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Abstract

Rapid damping of interfaces experiencing vibrations is critical to the performance of many

complex mechanical systems ranging from airplanes to human bodies. Current synthetic

materials utilized in vibration damping are limited by either their damping frequency range,

tunability, or environmental stability. Here, we demonstrate how single metal ion cross-

linked hydrogels exhibit tunable damping across a large frequency range and multiple metal

ion hydrogels exhibit broadband damping within a single material. Additionally, we show

an enhanced resistance to freezing and dehydration with the use of glycerol as a cosolvent.

We expect the material design principles presented here will help advance the development

of programmable damping materials better able to meet the demands of sustained operation
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under broad environmental conditions.

Introduction

The performance lifetime of mechanical devices is oftentimes limited by their ability to isolate

and protect critical components from absorbing stray energy.1 The same holds true in nature,

where for example the aquatic mussel has faced evolutionary pressure to develop holdfast

materials that can successfully withstand repeated mechanical agitation from waves and

currents.2–7 Inspired by these holdfast threads secreted by mussels, molecular engineers have

begun to incorporate non-permanent (transient) metal ion cross-links into hydrogels.8–10 This

bio-inspired approach to hydrogel engineering has proven to offer remarkable control over

the transient cross-link lifetime via pH, thereby allowing for tunable timescales of damping

by the resulting hydrogel. Additionally, it has been shown that the timescale of network

damping can be controlled orthogonally from pH through the use of different metal ions in

single metal ion gels, and that combining two different metal ions into a dual metal-ion gel

can result in a hydrogel network with two distinct timescales of energy dissipation.9,11,12

Here, we further the study of using metal ion cross-linked hydrogels as tunable damping

materials by cataloging damping as a function of pH in Ni2+, Co2+, Cu2+, and Zn2+ single

ion gels, as well as in gels containing a combined mixture of these ions. This study thereby

uncovers the damping tunability of each metal ion and demonstrates that incorporating com-

plex metal ion mixtures into a single gel can vastly expand the range of damping frequencies.

Although this demonstration already represents a promising step towards potential appli-

cations in damping, the utility of these hydrogel materials is ultimately limited by their

propensity to rapidly dehydrate, whereby the control over timescales of damping is lost.13

To combat this shortcoming, we describe how the use of glycerol as a cosolvent in metal ion

cross-linked hydrogels allows their programmable damping behavior to be maintained while

suppressing dehydration. Additionally, we show how the incorporation of glycerol acts to
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depress gel freezing, further expanding environmental stability and ultimate utility.

Results and Discussion

Mussel inspired metal-coordinating hydrogels typically consist of hydrophilic poly (ethylene

glycol), or PEG, star polymers end-functionalized with a catechol or histidine ligand.8,9 Here

we used histidine as our metal-coordinating ligand instead of catechol for several reasons.

First, histidine has a lower pK a which allows cross-linking to occur under less extreme

pH values.8,9 Second, by using histidine we avoid the covalent cross-linking that can occur

between catechol groups, allowing us to focus on the mechanical role played by the metal

in controlling the dynamics of a transient bond.9,14 Third, the coordinate complex binding

dynamics of histidine to a range of divalent, first row transition metals such as Ni2+, Co2+,

Cu2+, and Zn2+ has been well characterized.9 Previously, histidine hydrogels containing two

different metal ions in the same hydrogel have been studied, which is a principle we advance

in this study by cross-linking 4-arm histidine star polymers with Ni2+, Co2+, Cu2+, and Zn2+

ions within a single hydrogel to create a broadband damping material as shown schematically

in Fig. 1 A–C .12

We first examined the tunability of damping via pH within the single ion gels. Tradition-

ally, these single ion metal-coordinate cross-linked hydrogels have been shown, and assumed,

to behave like ideal single Maxwell element model materials with a network relaxation time

dictated by the metal ion identity and the gel pH.12 To illustrate this point, we consider

two hypothetical single metal ion gels in Fig. 1D. Based on an ideal single Maxwell element

model (see Materials and Methods section for mathematical description), the different hy-

pothetical metal ions in these single metal materials result in distinct cross-link lifetimes

(the inverse frequency of where the polymer network storage and loss moduli are equal) and

thereby different timescales of network relaxation at a fixed pH, as illustrated in Fig. 1E .9,11

