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Abstract

Self-assembled mechanically robust Dopa-bearing triblock copolymer networks improve 

underwater adhesion through both energy dissipation and interfacial bonding. Polymer networks 

that incorporate energy dissipating motifs could improve the performance of high-performance 

wet adhesives rather than only by interfacial bonds.

Graphical abstract

Underwater adhesives have many applications ranging from functional materials in marine 

environments to biomedical implants and coatings.1–3 Bioinspired approaches are largely 

based on recapitulating the chemistry of mussel foot proteins (mfps) and have been very 

effective, to date.4–7 3,4-dihydroxyphenylalanine (Dopa) residues found in natural mfps 

increase the interfacial adhesion to many substrate materials by forming coordination bonds, 

hydrogen bonds and π-π stacking.8–11 More recently, cation-π interactions between Dopa 

residues and amine groups in flanking amino acid residues in mfps can also improve 

adhesion by enhancing interfacial bonding.7 Dopa residues and synergistic adhesion-

promoting components can be incorporated as pendant groups or end groups in synthetic 

polymers to create underwater adhesives.12–16 Despite biomimetic chemistry, there are large 
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gaps in performance between synthetic polymers and natural mfps in terms of interfacial 

adhesion and toughness.11, 17, 18 Dopa groups in mfps also form reconfigurable bonds that 

approximate the strength of covalent networks. Transient intra- and inter-molecular bonding 

can dissipate energy and improve the mechanical toughness in both natural17, 19, 20 and 

synthetic adhesives21–24. Synthetic Dopa-bearing hydrogel networks with reconfigurable 

coordination bonds exhibit self-healing properties.25 However, there are few, if any, 

synthetic underwater adhesives that improve performance by using reconfigurable bonds.
26–30

Here we describe the synthesis and characterization of Dopa-bearing ABA triblock 

copolymers that can self-assemble into mechanically robust networks. We posit that catechol 

groups in Dopa molecules confer adhesive properties by promoting interfacial bonding and 

increasing energy dissipation through several modes of intra- and inter-molecular 

interactions.

The synthesis of ABA triblock copolymers is shown in Fig. 1. Poly(ethylene glycol)-based 

(PEG) macroinitiators are first extended with an active esterified methacrylic acid 

(methacrylic acid N-hydroxysuccinimide ester; NHSMA) by atom transfer radical 

polymerization (ATRP) to obtain poly(NHSMA)-b-PEG-b-poly(NHSMA) (ABA-Dopa(–)). 

ABA-Dopa(–) triblock copolymers are then conjugated with dopamine to produce 

poly(NHSMA)-b-PEG-b-poly(NHSMA)-Dopa (ABA-Dopa(+)). The resulting triblock 

copolymers exhibit immiscible A and B blocks, which can produce physical crosslinked 

networks via microphase separation.31, 32 Monodisperse macroinitiators combined with 

precise radical polymerization afforded by ATRP permit precise control over the degree of 

polymerization (DP) of network precursors (poly(NHSMA)70–b-PEG228–b-

poly(NHSMA)70; A70B228A70). Furthermore, amine-reactive NHSMA can support a Dopa 

conjugation ratio approaching 70% on a NHSMA monomer basis as calculated by 1H NMR 

and supported by UV-vis spectroscopy (See Fig. S2, S4, and S5). A70B228A70 triblocks with 

the nominal Dopa conjugation ratio of 70% were chosen for subsequent network formation 

studies because the role of Dopa groups could be best elucidated with the maximum 

concentration of Dopa in phases rich in A segments of the ABA triblock copolymers.

Self-assembled polymer networks were prepared from both ABA-Dopa(–) and ABA-

Dopa(+) polymer precursors. Concentrated polymer solutions in N,N-dimethylformamide 

(DMF) were first cast into films and then assembled into networks through phase separation 

by solvent exchange with excess water. The solvent exchange disrupts crystalline PEG 

domains as assessed by differential scanning calorimetry (DSC; Fig. S6). We posit that the 

solvent exchange process generates phases rich in A blocks that serve as physical crosslinks 

and are joined together by PEG-based B blocks. Mechanically robust networks can be 

produced through solvent exchange using precursors with B blocks of MWPEG = 10,000 

g/mol (DPPEG = 228). Precursors of B blocks of DPPEG = 450 and DPPEG = 92 create brittle 

networks and therefore the mechanical properties were not investigated further in this study. 

