols and Fe*, which help dynamic
behaviors of the metal-coordinate bonds. Our findings may
suggest a candidate explanation for dehydration-mediated
biomechanical properties in biological materials, for example,
the steadfast, hyperextensible mussel byssus thread cuticles
containing soft microgranules rich in Fe—catechol coordina-
tion, }g:)reserVing hydration upon exposure between tidal
cycles.” More broadly, our model may be applied to predict
and tailor the hydration-related physicochemical, biochemical,
and electrochemical properties of metal-coordinate materials

including metal-catecholic or -phenolic networks for applica-
tions ranging from catalysis, controlled release, and tissue
engineering to dyes and displays.”* ™" Furthermore, the
dynamic bond behaviors transferred from a soft, wet state to
a hard condensed state may have important implications in
material processing and manufacturing technologies involving
solvent-evaporative fluid-to-solid transition such as adhesion,
mold casting, or additive manufacturing.sx’59

We have presented a quantitative model that rationalizes
metal-coordinate bonds staying dynamic upon dehydration,
assisted by their water-retaining capability, which controls the
dehydrated network dynamics. By chemically controlling the
metal-coordinate cross-linking, we have demonstrated the
tunability of both the relaxation time and bound water of the
network after dehydration. Based on these observations, we
found the scaling relationship between the stress-relaxation
time and the water retention of dehydrated metal-coordinate
networks. This model allows us to quantitatively predict the
mechanochemical properties of dehydrated, seemingly dry
metal-coordinate networks by inspecting their remnant water
content and vice versa. Our findings together imply that simply
tuning the metal coordination in the aqueous state can
program the spatiotemporal mechanical behavior of the
dehydrated metallopolymer network, for instance, to be 100
times more dynamic than the uncross-linked polymer in the
dehydrated solid state. The dehydrated metal-coordinate bond
dynamics investigated here, therefore, may offer insights into
smarter utilization of metal-coordinate bonds toward sustain-
able material processing strategies inspired by biological
metallopolymer solidifications widely displayed in nature.

B EXPERIMENTAL METHODS

Safety Statements. No unexpected or unusually high safety
hazards were encountered during the experimental procedures
described below.

Materials. Four-arm-PEG-NHS (4aPEG-NHS, 10 kDa) and 10
kDa 4-arm-PEG-NH, (4aPEG-NH,) were purchased from JenKem
Technology USA, Inc. Inorganic salts including iron(III) chloride
hexahydrate (FeCly-6H,0), nickel(II) chloride hexahydrate (NiCl,-
6H,0), and sodium hydroxide (NaOH) were purchased from Sigma-
Aldrich unless indicated otherwise. All other organic ingredients were
purchased from Sigma-Aldrich.

Synthesis of 4cPEG. Four-arm-PEG-catechols (4cPEG) were
synthesized following a previously reported process,”** with some
modifications: dopamine hydrochloride (dopa-HCI) (1.5X molar
relative to —NHS) was mixed with 4aPEG-NHS and dissolved in 10
mL of anhydrous N,N-dimethylformamide (DMF) in a Schlenk flask.
Then, the reaction was initiated by adding triethylamine (TEA) (2.5x
molar equivalent relative to —NHS) to substitute —NHS to
—catechols. The flask was protected with N, gas. The reaction was
proceeded in the flask in a 55 °C silicone oil bath for 12 h to produce
4cPEG. After the reaction, the flask was cooled down to room
temperature. Then, the organic phase with the product and the
aqueous phase with the salts were separated by adding 20 mL of
chloroform and 20 mL of water followed by extracting the organic
phase from the mixture. Na,SO, was added to the above organic
solution to remove any remnant water. The organic solvent was
evaporated by a rotary evaporator. Then, the product was purified via
precipitating in diethyl ether, followed by redissolving in S mL of
dichloromethane (DCM). After repeating the above purification steps
three times, the precipitate was dried under a vacuum. The final
purified product (4cPEG) was obtained by freeze-drying.