The ratio of the loss modulus over the storage modulus, the loss factor, or tan δ, represents
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Figure 1: Expanding the damping range in metal ion cross-linked hydrogels. (A) Histidine
functionalized, 4-arm, 10 kDa poly (ethylene glycol) metal-coordinating polymers can (B)
bind with multiple first row transition metals such as Ni2+, Co2+, Cu2+, and Zn2+ in a single
gel to form (C ) a multiple metal ion coordinated hydrogel. (D) Schematic illustrating how
separate gels, each formed with a different single metal ion cross-link (one slow-relaxing
and one fast-relaxing), results in (E) individual theoretical gels (see Hypothetical Frequency
Sweeps section of the Materials and Methods) with a single relaxation timescale, dictated
by the metal ion identity, which only allows for damping within the target damping window
over a relatively narrow frequency range. (F) Experimental determination of target damping
frequency range in single metal ion hydrogels as a function of pH demonstrates tunable, but
narrow, target damping ranges. The shaded regions are interpolations between data sets
of single metal ion hydrogels collected at different pH meant as guides to the eye. (G)
Schematic illustrating how a hydrogel formed with two metal ions leads to (H ) multiple
relaxation timescales in a single theoretical gel, thereby increasing the frequency range of
damping within the target damping window. (I ) Experimental determination of target
damping frequency range in hydrogels containing Ni2+, Co2+, Cu2+, and Zn2+ as a function
of pH demonstrates expanded target damping ranges relative to the single ion hydrogels.
The shaded regions are interpolations between data sets of hydrogels collected at different
pH meant as guides to the eye.
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the degree of mechanical damping, and for these ideal single Maxwell element materials,

the loss factor is a straight line with a slope of negative 1, as shown in Fig. 1E. For many

damping applications it is critical that a material maintains its solid-like characteristics as

well, for example to maintain shape. Therefore, a target material damping window of loss

factor values between 0.1 and 1 was chosen, with values closer to 1 representing materials

that display the most damping while retaining their shape. For the hypothetical single metal

ion hydrogels shown in Fig. 1D, we can overlay the loss factor within this target damping

window with a color bar that indicates the degree of damping, as shown in Fig. 1E. For these

hypothetical single metal ion hydrogels, the predicted range of mechanical frequencies that

match the target damping window are distinct, and relatively narrow.

We performed frequency sweeps on Ni2+, Co2+, Cu2+, and Zn2+ single ion hydrogels as a

function of pH, to test the prediction of distinct and narrow damping ranges of single metal

ion gels. The measured storage and loss moduli are presented in Fig. S1, with the resulting

loss factors presented in Fig. S2 A–D. Only Ni2+ ion hydrogels behave as expected, i.e. with

a single Maxwell element frequency response tunable with pH, which means that only Ni2+

ion gels display a tunable damping frequency range as predicted. This behavior is clearly

shown in Fig. 1F, where the damping range, and corresponding color bar representing the

value of the loss factor between 0.1 and 1, is plotted vs. pH. This plot illustrates that a

Ni2+ ion hydrogel can be engineered to dampen a narrow range of vibrations predictably

by changing the pH. While Zn2+ ion hydrogels also display an ideal single Maxwell element

frequency response, the gels relax on such short timescales that the target damping window is

only matched at high frequencies of oscillations. The gels furthermore only assemble under

a narrow pH range, therefore overall showing little tunability. Hydrogels with Co2+ ions

quickly transition into a permanent, very slowly relaxing, network solid as pH is increased,

similar to what has been observed elsewhere when in the presence of a free radical initiator.15

This permanent increase in the storage modulus at the expense of the loss modulus results in

the gel quickly becoming too solid-like to offer anything but a narrow damping range under
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limited pH conditions, as shown in Fig. 1F. The hydrogels with Cu2+ ion behaved somewhat

similarly to Co2+ ion hydrogels in that they develop a very stable, slowly relaxing material

as the pH increases. However, due to their slightly less solid-like behavior, the gel loss factor

does enter into the target damping window for each pH tested. Nevertheless, Cu2+ ion gel

damping behavior is not predictably tunable like Ni2+ ion hydrogels, as shown in Fig. 1F.