The former may be caused by excess PEG crystallization and the later may be attributed to 

excessive loop formation. The length of the B block is therefore critical in realizing 

mechanically robust adhesive polymer networks.
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Dynamic mechanical analysis (DMA) was performed on both ABA-Dopa(–) and ABA-

Dopa(+) films. Networks prepared from ABA-Dopa(+) triblock copolymers exhibit solid-

like behavior with a storage modulus of E’ ~ 107 Pa that monotonically increases for ω = 

0.1–100 rad/s. The storage modulus is orders of magnitude larger than other types of 

hydrated catechol-bearing networks (Table S5).33, 34 Strikingly, the loss modulus E”, which 

is 5 times larger than the E” of ABA-Dopa(–), possesses the same order with E’. In addition, 

the markedly increased tan(δ) also shows larger viscosity compared to ABA-Dopa(–) films. 

The differential mechanical properties are attributed to dynamic interactions between Dopa 

motifs in phases rich in A blocks. The loss modulus of ABA-Dopa(+) networks increases 

from E” = 5 to 10 MPa over ω = 0.1–100 rad/s whereas the loss modulus of ABA-Dopa(–) 

networks is largely constant at E” = 1–2 MPa in the same frequency range. The value of E” 
in ABA-Dopa(+) networks increases monotonically with frequency, which suggests multiple 

dissipation processes are present and span time scales across several orders of magnitude. 

Rapid dissipation processes at high frequencies are present in ABA-Dopa(+) networks and 

typically associated with reconfigurable bonds35, 36. The solid-like, yet viscous behavior of 

this material is attributed to intra- and inter-molecular interactions of Dopa within phases 

rich in A blocks.

The viscoelastic properties of networks composed of ABA-Dopa(+) polymers were further 

studied using stress relaxation measurements and modeled using a Maxwell-Wiechert linear 

viscoelastic model (Fig. 2b). The best fit for the Maxwell-Wiechert model was achieved 

using the following four elements in parallel: three Maxwell elements plus an additional 

elastic element. The relaxation times of each corresponding Maxwell element are 0.76 

± 0.009, 9.87 ± 1.48, and 114.28 ± 11.91 secs, respectively. These relaxation modes span 

three orders of magnitude and are associated with multiple dissipation processes from Dopa 

interactions concentrated in phases rich in A blocks and PEG bridges rich in B blocks. H-

bonding in polymer networks exhibits a characteristic relaxation time of 3~6 secs.37 Based 

on the relation between relaxation time τ and bond energy Ea given by τ ∝ e
Ea/RT

, the 

relaxation time of 0.76 secs is consistent with dissipation due to π-π interactions. Relatively 

longer relaxation time scale could be related to the dissociation of H-bonding clusters or 

entanglements in PEG chains.38, 39

Pendant Dopa residues improve the mechanical toughness and resilience of ABA triblock 

copolymer networks. The tensile properties of both ABA-Dopa(–) and ABA-Dopa(+) 

networks are shown in Fig. 3a. The Young’s moduli of films composed of ABA-Dopa(+) 

and ABA-Dopa(–) polymers are EABA-Dopa(+) = 32 ± 4.7 MPa and EABA-Dopa(–) = 28 ± 2.8 

MPa, respectively. Although the Young’s moduli are comparable, the tensile toughness and 

maximum elongation are greatly increased in networks composed of ABA-Dopa(+) 

polymers (Table S2). Networks prepared from ABA-Dopa(+) polymers exhibit rate-

dependent tensile toughness, values for maximum elongation and breaking stress (Fig. 3b 

and Table S2). This behavior has been observed previously in crosslinked networks that 

contain reconfigurable H-bonds and ionic cross-links.38, 40 We anticipate that reconfigurable 

transient bonds in phases rich in A blocks produce a cycle-dependent toughness (Fig. 3c). 