Synthesis of 4hPEG. Four-arm-PEG-histidine (4hPEG) was
synthesized following the method reported previously.*® In short,
5.0 g of 4aPEG-NH, (10 kDa) was mixed with 1.49 g of Boc-
His(Trt)-OH and 1.33 g of BOP reagent in 15 mL of dichloro-

https://doi.org/10.1021/acs.chemmater.2c01795
Chem. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c01795/suppl_file/cm2c01795_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c01795/suppl_file/cm2c01795_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01795?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01795?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01795?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c01795/suppl_file/cm2c01795_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01795?fig=fig4&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c01795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

methane (DCM) in a Schlenk flask protected with N, gas, as
described before. About 1.07 mL of N,N-diisopropylethylamine
(DIPEA) was then added to start the reaction and proceeded for 2
h. The product was obtained by precipitating in diethyl ether,
followed by purification through dissolving and precipitating in
methanol under —20 °C three times, and then precipitating again in
diethyl ether. The product was vacuum-dried and then went through
the deprotection process for 2 h in the cleavage solution of 95 mL of
trifluoroacetic acid (TFA), 2.5 mL of triisopropylsilane, and 2.5 mL of
water. The solvent was then removed via rotary evaporation. The
product was again purified by redissolving in methanol and
precipitating in diethyl ether. The purification step was repeated
three times, and the final product (4hPEG) was obtained by
lyophilization, as described above for 4cPEG.

Formation of Fe-4cPEG Hydrogels. Fe-4cPEG hydrogels (20
uL) were formed by adding FeCl;-6H,0 to the aqueous 4cPEG (200
mg/mL) solution followed by a pH jump. The hydrogels were formed
in the [Fe**]/[catechol] ratios of 1:3, 3:3, and 6:3; then, the pH was
controlled to ~10 via adding NaOH to form dark red gels. For
convenience, we use the [catechol]/[Fe**] ratio to label the different
Fe-4cPEG samples studied. The final polymer concentration in
hydrogels was 125 mg/mL for all types of Fe-4cPEG hydrogels. The
final concentrations Fe*" were 15 mM for 1:3, SO mM for 3:3, and 100
mM for 6:3. The final concentrations of NaOH in the hydrogels were
100 mM for 1:3, 200 mM for 3:3, and 304 mM for 6:3.

Formation of Ni-4hPEG Hydrogels. Ni-4hPEG hydrogels (20
uL) were formed by adding NiCl,-6H,O to the aqueous 4cPEG (200
mg/mL) solution followed by a pH jump. The hydrogel was formed
in the [Ni**]/[histidine] ratio of 1:2; then, the pH was controlled to
~10 via adding NaOH to form clear gels. The final polymer
concentration in hydrogels was 125 mg/mL. The final concentration
of Ni** was 25 mM, and that of NaOH was 125 mM.

Rheological Measurement. The rheometric measurement was
performed using an Anton Paar MCR 302 rheometer (Anton Paar).
The hydrogels (20 uL) were placed under the 10 mm diameter
parallel plate geometry. The measurement was proceeded at 25 °C
under a solvent trap for blocking evaporation during the operation.
Oscillatory frequency sweeps were performed at a constant 1% strain
and angular frequency ranging from 100 to 0.1 rad/s to obtain the
storage (G’) and loss (G”) moduli and the corresponding loss factor
(tan§ = G"/G'). Stress-relaxation tests were performed under 10%
step-strain (y), and the stress (o) and relaxation modulus (G(t) = ¢/
) were recorded over a time passage of 1000 s. The samples were
dehydrated for 0.25 h (15 min), 2.75 h (2 hr 45 min), 6.75 h (6 hr 45
min), and 17.75 h (17 hr 45 min) at 25 °C and 16% relative humidity
(RH.) and before each test. Note that drying over 17.75 h no longer
resulted in a significant difference in water loss.”

Thermogravimetric Analysis (TGA). Each sample (20 uL) was
analyzed by a TGA Q500 (TA Instruments) to perform dehydration.
The temperature was ramped up from 23 to 140 °C at a rate of 5 °C/
min in air with a gas flow rate of 60.0 mL/min. The water mass loss
(f, i, the mass ratio between the lost water and the initial hydrogel)
(wt %) was calculated by the following equation

m; —m
X 100

m; (4)

where m; is the initial mass of the wet hydrogel and m is the mass of
the gel recorded during the measurement. Derivative thermogravi-
metric analysis (DTG) was conducted using TA Analysis 2000
Software (TA instruments) to obtain the rate of mass loss (%) per
temperature increase (dm/dT, %/°C). Based on this equation, we
calculated the amount of retained water as follows

mass loss (wt %) = f =

retained water (wt %) = Af = f2 - f1 (5)

where f; is the water mass loss (wt %) with metal coordination and f,
is that without metal coordination (i.e., f of the corresponding system
without the metal-coordinating ligand and otherwise identical
compositions) when the respective TGA curve plateaus (Figure

S2). Thus, we can also compute the total number of H,0 molecules
(1,0, pmol) bound by metal coordination in a system as follows

A 1
1,0 (umol) = m‘—f X —— x 10°

100 My, (6)
where m; (g) is the original mass of each hydrogel before dehydration
and My o is the molecular weight of water (18 g/mol).