We hypothesized that because each of these single metal ion hydrogels display little

overlap in their damping frequency range vs. pH, if we instead include two different metal

ions in the same hydrogel we would expect to observe an additive behavior that could

significantly broaden the range of mechanical frequencies that match the target damping

window. Double metal ion gels studied before have shown that they indeed display a damping

behavior roughly captured by double Maxwell-like elements with two distinct relaxation

peaks as conceptually illustrated in Fig. 1 G and H, where the two hypothetical ions from

Fig. 1 D and E are combined into a single hydrogel (see Materials and Methods section

for mathematical description).12 As illustrated in Fig. 1 H, the introduction of a second

relaxation peak should allow the damping behavior of a single hydrogel to broaden and

thereby remain in the target damping window for an increased range of frequencies compared

to the single metal ion hydrogels shown in Fig. 1E, since the loss factor is no longer a straight

line with slope of negative 1. As demonstrated in Fig. 1I, we were able to experimentally

confirm the predicted additive behavior of single metal ion-induced damping in a quadruple

metal ion hydrogel. Specifically, we observed a significantly broadened range of mechanical

frequencies that match the target damping window for quadruple metal ion hydrogels formed

under various pH conditions, which is a useful demonstration in the development of tunable

broadband damping materials. The full frequency sweeps for these quadruple metal ion gels

vs. pH are shown in Fig. S3 with the resulting loss factors provided in Fig. S2E. Further

details, such as the full frequency range tested and additional plots of the target damping

range width and location, are given in Fig. S4.

Unfortunately, the application space for these hydrogels is ultimately very limited, as
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they rapidly dehydrate and thereby lose their engineered mechanical properties.13 Here, we

explore a potential remedy for this problem. Inspired by other work showcasing how addition

of glycerol to hydrogels can improve their mechanical properties, reduce dehydration, and im-

pede freezing, we created a series of metal-coordinate gels with partially substituted glycerol

for water as their solvent.16–20 In addition to the improvements in operational performance

properties, glycerol is non-toxic, biodegradable, and produced from renewable sources, en-

suring that a substitution of water for glycerol does not make the gels significantly more

dangerous or less sustainable.21 As explained in more detail in the Materials and Methods

section, we followed a simple solvent exchange procedure to produce metal-coordinate gels

with varying degrees of glycerol content. Briefly, concentrated hydrogels were first estab-

lished by combining aqueous stock solutions of polymer, metal ion, and sodium hydroxide

after which glycerol was added to achieve an initial 62 volume % of glycerol in all gels. To

control their final glycerol content gels were then placed in individual humidity chambers

with a set relative humidity between 11% and 85% to allow the solvent exchange process to

reach equilibrium over the course of one week, during which the relative mass changes of the

gels were measured daily as an indicator of gel solvation. As shown in Fig. 2 A–D, the gels

with glycerol maintained a final solvated state after equilibrating, whereas control hydrogels

with no glycerol rapidly dehydrated. More specifically, as shown in Fig. S5, dependent on

the relative humidity of the environment during gel equilibration, gels with glycerol maintain

roughly between 80% and 140% of their initial mass after one week, demonstrating that gel

glycerol content can indeed be controlled, as shown in Fig. 2F, where the final glycerol weight

percentages in the gel solvents are estimated, and found to roughly follow prior literature

predictions.22

Additionally, glycerol acts as an anti-freeze, allowing for the glycerol-containing metal ion

cross-linked gels to resist freezing and thereby maintain their desirable properties at much

lower temperatures than hydrogels without glycerol. This glycerol-induced freeze resistance

is illustrated in Fig. 2E, where Differential Scanning Calorimetry (DSC) of the equilibrated
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glycerol gels show no thermal transitions when heated from −60 °C to 30 °C, in sharp con-

trast to the melting transition observed for fresh control hydrogels. More details about the

DSC experiment, including the full heating and cooling cycle, can be seen in Fig. S6. It is

important to note that the single metal ion and the quadruple metal ion glycerol-containing

