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Supplementary Materials: 

 

Materials and Methods 

 

Materials  

 

The polymer poly(ethylene glycol) diglycidyl ether (PEG-diepoxide), cross-linker 1,4-

diaminobutane, benzyl control group (2,3-epoxypropyl)benzene, hydrochloric acid, iron(III) 

nitrate nonahydrate, tetrahydrofuran, bicine, sodium hydroxide, trace metal grade sulfuric acid, 

and trace metal grade hydrogen peroxide were all purchased from Sigma Aldrich. The protected 

catechol species, 2-[[3,4-bis[(triethylsilyl)oxy]phenyl]methyl]oxirane was kindly donated from 

Osaka Organic Chemical Industry.  

 

Methods 

 

Network synthesis and treatment 

Polymer networks were synthesized by mixing the monomers per the compositions in Table 1 

and degassing for 3 min at mtorr pressures. The monomer mixtures were then cured between 

hydrophobized glass slides at 60 °C and 450 torr for 12-15 hours. The 0.5 mm polymer films 

were then cut into D638 ASTM standard dog bone specimens using a steel punch. Specimens 

were then deprotected by submerging in 350 ml of degassed HCl at pH 2.5 for 24 hours. The 

solution was exchanged for fresh HCl every 2 hours for the first 6 hours of deprotection. After 

deprotection, the swollen specimens were immediately transferred to a 200-ml solution of 0.2 M 

bicine and 0.05 M Fe(NO3)3·9H2O, titrated to pH 7.5 with NaOH, and kept submerged for 24 

hours. All samples – protected, deprotected, and iron-treated – were dried at 30 °C and 125 torr 

in a vacuum oven for 24 hours before any measurements were performed. All dry measurements 

were taken immediately after removing the samples from vacuum. Samples for tensile 

measurements under wet conditions were never dried. Instead, after iron incorporation, they were 

immersed in degassed deionized water for 24 hours. Samples for tensile measurements taking 

place before and after exposure to ambient conditions were dried in a vacuum oven at 30 °C and 

200 torr for over 24 hours and then either exposed for 1 hour to 21.5 °C and 41% relative 

humidity, or to 22 - 24 °C and 40 - 35% relative humidity for 7.5 hours. For comparison, 

samples were dried at a lower pressure at 100 torr, and then immediately pulled to fracture. To 

study the effects of induced oxidation, samples were placed into non-degassed deionized water 

immediately after iron incorporation, stored for either two or five days, then dried at 30 °C and 

200 torr for 24 hours, and subsequently subjected to tensile testing.  

 

Fourier-transform infrared (FTIR) spectroscopy 

The network-curing epoxy-amine reaction was monitored in time with FTIR spectroscopy 

(Magna-IR 850, Series II by Nicolet). The separate reactants and the mixed solution were 

measured in between ZnSe windows and the entire assembly was placed at 60 °C. The IR spectra 

(7250-1000 cm−1) were monitored at regular time intervals for the curing reactions of Networks 

1, 2, and 4 (Table S1). The disappearance of the normalized, background-subtracted areas of the 

bands centered at 4940 cm−1 (primary amine) and 4520 cm−1 (epoxide) were monitored with 

time. The extent of reaction, Xt
i, of a given functional group, i, at total curing time, t, was 



calculated by dividing the difference between the area, At
i , of the corresponding IR band at t = 0 

and the area at t by the area of the band at t = 0 (27, 28): 

 

𝑋𝑡
𝑖 =

𝐴𝑡=0
𝑖 −  𝐴𝑡

𝑖

𝐴𝑡=0
𝑖

 

 

Rheology 

Rheometry was performed using a ARES-G2 by TA Instruments with a cone-and-plate geometry 

(2°, 40 mm diameter) at the curing temperature of 60 °C, 0.1% strain amplitude, and 10 rad/s 

angular frequency. The time evolution of the loss (G'') and storage (G') moduli was measured for 

the protected catechol network starting from the mixture of the monomers. 