Raman Spectroscopy. Raman spectroscopy analysis was
performed using a Raman spectrometer—LabRAM Raman confocal
microscope (HORIBA Jobin Yvon) with a 785 nm near-IR laser
excitation. Samples were loaded on a glass substrate, which was placed
on a Mirzhauser stage (Marzhauser Wetzlar). Then, the stage was
positioned under a 10X microscope lens. The laser power was 30
mW. The grating was 600 g/mm. The filter was adjusted to 10%. The
integration time was 2 s with an accumulation of five times. The
samples (20 uL) were dehydrated over 48 h at 20 °C and 16% R.H.
before the measurement. Measurements and data collection were
performed using LabSpec 6 (Horiba Scientific) software.

Nuclear Magnetic Resonance (NMR) Spectroscopy. Solid-
state NMR spectra for the dehydrated gels were measured by a Bruker
400 MHz (9.4 T) spectrometer (Bruker Corp) using 4 mm magic
angle spinning (MAS) probes. 1D 'H direct-polarization (DP) spectra
were measured at 298 K under $ kHz MAS frequency. Each sample
(20 pL) was dehydrated over 48 h at 20 °C and 16% R.H. before
loading on the probes.
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Figure S1

Step-strain (at strain of 10 %) relaxation curves of (a-d) Fe-catechol systems with different
Fe:catechol ratios (1:3 - black circles, 3:3 - red triangles, 6:3 - gray squares) or without metals
(blank - blue diamonds), and (e-h) those of Ni-histidine systems with Ni:His ratio of 1:2 (Ni-
His, purple circles) or without metals (blank — light blue diamonds) after (a, ) 0.25, (b, f) 2.75,
(c, g) 6.75, and (d, h) 17.75 hours of dehydration (R.H. 16 %, 25 °C). G(t) is normalized by Gi
(the initial modulus) at 0.1 sec when the strain stabilized at the set value. For convenience, we
labeled the system after 0.25 hrs as H (hydrated) and that after 17.75 hours as D (dehydrated)
in Figure le. The metal-coordination-dominant network (1:3) visibly shows the fastest
relaxation throughout the total 17.75 hours of dehydration (Figure Sla-d) among the Fe-
catechol networks. It is notable that after dehydrating for 6.75 hours, the Fe-coordinate gels
showed faster relaxation than the metal-free (blank) 4cPEG solution (Figure S1c) which was
liquid at 0.25 hours (Figure S1a), and the fastest-relaxing catechol system until the 2.75 hours
of dehydration (Figure S1b). These observations indicate that the metal-coordination bonds
stayed dynamic even after long dehydration of ~18 hours, whereas such dehydration has
induced a significant physical interaction between the polymer chains, making the blank system
behave close to a covalent-dominant network. Similar phenomena were also observed in Ni-
histidine networks (Figure S1e-h). The metal-free (blank) 4hPEG, like the blank 4cPEG system
was unable to show the viscoelastic stress-relaxation at 0.25 hours of dehydration as a liquid
state (Figure Sle). After 6.75 hours of dehydration, the Ni-histidine gel clearly displayed faster
stress-relaxation than the blank 4hPEG (Figure S1g, S1h). These trends of the Ni-histidine
system agree well with the metal-coordination-dominant 1:3 system.
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Figure S2

(a-d) Thermogravimetric analysis (TGA, upper row) and derivative thermogravimetric analysis
(DTG, lower row) on Fe-catechol system with Fe:catechol ratios of (a) 1:3 (solid black), (b)
3:3 (solid red), (c) 6:3 (solid gray) and (d) on Ni-his system (Ni:histidine=1:2, solid purple).
For comparison, identical tests were performed on coordination-absent samples of each
corresponding composition of metal ions and polymer without the metal-coordinating ligands
(i.e., catechols or histidines) (dotted).
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Figure S3