gels behave similar with regards to their dehydration and thermal properties.
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Figure 2: Demonstration of dehydration and freeze resistance in glycerol containing metal
cross-linked hydrogels. (A) Dehydration rapidly occurs for a (B) metal-coordinating hydro-
gel. (C ) The addition of glycerol allows for a metal-coordinated gel to remain swollen. (D)
Experimentally measured changes in relative mass of gels with and without glycerol as a
function of relative humidity. Gels without glycerol (i.e. hydrogels) rapidly lose their sol-
vent mass, while gels containing glycerol maintain most of their solvent over a period of one
week. The gel’s initial mass is denoted as mass0 and the shaded region provides the range of
measurements obtained over two gels. (E) Differential scanning calorimetry of glycerol gels
equilibrated at a range of humidities and control, glycerol free, hydrogels. Glycerol contain-
ing gels do not exhibit a melting transition when heated from −60% to 30 °C, demonstrating
the ability to resist freezing. (F) Estimated amount of glycerol in the solvents of gels after
one week of equilibration based on measurements shown in D and compared to values from
literature.22 Calculated estimates were obtained by comparing the final glycerol gel mass
after one week to measured weights of the nonvolatile components of the gel, and assuming
any mass in excess was water, as described in the Materials and Methods. A value of 100%
means that there is no water remaining, and a value of 0% means that the gel solvent con-
tains no glycerol, only water. The relative humidity of the environment during equilibration
of glycerol-containing gels dictates their final solvent composition. Shaded regions illustrate
one standard deviation in the calculated value.
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Having demonstrated an improved dehydration and freezing resistance for our metal-

ion cross-linked hydrogels, we sought to determine how the mechanical properties change

with glycerol content. Specifically, we tested the rheological properties of the equilibrated

glycerol gels to ensure that the desirable dynamics found in metal ion cross-linked hydrogels

are maintained in the glycerol gels. Frequency sweeps for single metal ion Ni2+ and quadruple

metal ion glycerol gels equilibrated at five different humidities, plus reference control fresh

single metal ion and quadruple metal ion hydrogels are given in Fig. S7. From these results, it

is important to note that the two lowest humidities used, 11% and 33%, which corresponds

to the highest gel glycerol contents, resulted in a waxy material with moduli roughly two

orders of magnitude higher than the reference gels and gels equilibrated at higher humidities.

Furthermore, these materials had a narrower linear viscoelastic region, meaning they had

to be tested at a much lower strain.23 Because these materials behave significantly different

from all other materials in this study, we excluded them from our remaining discussion;

however, we believe they are of interest in a further, more specific study. Pictures of all of

the gels equilibrated at different humidities are given in Fig. S8, and a video of the gels being

handled is freely available online.24

The frequency sweeps for the remaining glycerol gels looked qualitatively similar to the

reference single ion or quadruple ion hydrogels, showing similar dynamics although with

slightly different relaxation timescales and plateau moduli when directly compared in Fig. S9.

Lower humidities during gel equilibration consistently resulted in higher gel plateau moduli,

a direct result of less total solvent, and therefore more concentrated gel networks with a

higher density of elastically active chains. Irrespective of humidity, the relaxation time

for the glycerol gels was consistently slower than the reference hydrogels, suggesting that

glycerol acts to slow the network dynamics by increasing the solvent viscosity, as expected in

a Maxwell model material. The 59% relative humidity gels, displaying the highest moduli,

are highlighted specifically in Fig. 3 A and B.

In addition to frequency sweeps, temperature sweeps were performed on the same set of
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gels as shown in Fig. S10, with the 59% relative humidity gels highlighted in Fig. 3C. The

results of these experiments confirmed the persistence of the gel network dynamics over a

wide range of potential operating temperatures. Using the data from both the frequency

and temperature sweeps, we can now understand the damping properties in the glycerol gels

and determine if quadruple metal ion gels dampen over a larger frequency and temperature

range in comparison to single metal ion gels. Additionally, we can look to see if glycerol

content, as dictated by the gel equilibration humidity, impacts damping properties. This is

done similarly to the previously examined hydrogels, by first plotting the loss factor for the
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Figure 3: Examination of rheological and damping properties of glycerol containing metal-
coordinated hydrogels. (A) Both a single metal ion and (B) multiple metal ion glycerol gel
aged at 59% relative humidity exhibit similar, but slower, rheological behavior compared
to a reference, freshly prepared, glycerol free hydrogel prepared with an equal volume of
water instead of glycerol for comparison. (C ) Glycerol gel rheology can be measured between
−10 °C and 80 °C demonstrating a large thermal tolerance for the material. Glycerol gel data
in A–C is from the 59% relative humidity gels. (D) Experimentally determined frequency
ranges and (E) temperature ranges matching the target damping window, as a function of
glycerol content (see Fig. 2F) for both single metal ion Ni2+ glycerol gels and multiple metal
ion Ni2+, Co2+, Cu2+, and Zn2+ glycerol gels show wider ranging damping properties for
the multiple metal ion gels. The error bars across the color bars in D and E indicate the
standard deviation of the estimate of glycerol content from Fig. 2F.