 

Differential scanning calorimetry (DSC)  

DSC was performed (TA Instruments Q2000) in the range of −100 °C to 50 °C with a heating 

and cooling rate of 5 °C/min. Final data were collected for two full cycles which were identical. 

The results of the second cycle are shown (Fig. S4). Preliminary data were taken for three full 

cycles at 10 °C/min, which again were identical. The inflection points of the DSC traces were 

used for the determination of the glass transition temperatures, Tg. 

 

X-ray photoelectron spectroscopy (XPS) 

XPS was performed on a Kratos Axis Ultra DLD XPS system using a monochromated Al source 

(1486 eV). Survey scans were run at a pass energy of 160 eV, and high-resolution scans were run 

at 20 and 40 eV. A low-energy electron flood was used to neutralize charge, and the energy scale 

was calibrated by fitting the high-resolution aliphatic carbon 1s peak to 285.0 eV. 

 

Resonance Raman spectroscopy  

The interior surfaces of cross-sections were used to collect Raman spectra (Horiba, LabRAM 

Aramis spectrometer with confocal microscope) with a 785-nm laser line with the spectrometer 

pinhole and slit each set to 400 μm. Each spectrum is the average of 100 exposures of 500 ms 

each. 

 

Inductively-coupled plasma atomic emission spectrometry (ICP-AES)  

ICP-AES (Thermo iCAP 6300) was performed on samples previously digested in piranha (5:1 

sulfuric acid:hydrogen peroxide, trace metal grade) and diluted to a parts per million 

concentration with Milli-Q water (resistivity of 18 MΩ).  

 

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX)  

For SEM, 20 μm thick cross-sections, sectioned with the Leica CM1850 cryostat at −28.3 °C, 

were sputter coated with gold/palladium 60/40, 99.99% (Hummer 6.2, Anatech, USA) for 

90 seconds and imaged in backscattered mode with a scanning electron microscope (FEI XL30 

Sirion FEG with EDX) using accelerating voltages of 5 kV. EDX was performed at 15 kV, more 

than double the K-edge absorption energy of iron.  

 

Transmission electron microscopy (TEM, STEM-HAADF)  

For TEM, 70 nm thin cross-sections were sliced with the Leica EM FC7 cryo-ultramicrotome 

using a diamond knife at −80 °C, significantly below the glass transition temperature of all 



samples. High resolution TEM (HRTEM, FEI Titan at 300 kV, λ = 1.96 pm) was performed to 

check for the presence of small precipitates with crystalline order. In addition, scanning TEM 

(STEM) was performed in a high angle annular dark-field STEM (HAADF-STEM) 

configuration to check for any clustering of iron atoms. The higher atomic number of iron, 26, 

compared to carbon, oxygen, and hydrogen (6, 8, and 1 respectively), ensures that any clustering 

of iron would lead to brighter regions in a STEM- HAADF image due to the greater incoherent 

scattering of electrons by heavy nuclei.  

 

Small- and wide-angle X-ray scattering (SAXS and WAXS) 

SAXS and WAXS measurements were conducted using a custom constructed SAXS instrument 

in the X-ray diffraction facility in the Materials Research Laboratory (MRL). The instrument 

uses a 50-μm microfocus, Cu target X-ray source (wavelength, λ = 1.54 Å) with parallel-beam 

multilayer optics and monochromator (Genix from XENOCS SA, France), high efficiency 

scatterless hybrid slits collimator developed in house (29), and Pilatus100k and Eiger 1M solid 

state detectors (Dectris, Switzerland). A built-in temperature stage that houses the sample was 

used for the 40 °C and 60 °C SAXS measurements (Fig. S6). 

 

Tensile testing 

Uniaxial tensile testing was performed on 0.5 mm thick dog bone-shaped specimens (shown in 

Fig. 1C-D) according to the ASTM D638 standard, on a custom-built setup on a vertical 

TwinRail positioning table (Lintech, CA) with a 10-lb load cell (3108-10, Eaton Corp., MI) fitted 

with a laser extensometer (LE-01, Electronic Instrument Research, PA). Cyclic-loading 

experiments were held at zero force between cycles by reducing the applied strain as specimens 

contracted.  