Comparison of Fe-catechol-coordination-present systems (with catechol ligands) with
Fe:catechol = 1:3 (black), 3:3 (red), and 6:3 (gray) upon thermal increment in TGA. (a) The
TGA profile from 20 to 120 °C and (b) that in the focused region of temperature ranging from
40 to 80 °C and mass loss ranging from 20 to 70 wt % for better visual comparison. (¢) DTG
profile from 40 to 110 °C and (d) that in the more focused range from 80 to 110 °C where mass
loss rates of all samples reach ~ 0. Note that the 1:3 (the most coordination-dominant network)
shows the lowest water loss as seen in (a). Although the 1:3 tends to show earlier mass loss
upon heating (b, c) as expected for the lowest amount of solutes, the maximum mass loss rate
(c, ~ 1.9 %/°C) and the temperature at maximum dehydration (d, ~ 110 °C) are similar to the
samples with more solutes (i.e., 3:3 and 6:3).
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Figure S4

Comparison of Fe-catechol-coordination-absent systems (without catechol ligands) with
Fe:catechol = 1:3 (dash-dotted black), 3:3 (dashed red), and 6:3 (dotted gray) upon thermal
increment in TGA. (a) The TGA profile from 20 to 120 °C and (b) that in the focused region of
temperature ranging from 40 to 80 °C and mass loss ranging from 20 to 70 wt % for better
visual comparison. (¢) The DTG profile from 40 to 110 °C and (d) in the more focused range
from 80 to 110 °C where mass loss rates of all samples reach ~0. In contrast to the Fe-catechol-
present systems, the 1:3 shows the highest (a) and the earliest (b, c) water loss upon heating,
the fastest maximum water loss rate (c, ~2.4 %/°C), and the lowest temperature for reaching

the maximum dehydration (d, ~ 90 °C) as normally expected for a general solution with the
least amount of solutes.
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Figure S5

DTG profiles of Ni-histidine systems with or without the histidine ligands in the focused range
from 80 to 110 °C from Figure S2d (lower panel) for a better visual comparison. The Ni-his-

coordination-present system holds onto the water for higher temperatures than the
coordination-absent system.



Approx.
Raman Shift Assignment Present in
(cm™)
320 O-Fe-O stretching from Fe-H2O interaction 1:3 (strong)
3:3 (medium)
6:3 (weak)
530 charge-transfer interaction from bidentate chelate of all
catechols
590, 635 interaction between the Fe and O from catechols all
1250 — 1480 aromatic ring vibrations all
Table S1

Assignment of the observed Raman peaks in Figure 2c. The three samples (1:3, 3:3, 6:3) show
different sharpness and relative intensity of vibration band corresponding to the O-Fe-O
deformation at ~320 c¢cm™ attributed to the Fe-H20 interaction from H20 possibly filling
positions in the first coordination shell.' This peak at ~320 cm™ is shown to be most eminent
in 1:3 whereas the peak became blunt and insignificant in 6:3. Phenyl ring vibrations from
~1250 to ~1480 cm™ are present in all three samples. The three samples all show the
characteristic peaks for Fe-catechol coordinations: the distinct coordination peaks at ~ 590 and
~ 635 cm! attributed to the interactions between the Fe*" and the oxygen of catechols and the
peak at ~ 530 cm™ attributed to the charge transfer interaction from bidentate chelates.
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Figure S6

"H-NMR analyses on the systems with Fe:catechol ratio of 1:3 dehydrated at 20 °C over 48
hours in 16 % R.H.. (a) The spectra for the system with catechol moieties that coordinate Fe
(solid line) and those without catechol moieties (dotted line). (b) The spectra zoomed in around
the peak at 6 ~ 4.4 ppm which corresponds to protons in H20.#7 It indicates that there exist
mobile H20 molecules responsive to the applied magnetic field among the high amount of
water retained in the 1:3 system. The peak at & ~ 3.5 corresponds to the -CH2CH20- of PEG.?
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The schematic figure depicting metal-coordinate bonds retaining water which facilitates the
dynamic metal-coordinate bond behaviors after dehydration. The uncrosslinked, coordination-
free systems, without either the metal ions or the metal-binding ligands, hardly retain water
after dehydration and become significantly non-dynamic compared with the metal-coordinate-
rich systems with water retention.
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Figure S8