10



A
u
th
or

M
an
u
sc
ri
p
t

This article is protected by copyright. All rights reserved.

gels, given in Fig. S11, then extracting the portion of the loss factor that lies in the target

damping window range between 0.1 and 1, and then plotting these values as a color bar

in Fig. 3D for the frequency sweeps and Fig. 3E for the temperature sweeps, as a function

of gel glycerol content (see Fig. 2F for the connection between gel humidity and glycerol

content and Fig. S12 for the damping data plotted against humidity). Doing so clearly

demonstrates that the quadruple ion gels have a larger frequency and temperature damping

range in comparison to the single metal ion gels. The position of the damping region appears

to be largely dictated by the pH of the original hydrogels, which are all between 7.5 and

8.5, and follows from the hydrogel results vs. pH given in Fig. 1 F and I. The frequency

damping position seemed to slightly increase in correlation with decreasing glycerol content,

in agreement with the gels relaxing faster as the humidity and thereby the water portion of

gel solvent increases; however, trends in the frequency and temperature damping width vs.

glycerol content were difficult to elucidate given that the damping range intersects with the

limits we experimentally accessed, as shown in Fig. S13.

Conclusions

Several of the principles demonstrated in this study should be directly applicable to the

future development of vibration damping materials and metal ion cross-linked hydrogels for

other applications. For example, the simple method of a solvent exchange in a humidity

chamber to produce metal coordinated glycerol gels should be directly applicable to future

work in designing self-healing, energy dissipating, tough gels, as the use of glycerol enhances

thermal properties by both eliminating dehydration and resisting freezing, thereby vastly

expanding the application space for these materials. Importantly, with a minimum humidity

requirement, the glycerol gel mechanical properties largely mirror the properties in the pure

hydrogels, thereby allowing the design principles developed over the past decade in metal ion

cross-linked hydrogels to be translated directly to this next generation material. As a test of

11



A
u
th
or

M
an
u
sc
ri
p
t

This article is protected by copyright. All rights reserved.

this translation, we demonstrated that expanded vibration damping of quadruple metal ion

gels in comparison to single metal ion gels can be directly extended into metal ion cross-linked

glycerol gels. Important future studies could include how well pH control extends into the

glycerol gels, further characterization and study of the high glycerol content, low humidity

gels, and making these materials with a different ligand such as catechol or nitrocatechol.

We anticipate that the materials developed in this study, or future extensions thereof, can

find specific applications as broadband vibration dampeners in environmentally uncontrolled

performance scenarios such as wing vibration damping during operation of Unmanned Aerial

Vehicles.25–27

Materials and Methods

Materials

All chemicals were purchased from Millipore Sigma, except for the polymer, which was

purchased from JenKem USA.

Synthesis of 4-arm star histidine PEG polymer

Coupling of the histidine ligand to the polymer was performed by slightly modifying a proce-

dure used elsewhere.28,29 Briefly, 4-arm star, 10 kDa PEG, terminated with NH2 ·HCl (four

equivalence per polymer), was mixed with 1.5 equivalence Boc-His(Trt)-OH and 1.5 equiva-

lence BOP reagent, and dissolved in a minimal amount of dichloromethane. 535 equivalence

of N,N-Diisopropylethylamine (DIPEA) was then added and the reaction proceeded under

nitrogen overnight. Purification was performed by precipitation once in ether, 3 times in

−20 °C methanol, and then once in ether before being dried under vacuum. The product

was then cleaved using a solution of 95% trifluoracetic acid, 2.5% triisopropylsilane, and

2.5% water by volume for 2 hours. An equal volume of methanol was then added to the

cleavage solution, and the solvent was removed using a rotary evaporator. The final product
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Table 1: Concentration of stock 4-arm histidine solution via NMR using internal formate
standard

Integration Limits (ppm) Integration Values
8.91 - 8.20 1.54
7.65 - 7.22 1.00
4.30 - 4.16 0.97

Formate Integration 0.54

was purified by dissolving it in methanol and precipitated in ether 3 times. The cleaved

product was then vacuum dried, dissolved in water, and lyophilized before being stored in

a −20 °C freezer. 1H-NMR (500 MHz, D2O): δ (ppm) 8.59 (s, 4 H), 7.41 (s, 4 H), 4.23

(t, J = 7.0Hz, 4 H), 4.08–3.28 (m, 984 H). MALDI-TOF in sinapinic acid matrix gives Mn

= 10 644 Da. Coupling efficiency estimated to be 91.6 %. See Fig. S14 for characterization

data.