 

Stress relaxation  

Samples were first loaded uniaxially at a strain rate of ε̇ = 10 min−1 to a strain of ε = 0.6. Load 

and strain are measured with time at constant grip displacement. 

 

Dynamic mechanical analysis 

DMA was performed at the Cornell Center for Materials Research. Experiments were conducted 

under tension in nitrogen atmosphere (Q800, TA Instruments) on iron-treated rectangular 

samples of dimension 7.5749 mm × 4.9100 mm × 0.5 mm. A tensile preload force of 0.01 N was 

applied and small oscillations of amplitude 0.05% strain applied at 1 Hz frequency. A 

temperature sweep from −120 °C to 70 °C was performed with a rate of 2 °C/min.  

 

 

Supplementary text 

Rate-dependent uniaxial tensile stress-strain curves, Figure 3B 

 

We calculate the slopes S0.1, S1, S10 corresponding to the segment σ(ε >1) for strain rates 

0.1, 1, and 10 respectively. The slopes of these linear segments increase with strain rate from 

S0.1 = 7.1 ± 0.6 MPa to S1 = 11.5 ± 0.6 MPa and S10 = 14.2 ± 0.4 MPa. As this slope occurs post-

yielding, significant rearrangements have occurred compared to the original unstretched system. 

Increasing the tensile strain rate does not allow time for the coordination bonds to explore 

configurations and increases the resistance to dissociation, therefore increasing S. Furthermore, 



as the duration of the experimental run (the time to reach fracture) is very short, 0.4 min for the 

10 min−1 strain rate versus 41 min for the 0.1 min−1 rate, there is not sufficient time to form 

stress-free coordination complexes. At slower strain rates, stress-free complexes can form, 

however the decreased slope shows that the increased number of reformed bonds cannot increase 

S sufficiently to compete with the softening due to ample time given for bonds and chains to 

explore new configurations and dissociate.   

 

Predicting the q-shifts in SAXS ionomer peaks 

 

The atomistic simulations of Bolintineanu et al. (28) predict for linear ionomers that 

changing the spacing between ionic side chains correspondingly changes the SAXS correlation 

distance between the ‘ionomer peaks.’ The ionomer peak measures the average distance, r, 

between ionomer clusters. This distance is related to the number of chain segments, n, between 

clusters by: 

 

〈𝑟2〉 = 𝐶∞𝑛𝑙2 

 

where l is the length of a single chain segment and C∞ is the characteristic ratio for the ionomer 

backbone. For the same backbone of sufficient length, C∞ and l will be invariant, yielding the 

expression: 

 

〈𝑟1
2〉

𝑛1
=  

〈𝑟2
2〉

𝑛2
 

 

Where subscripts denote polymers with different chain lengths between ionomer side groups. 

Thus, for two networks with Gaussian chains, the relationship between the ionomer peaks will 

be: 

 

〈𝑟2〉 = 〈𝑟1〉√
𝑛2

𝑛1
 

 

In the present work, the iron-treated 50% BENZ network has twice the average spacing between 

catechol groups as compared to the iron-treated 100% CAT network; therefore, n50% = 2n100% 

and r50% = r100%√2. The measured values for r50% and r100% from SAXS (Fig. 2D) are 12.2 ± 0.8 

and 8.57 ± 0.02 nm, respectively, and 
12.2 ± 0.08 nm

8.57 ± 0.02 nm
 = 1.42 ± 0.09 ≈ √2. 

 

 

 

  



Table S1 - Polymer Network Compositions. Monomer composition of 

reaction mixtures for each cured network. Tetrahydrofuran (4 wt% of neat 

monomers) was added as a compatibilizer to each reaction mixture. 