The frequency sweep profiles of 1:3, 3:3, 6:3, and 0:3 (blank) throughout the 17.5 hours of
dehydration. While the relaxation time determined by the crossover between the G’ (squares)
and G” (triangles) could not be captured within the measured timeframe except for the 1:3 after
0 hours of dehydration, the current results show that the network ends up stiffer after
dehydration as the metal-coordinate bonds dominate over the covalent bonds in the system.
This result agrees well with the observations in the previous report that the metal-coordinate
network ends up stiffer than the perfectly covalent catecholic network after dehydration.” While
the detailed mechanistic discussion for these stiffening phenomena would be out of the main
scope of this paper, this observation implies that the tris-metal-coordination bonds with higher
functionality than dicatecholic covalent bonds, as well as the dehydration-induced physical
interactions, contribute to the effective crosslink density of the dehydrated network. This
supposition is further supported by the previous report suggesting that the metal-catechol ionic
complexes aggregate upon dehydration to form concentrated metal ion clusters, which may
further increase the functionality of the crosslinks.!® In contrast, the dicatecholic covalent
crosslink-dominant network has fewer high-functionality catechol-metal complexes (and their
clusters) and fewer uncrosslinked or dynamically dissociated free polymer strands that can
easily form effective physical crosslinks induced upon dehydration. The latter point is also
supported by that the blank crosslink-free system ends up stiffer by dehydration than the
covalent-dominant 6:3 system. Thereby, the covalent-dominant network ends up rather
compliant compared with other systems. Hence, these results support that the metal-coordinate
bonds still contribute to the network elasticity after dehydration.
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System Metal Ligand | M- Bound Number of Note
ion (umol) | Coordination | water bound water .o
(umol) complex nu20 per complex italicized values
Neomplex (umol) 20 = are more likely
(umol) from N0/ Ncomplex
fig. 2
Fe:catechol | 0.3 1 0.3 84.26 281 All Fe ions are
=13 forming tris-Fe-
catechol coordination
complexes
Fe:catechol | 1 1 0.15 < 42.32 141 < Covalently pre-
=33 Neomplex NH20 crosslinked catechols
<03 <281 do not participate in
coordination as
effectively as free
catechols
Fe:catechol | 2 1 0.12< 33.08 110 < Covalently pre-
=63 Neomplex NH20 crosslinked catechols
<03 <281 do not participate in
coordination as
effectively as free
catechols
Ni:histidine | 0.5 1 0.5 63.96 128 All Ni ions are
=1:2 forming bis-Ni-
histidine coordination
complexes

Table S2

The table showing the number of metal ions, ligands, metal-coordination complexes (ncomplex),
bound water molecules (nm20 from Figure 2b), and bound water molecules per complex (nu20)
in each system. The nmo is calculated by dividing the nm20 (in Figure 2b) by the ncomplex. Here,
we assume that every Fe** in the Fe:catechol = 1:3 system and every Ni*" in the Ni:histidine =
1:2 system function as a coordination center in the respective metal-coordination complex (i.e.,
the number of metal ions = ncomplex). Then, the ncomplex 0f the Fe:catechol = 3:3 or 6:3 is expected
to be lower than that of 1:3 (i.e., 0.3 umol) since the catechols pre-crosslinked covalently by
the excess Fe’" in the former two systems are unlikely to participate in coordination as
effectively as the free catechols.'" Hence, we set the lower limit of the nu2o for 3:3 and 6:3
systems as the ni2o when all catechols are still available to coordinate with 0.3 pmol of Fe*" in
each system (which is unlikely as stated previously), and the upper limit as the nu20 of 1:3 that
has the most bound water (then we can back-calculate the lower limit of ncompiex — italicized).
We consider that nizo of all Fe-catechol systems are the same (i.e., 281 — italicized) because (i)
the type of metal and ligand forming the coordination complex stays the same and (ii) it is
reasonable to expect ncomplex, instead of nm20, to decline as more catechols are oxidized for
covalent pre-coupling as [Fe’*] increases (Figure 1a). Regardless, all estimated nmo indicate
the existence of multiple hydration layers per complex in every given system.
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Table S3

System Label 1 2 3
Fe:catechol 1:3 3:3 6:3
T (sec) 136.49 3150.58 | 13215.47
nm20 (umol) 84.26 42.32 33.08

The table of Fe-catechol systems (Fe:catechol = 1:3, 3:3, 6:3) with their relaxation times (1)
after 17.75 hours of dehydration at 25 °C at 16 % R.H. from Figure 1 and ny, o from Figure 2b.