Hydrogel formation and mixing

Stock solutions were made of 4 m NaOH and 1 m cross-linking ion salts NiCl2 ·6 H2O,

CoCl2 ·6 H2O, CuCl2 ·2 H2O and ZnCl2. A stock solution of 4-arm 10 kDa histidine was

made, and the concentration of histidine was determined using 1H-NMR and a 0.0444 m

formate ion standard to be 0.082 m, as shown in Table 1, which gives the averaged 1H-NMR

results. A 0.04 m histidine hydrogel was formed by modifying the method described else-

where.8,29 97.6 µL of stock 4-arm histidine was dispensed onto Parafilm® along with a 1 m

stock Ni2+, Co2+, Cu2+ or Zn2+, solution, a 4 m NaOH solution, and water so that the final

hydrogel volume would be 200 µL. The total salt ion concentration was fixed at 0.08 m,

representing a value twice the ligand concentration. If multiple metal ions were used, those

drops were then mixed together. Next, the salt drop was mixed with the polymer drop,

and this combined drop was mixed with the NaOH drop and finally the water drop using a

spatula. The resulting mixture was then homogenized by mixing with the spatula and by

kneading the material by folding the Parafilm®.

13
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Glycerol gels and reference glycerol free hydrogels formation and

mixing

Glycerol gels, and gels made for the dehydration study, were made slightly differently. 97.6 µL

of stock 4-arm histidine was dispensed onto Parafilm® along with a 16 µL of total stock ion

salt and 9 µL NaOH solution. The total salt ion concentration represents a value twice

the ligand concentration. If multiple metal ions were used, those drops were then mixed

together. Next, the salt drop was mixed with the polymer drop, and this combined drop was

mixed with the NaOH drop using a spatula. Finally, either 200 µL of glycerol or water was

added to the gels before they were aged in their humidity chambers, resulting in an initial

concentration of 62 % glycerol by volume ( 200
97.6+16+9+200

= 62%). Reference rheology was

performed on freshly prepared glycerol free hydrogels of this concentration (200 µL water

added instead of glycerol) for a proper comparison between hydrogels and aged glycerol gels.

Dehydration Study

Gels were aged in humidity chambers consisting of 1 gallon plastic jars containing a 50 mL

centrifuge tube taped to the inside wall of the jar containing 30 mL of saturated salt solution.

The saturated salt solutions that were used to control the humidity are listed in Table 2.30

The mass of the gels were measured daily over the course of one week to measure the relative

mass loss as a function of time in different relative humidities. The weight percent of glycerol

in the solvent at an aging time of 7 days was determined by measuring the hydrated and

dehydrated mass of each component (polymer, salt, and base stock solutions) to extract the

solid mass, and water mass in the initial gels. The amount of water in the glycerol gels

after 7 days was determined by assuming the remaining gel mass consists of the nonvolatile

components (the solid, or dehydrated masses, and glycerol) with any leftover being attributed

to remaining water. These calculations were compared to values from literature.22
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Table 2: Humidity control via saturated salt solutions30

Saturated Salt Solution Relative Humidity
LiCl 11.3%

MgCl2 33.1%
NaBr 59.1%
NaCl 75.5%
KCl 85.1%

Rheological testing of hydrogels

The resulting hydrogels were measured for their viscoelastic properties and pH. The gels were

loaded onto an MCR 302 stress-controlled rheometer from Anton Paar and tested using a

10 mm diameter, parallel plate geometry with a 400 µm gap and sealed with mineral oil to

prevent dehydration. Frequency sweeps for hydrogels were performed from 100–0.1 rad/s

at temperatures of 5, 15, 25, and 35 °C at a strain amplitude of 5 %. Frequency sweeps

for glycerol gels and reference hydrogels were performed from 100–0.1 rad/s at temperatures

of −10, −5, 5, 15, 25, and 35 °C at a strain amplitude of 5 % for gels aged in 59.1, 75.5,

and 85.1 % humidity and at a strain amplitude of 0.1 % for gels aged in 11.3 and 33.1 %

humidity. After the 35 °C frequency sweep, a strain sweep was performed at 25 °C from