 

Network 1 – PEG-DE:CAT:DAB = 1.00:1.54:0.88 – “Protected, 100% CAT” 

 PEG-DE DAB CAT 

Mass Percent 42.2 6.6 51.2 

Mole Percent 29.2 25.8 45.0 

Mole Percent 

Constitutive Units 
77.8 8.1 14.1 

Network 2 – PEG-DE:BENZ:DAB = 1.00:1.54:0.88 – “100% BENZ” 

 PEG-DE DAB (2,3-epoxypropyl)benzene 

Mass Percent 63.8 9.9 26.3 

Mole Percent 29.2 25.8 45.0 

Mole Percent 

Constitutive Units 
77.8 8.1 14.1 

Network 3 – PEG-DE:CAT:BENZ:DAB = 1.00:0.77:0.77:0.88 – “Protected, 50% BENZ” 

 PEG-DE DAB (2,3-epoxypropyl)benzene CAT 

Mass Percent 50.8 7.9 10.5 30.8 

Mole Percent 29.2 25.8 22.5 22.5 

Mole Percent 

Constitutive Units 
77.8 8.1 7.05 7.05 

Network 4 – PEG-DE:DAB = 1.00:0.50 – “No aromatic species” 

 PEG-DE DAB 

 

Mass Percent 91.9 8.1 

Mole Percent 66.7 33.3 

Mole Percent 

Constitutive Units 
94.5 5.5 

 

The monomer stoichiometries for Networks 1-3 were chosen to maximize the total 

composition of their respective monofunctional species while maintaining a fully-crosslinked 

network at very low cross-link density. The kinetic model presented by Cheng (19) describes 

exactly the type of epoxy-system we have synthesized (a bisepoxide/diamine system with a 

monoepoxide diluent). This model predicts a very slightly cross-linked, gelled network for a 

ratio, s, of [epoxy functional groups originating from monoepoxides] to [epoxy functional groups 

originating from bisepoxides], between 0.6 and 0.8. For the networks studied, s = 0.77 was 

chosen to maximize monoepoxide content while maintaining a true network and not creating a 

merely hyper-branched system.  

  



 
 

Fig. S1. Fourier transform infrared spectroscopy of benzyl- and catechol-containing 

networks. (A-C) FTIR spectra taken at different times during the curing of the (A) protected, 

100% catechol network (Network 1), (B) the 100% benzyl network (Network 2), and (C) a 

network containing no aromatic species (Network 4). The spectra were normalized to an 

invariant band centered at approximately 1960 cm−1 (not shown), which is a skeletal band 

corresponding to the PEG backbone. A combination band of NH stretching and bending from the 

primary amines is centered at 4940 cm−1 and has been enlarged in the green insets (left). The 

combination band of the second overtone of the epoxide ring stretching and the fundamental CH 

stretching is centered at 4520 cm−1 and has been enlarged in the orange insets (right). The bands 

centered around 6500 cm−1 are due to both primary and secondary amines and cannot easily be 

used quantitatively. However, with increasing conversion, these bands exhibit a shift towards 

lower wavenumbers before disappearing, an indication of conversion of both primary amine to 

secondary amine and secondary amine to tertiary amine. (D, E) Conversion of (D) primary 

amine groups and (E) epoxide groups vs. curing time for all three networks (Network 1, red 

squares; Network 2, gray triangles; Network 4, blue circles).  

  



 
 

Fig. S2. Bulk, oscillatory rheology demonstrates gelation. Measurement of storage (G') and 

loss (G'') moduli during curing at 60 °C, starting from the liquid monomer mixture of Network 1. 

The cross-over of G' and G'' is indicative of the gelation and corresponds to an epoxy conversion 

of 67% and primary amine conversion of 80% (Fig. S1 D-E) as monitored by IR spectroscopy. 

This measurement suggests a large difference in the reactivity of the PEG-DE epoxide groups 

and the CAT epoxide groups (19). According to Cheng et al., for a monoepoxide:bisepoxide 

ratio of s = 0.77, a gel-point epoxide conversion of 67% would correspond to a ratio of activities 

of monoepoxide:bisepoxide, λ ≈ 0.2. This value for λ is reasonable, given the steric bulk, and 

therefore reduced mobility, of the CAT moiety. The storage modulus after complete curing (t > 

220 min), G'max ≈ 100 kPa, is within the appropriate order of magnitude as compared to the 

tensile modulus of the protected Network 1, Eprot = 240 kPa, given the expression E = (2G')(1+ν).  