The given systems are labeled as 1, 2, and 3 for convenience in mathematical modeling (Figure
4, Table S4, Figure S9, S10).
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Fitting Ta/Tb Ta/Tb
Information |  Fitteq Ver. 1 Fitted Ver. 2
Fitting y = exp(kx) y=r
Selected Formula _ X -
Systems A nio Ta/Th y = * (converted)
=nmo (b) - | Experimental R? 0.9802 0.9547
Labels from | nyp5q (a) from Table S3
Table S3 k 0.0849 n/a
1.0886
& (converted) 1.0920
Software MS Excel 2016 OriginPro 8
a=1, b=3 -51.1887 0.0103 0.0130 0.0110
a=1, b=2 -41.9397 0.0433 0.0284 0.0249
a=2, b=3 -9.2490 0.2384 0.4560 0.4429
Fitted Values
a=3, b=2 9.2490 4.1946 2.1929 2.2577
a=2, b=1 41.9397 23.0835 35.1872 40.1526
a=3, b=1 51.1887 96.8264 77.1634 90.6532
Table S4

The table showing the detailed information and data for the Any, o (x-axis) versus 7/t (y-
axis) graph in Figure 4. The pairs from Fe-catechol systems from Table S3 are selected to
produce parameters for numerical correlation using our model (Table S2, Figure S7). Two
exponential fitting formulas of y = exp(kx) (Ver. 1, k is a constant determined by the fitting
process) and y = n* (Ver. 2) were used to estimate the values. The Ver. 1 was later converted
to the form of y = n* for direct comparison after the fitting process. The two versions are
plotted in comparison in Figure S9. The Ver. 1 with a higher R? value is displayed in the

main manuscript (Figure 4).
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Figure S9

The plot showing the Any, o versus 1/t in the linear (upper) and logarithmic (lower) scale of
our obtained data and fitted curves from each fitting method Ver.1 (red) and Ver. 2 (blue) from
Table S4. Both methods prove the exponential relation between the dynamic behavior of the
network (represented by 7/1v) and the number of retained water molecules (Any, o).
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Figure S10

The plot showing ny,o versus t in the linear (upper) and logarithmic (lower) scale of the
general formula derived from our proposed hypothesis (i.e., based on data of 1:3, 3:3, 6:3, black
circles, general equation of T = Am™ "Hz20 derived from equation 2 (7 o T~ "H20) where A is a
constant determined by the fitting process, Figure 4, Figure S7, Figure S9, fitting method Ver.
1) and its application to the additional [Fe]:[catechol] ratio samples (i.e., 2:3, 4:3, blue-colored).
The samples were dehydrated for 17.75 hours at 25 °C, 16 % R.H.. Given our observed trends
(Figure 2), we know that the ny, o of 2:3 is between ny, o of 1:3 and 3:3; and ny, o of 4:3 is
between 3:3 and 6:3. The t of 2:3 and 4:3 were 725.35 s and 7780.91 s (blue diamonds),
respectively, obtained from the step-strain test and Kohlrausch’s stretched exponential fitting
(equation 1). These values well abide by our model where the relaxation time of 2:3 are placed
between the 1:3 and the 3:3 and that of 4:3 is between the 3:3 and the 6:3. Here, the ny, o of
the 2:3 and 4:3 are estimated assuming the [Fe**] proportionally oxidizes the catechol to replace
the normal catechol-Fe*"-coordination'' —i.e., 2:3 is in the midst of 1:3 and 3:3 while 4:3 is 1/3
apart from 3:3 and 2/3 apart from 6:3 in the x-axis. We note that the quantitative relation
between the catechol oxidation and [Fe**] is not fully elucidated, especially in the high [Fe*']
region, where the reaction may have reached the chemical equilibrium of maximum catechol
oxidation."" Nonetheless, our observed relaxation times (blue diamonds) are very close to the
coordinate output by our quantitative model (blue scissor marks on the red dotted trend lines).
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