0.1–500 % strain at a frequency of 10 rad/s to confirm the linear viscoelastic region for the

gels. For the glycerol gels aged in 11.3 and 33.1 % humidity, a strain sweep was performed at

a lower amplitude range of 0.01–10 %. Time temperature superposition was used to combine

the frequency sweep results at the different temperatures to the 25 °C measurement, and

the master frequency sweep was fitted using pyReSpect.31 For the aged glycerol gels and

reference hydrogels, a temperature sweep was performed from −10 °C–120 °C at 40 rad/s

and the same strain amplitudes used for the frequency sweeps. For frequency sweeps of

the hydrogels, see Fig. S1 and S3. For frequency and temperature sweeps of the hydrogels,

see Fig. S7 and S10. The damping range for the gels was determined as the frequency or

temperature range where the gels loss factor was between 0.1–1. The pH of the gels were

determined using a SoilStik pH meter from FieldScout on the portion of the gel trimmed
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from the rheometer.

Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was performed on the aged glycerol gels and fresh

reference hydrogels using a TA Instruments Discovery DSC. 5 mg–10 mg of gel was loaded

into a Tzero pan, covered with a Tzero hermetic lid, and crimped. The pan was then

loaded into the instrument, equilibrated to −60 °C, and then cycled up and down between

−60 °C–30 °C 3 times at a heating/cooling rate of 10 °C/min and isothermal rests of 1 min

at the end of each thermal ramp. The second cycle is plotted in Fig. 2 and S6.

Hypothetical Frequency Sweeps

To produce the hypothetical single metal ion frequency sweeps, we used Eqn. 1 to plot the

storage modulus and Eqn. 2 to plot the loss modulus, where τ is the relaxation time, ω is

the angular frequency, and Gplateau is the plateau modulus. For each single metal ion gel, we

changed the relaxation time τ to represent an independent relaxation time associated with

each metal ion.

G′ = Gplateau
τ 2ω2

1 + τ 2ω2
(1)

G” = Gplateau
τω

1 + τ 2ω2
(2)

To model the hypothetical double metal gel, we averaged the behavior from the single metal

ion gels using Eqn. 3 for the storage modulus and Eqn. 4 for the loss modulus. The subscripts

a and b refer to each single metal ion gel with individual relaxation timescale τ .

G′ =
G′

a +G′
b

2
(3)

G” =
G”a +G”b

2
(4)
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Figure S1: Frequency sweeps of single metal ion hydrogels. Rheological behavior vs. pH for
single metal ion (A) Ni2+, (B) Co2+, (C ) Cu2+, and (D) Zn2+ coordinated hydrogels.
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Figure S2: Loss factor of single and multiple metal ion cross-linked hydrogels vs. pH.
Rheological behavior vs. pH for single metal ion (A) Ni2+, (B) Co2+, (C ) Cu2+, and (D)
Zn2+ coordinated hydrogels and (E) multiple metal ion gels.
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Figure S3: Frequency sweeps of multiple metal ion hydrogels. (A-E) Rheological behavior
vs. pH for multiple metal ion Ni2+, Co2+, Cu2+, Zn2+ coordinated hydrogels.
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Figure S4: Damping properties of single metal vs. multiple metal ion cross-linked hydrogels.
(A) Target damping frequency range for single metal ion gels and (B) multiple metal ion gels
as shown in Fig. 1F, but with the full range of frequencies tested additionally shown here. (C )
Width of the frequency range matching the target damping window of single and multiple
metal ion hydrogels as a function of pH. (D) Midpoint location of the frequency range
matching the target damping window as indicated by the midpoint of damping frequency of
single and multiple metal ion hydrogels as a function of pH.

26



A
u
th
or

M
an
u
sc
ri
p
t

This article is protected by copyright. All rights reserved.