 
 

Fig. S3. X-ray photoelectron spectroscopy (XPS) scans. (A) Survey scan (B) Carbon shifts. 

The largest peak is attributed to the PEG C-O binding. (C) Oxygen shifts. Corresponding to the 

largest carbon peak, we attribute the largest oxygen peak to the PEG O-C binding. The lower 

binding energy shift is attributed to O-Fe binding and in particular C-O-Fe binding. Fe-O-Fe 

binding according to the chemistry proposed in (30) is not supported by the O shifts as it should 

occur at lower binding energies than the O-Fe peak. The area of the C-O-Fe binding curve 

corresponds to 16.61% of the total atomic percentage of oxygen, so 4.46% of total atomic mass. 

From the survey scan, the iron is 0.93% of total atomic mass, therefore we can estimate 4.46 

non-water oxygen atoms per iron atom, supporting mixed bis- and tris- iron-catechol 

coordination. (D) Iron shifts. The low content of iron leads to a low signal-to-noise ratio. 

However, comparison of the peak in our data at 710.8 eV with tabulated values which give the 

Fe2p3/2 for Fe2O3 at 710.8 eV versus 709.6 eV for FeO, supports the presence of Fe(III) versus 

Fe(II).   



 
 

Fig. S4. Energy dispersive X-ray (EDX) scans of a sample cross-section. (A) Line scans 

across the sample thickness of all elements of interest: Fe, Cl, Si, O and C. The sample used and 

scan line measured are shown in Fig. 2B. All species show uniform distribution along the 

measured line-scan. (B) Area scans of the nearby regions confirm uniformity. (C) Spectrum 

corresponding to the area scans collected in (B) showing the signal and the Bremsstrahlung 

radiation background. 

  



 
 

Fig. S5. Differential scanning calorimetry (DSC) of benzyl, protected, deprotected and 

iron-treated samples. Specific heat capacity as a function of temperature. The iron-treated curve 

is arbitrarily shifted in Cp to illustrate both the broadening and the ΔCp associated with the glass 

transition. All samples have Tg values (filled circles) below room temperature.  

 

The benzyl-containing sample exhibits a typical glass transition curve with 

Tg = −32.5 ± 0.4 °C. The protected catechol-containing sample with the bulky protecting groups 

exhibits reduced rotational freedom, in accordance with the crankshaft model, and a broadening 

of the glass transition with Tg −21.5 ± 0.5 °C. Even though the transition starts at the same 

temperature, it ends at a higher temperature depicting the additional energy needed to overcome 

the lack of rotational freedom. However, the same ΔCp is reached. The deprotected catechol 

sample shows a delay in the onset of the glass transition and a reduced ΔCp, leading to an even 

higher Tg of −14.7 ± 0.5 °C. The deprotected catechols’ ability to hydrogen bond fortuitously 

balances the lack of a bulky deprotecting group which would have driven Tg to a lower value. 

The net effect is a delay in the onset of the transition. The iron-treated sample exhibits a 

pronounced broadening with a Tg of −8.0 ± 0.6 °C. The presence of covalent and coordination 

bonds that act as cross-links, the polydispersity of the distances between them, and the multiple 

relaxation processes with varying timescales introduced due to the two types of bonding as well 

as the spatial segregation of catechols lead to the broadening of the transition. Dynamic 

mechanical analysis (DMA) data shown in Fig. S6 provide a more detailed measurement of the 

broad glass transition measured by DSC. 