Mass After One WeekA

% Relative Humidity
0 20 40 60 80 100

Relative Mass
(mass/mass0)

0

1.4

1

0.4
0.2

1.2

Ni2+

glycerol

hydrogel

Ni2+, Co2+, Cu2+, Zn2+

Figure S5: Relative mass change after one week of aging in a range of relative humidities.
(A) Single metal and multiple metal ion hydrogels maintain roughly 20% of their initial mass.
Glycerol containing hydrogels maintain between 80% and 140% of their initial mass. Both
classes of materials show a stronger correlation of increasing mass maintained as a function
of increasing humidity.
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Figure S6: Thermal properties of glycerol hydrogels aged in a range of relative humidities.
(A) Second heating and cooling cycles show strong melting and freezing transitions for the
glycerol free gels, but no transition for any of the gels with glycerol. (B) Melting enthalpy
peaks for reference hydrogels show freezing around -1°C for both a single metal ion Ni2+ gel
and a multiple metal ion Ni2+, Co2+, Cu2+, Zn2+ gel. (C ) Full second cooling and heating
cycles for both the single metal ion Ni2+ and quadruple metal ion Ni2+, Co2+, Cu2+, Zn2+

glycerol gels show no thermal transition.
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Figure S7: Glycerol containing metal cross-linked hydrogels frequency sweeps. (A) Single
metal ion Ni2+ and (B) multiple metal ion Ni2+, Co2+, Cu2+, Zn2+ frequency sweeps of fresh
reference glycerol free hydrogel and glycerol containing gels aged at 85%, 75%, and 59%
humidity. Frequency sweep for (C ) single metal ion and (D) multiple metal ion glycerol gels
aged at 33% and 11% humidity resulted in a waxy material. Note the scale of the modulus
axes in (A) and (B) is in kPa and in (C ) and (D) is in MPa.
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Figure S8: Images of single and multiple metal ion glycerol gels. (A) Ni2+ single metal ion
and (B) Ni2+ Co2+, Cu2+, Zn2+ multiple metal ion glycerol gels aged at different relative
humidities.
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Figure S9: Comparing the viscoelastic behavior of glycerol containing and glycerol free metal
ion cross-linked gels. Comparison of frequency sweep of glycerol free vs. glycerol containing
gels for (A) single metal ion Ni2+gels and (B) multiple metal ion Ni2+, Co2+, Cu2+, Zn2+

gels shows glycerol results in a slower relaxation.
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Figure S10: Comparing the rheological behavior of glycerol containing and glycerol free
metal ion cross-linked gels as a function of temperature. Comparison of temperature sweep
of glycerol free and glycerol containing gels for (A) single metal ion Ni2+gels and (B) multiple
metal ion Ni2+, Co2+, Cu2+, Zn2+ gels.
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Figure S11: Plots of the loss factor vs. frequency and vs. temperature for glycerol containing
hydrogels. (A) Loss factor vs. frequency demonstrates that multiple metal ion gels remain
in the damping range for a larger range of frequencies compared to the single metal ion gels.
(B) Loss factor vs. temperature demonstrates that multiple metal ion gels remain in the
damping range for a larger range of temperatures compared to the single metal ion gels.
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Figure S12: Damping properties of glycerol containing metal-coordinated hydrogels as a
function of humidity. (A) Damping is observed for single metal ion Ni2+ gels over a narrow
frequency range, while damping is observed over a larger frequency range for (B) multiple
metal ion Ni2+, Co2+, Cu2+, Zn2+ gels. (C ) Damping is observed for single metal ion Ni2+

gels over a narrow temperature range, while damping is observed over a larger temperature
range for (D) multiple metal ion Ni2+, Co2+, Cu2+, Zn2+ gels.
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Figure S13: Damping properties of glycerol containing metal-coordinated hydrogels as a
function glycerol content. (A) Damping is observed for single metal ion Ni2+ gels over a
narrow frequency range, while damping is observed over a larger frequency range for (B)
multiple metal ion Ni2+, Co2+, Cu2+, Zn2+ gels. (C ) Damping is observed for single metal
ion Ni2+ gels over a narrow temperature range, while damping is observed over a larger
temperature range for (D) multiple metal ion Ni2+, Co2+, Cu2+, Zn2+ gels. The error bars
across the color bars indicate the standard deviation of the estimate of glycerol content from
Fig. 2F.
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Figure S14: Characterization of the synthesized 4-arm poly (ethylene glycol) end functional-
ized with histidine. (A) 1H-NMR of polymer in D2O gives a coupling efficiency of 91.6 %. (B)
MALDI-TOF results for the polymer give a number average molecular weight of 10 644 Da.
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