 

 

  



  
 

Fig. S6. Storage (E') and loss (E'') moduli, and tan(δ) of the iron-treated network measured 

by dynamic mechanical analysis (DMA). The storage modulus, E' (black line) exhibits a broad 

decay with increasing temperature, never reaching a rubbery state (where E' would be linearly 

increasing with temperature). The long transition also reflects the broad glass transition observed 

in DSC. The drop of E' coincides with the peak of E'' at −13 °C, which is in good agreement with 

the glass transition Tg measured by DSC, considering the difference in heating rate. The two 

peaks of E'' (indicated by black arrows) suggest a phase-separated system at very low 

temperatures, possibly correlated with the ionomer-like domains. At temperatures above 50 °C, 

which in DSC correspond to a region beyond the glass transition, tan(δ) (blue line) does not 

decrease. This suggests that the broad glass transition arises from a combination of multiple 

relaxations that are intrinsic to the designed system that contains both covalent bonds and iron-

catechol dynamic coordinate bonds.  



  
 

Fig. S7. Small-angle X-ray scattering (SAXS) of iron-treated 100% CAT network as a 

function of temperature. The so-called ‘ionomer peak’ does not change with temperature, 

indicating that the structure, spacing, and shape of the electron dense regions are static despite 

the energy input.  

  



 
 

Fig. S8. Effect of relative humidity and oxidative conditions on the tensile properties of the 

iron-treated material pulled at a strain rate of 1 min-1. (A) Wet iron-treated specimens 

(green) exhibit a linear stress-strain relation (Ewet = 5.7 ± 0.4 MPa, N = 4) and a reduction in 

maximum strain to fracture (~20%) as one would expect for a hydrogel, compared to specimens 

dried at 200 torr (black, E = 141 ± 35 MPa, N = 3). The hydrophilic nature of PEG implies fully 

hydrated chains, constricted only by the covalent and hydrated iron-catechol complexes. 

Exposure to ambient conditions, T = 21.5 °C and relative humidity, RH = 41%, for 1 hr causes a 

significant decrease in mechanical performance (blue). The Young's modulus drops to 

39 ± 7 MPa (N = 5) and the maximum strain to fracture is reduced. The effect can be attributed 

to three factors: (i) water slightly shifts the iron(III)-catechol equilibrium away from complex 

formation, effectively reducing the number of complexes by an exceedingly small amount; (ii) 

water acts a plasticizer and reduces inter-chain interactions, and, most importantly, (iii) water 

causes increased charge screening of the coordination complexes with the ionomeric domains. 

The effect is exacerbated after longer exposure (7.5 hr) to ambient conditions (orange, E = 5.1 

± 1.2 MPa, N = 4). However, re-drying the exposed samples at the same pressure (purple) largely 

removes all humidity effects, recovering both the modulus (E = 118 ± 17 MPa, N = 5) and the 

maximum strain at fracture to their original values, within error. This recovery strongly suggests 

that humidity only imparts physical changes in the network (not chemical changes, such as 

catechol oxidation). Drying the network at lower pressure (100 torr, red curves) with no exposure 

to ambient conditions further increases the network’s modulus to E = 256 ± 63 MPa, N = 2, by 

removing even more water. (B) The effect of exposing the iron-treated specimens to non-

degassed water accelerates the oxidative cross-linking of catechol. For the oxidized samples, 

there is a small decrease in the initial modulus, which is dominated by the coordination bonds, 

from E = 141 ± 35 MPa in the non-oxidized material, to E = 87 ± 22 MPa, N = 3 after two-day 

exposure in water (blue) and E = 106 ± 28 MPa, N = 3 five-day exposure (orange). Assuming 

catechol oxidative cross-linking only increases the overall cross-link density, one would expect 

oxidation to further increase the elastic modulus. However, this is not what we observe. Other 

explanations are necessary, such as iron oxidation, which reduces the amount of iron available 

for complex formation, or the disruption of the complexes due to the oxidative coupling of 

catechol. The combination of these effects may cause a net reduction in elastic modulus with a 

small amount of oxidation caused by a short exposure to ambient conditions. However, the 

increase in modulus after five days of oxidation compared to two days may reflect that oxidative 

cross-linking has begun to dominate. The major effect of oxidative cross-linking is observed 



post-yield, when the coordination bonds start dissociating, with a markedly stiffer behavior 

dominated by a more cross-linked covalent network due to oxidative cross-linking. The higher 

density of covalent cross-links also leads to a lower maximum strain to fracture. 
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