The strain energy dissipated reduces larger than half from the first cycle to the second cycle. 

If a recovery time of 5 mins is permitted, the strain energy dissipated in the second cycle is 
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increased substantially (Fig. 3d and Table S3). The observed time-dependent recovery of 

energy dissipation is attributed to the reformation of transient intra- and inter-molecular 

bonds between Dopa groups in physical crosslinks rich in A blocks.

Dopa groups increase underwater adhesion in polymers by enhancing interfacial bonding 

and increasing the energy dissipation capacity within the polymer network. Physically 

crosslinked polymer networks prepared from ABA-Dopa(–) polymers exhibit limited 

adhesion compared to polymer networks prepared from ABA-Dopa(+). These results 

suggest that catechol groups increase interfacial adhesion in hydrated conditions even if they 

are embedded in phases rich in A blocks (Fig. 4a). The work of adhesion in wet 

environments for ABA-Dopa(+) is also a strong function of the retraction rate of the probe 

(Fig. 4b and Table S4), an observation that is consistent with the tensile rate-dependent 

toughness. ABA-Dopa(+) networks exhibit broad relaxation times ranging from 0.76 to 114 

secs. A force-distance measurement with a retraction velocity of 2 mm/min rate requires 450 

secs to complete. This time scale permits all observed dissipation modes to occur. 

Conversely, force-distance measurements using retraction velocities of 10 mm/min and 30 

mm/min (requiring 90 and 30 secs to complete, respectively) restrict some dissipation modes 

and therefore produce smaller values for the calculated work of adhesion. We infer that 

networks prepared from ABA-Dopa(+) triblock polymers enhance underwater adhesion by 

increasing the areal density of interfacial bonds and creating dissipative networks in physical 

crosslinks composed of phases rich in Dopa-bearing A blocks.

We have designed and synthesized networks composed of Dopa-bearing self-assembled 

ABA triblocks with the following characteristic mechanical properties: a Young’s modulus 

of E ~ 28 MPa; an ultimate tensile stress of σb ~ 1.1 MPa; and a maximum elongation at 

break of εmax ~ 130% (Table S2). ABA-Dopa(+) triblock polymers form mechanically 

resilient networks that exhibit adhesion in hydrated conditions. Comparing to ABA-Dopa(–) 

films, Dopa-bearing polymer networks promote adhesion through mechanisms including 

interfacial bonding and strain energy dissipation through multiple types of intra- and inter-

molecular bonds (Table 1). The synthesis strategy described herein affords molecular control 

over the composition of network precursors by using B blocks of monodisperse telechelic 

macroinitiators that can be extended to create A blocks with precise DP and degree of 

substitution of Dopa. In addition to H-bonding and π-π interactions, it may be possible to 

incorporate additional energy dissipation modes through reconfigurable coordination 

bonding between catechols and cations to further enhance underwater adhesion. The 

collective chemical and mechanical properties afforded by the unique molecular design 

suggest that ABA-Dopa(+) triblock polymers have potential applications as functional 

materials for marine environments, surgical adhesives, or substrate materials for hydrogel-

based electronic devices16, 41.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Design and processing of precursor
(a) Schematic showing the synthesis of poly(NHSMA)-b-PEG-b-poly(NHSMA) (ABA-

Dopa(–)) and poly(NHSMA)-b-PEG-b-poly(NHSMA)-Dopa (ABA-Dopa(+)) triblock 

copolymers. (b) Schematic illustration of polymer processing to create the hydrated ABA-

Dopa(+) network.
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Figure 2. Viscoelastic properties of ABA-Dopa(+) networks comparison to linear viscoelastic 
models
(a) Storage (E’) and loss (E”) modulus are plotted as a function of angular frequency 

obtained from tensile oscillatory sweeps (ε = 0.5%; ω = 0.1–100 rad/s). (b) Plots of stress 

relaxation curves for both experimental data and fitting curve using Maxwell–Wiechert 

model (inset).
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Figure 3. Mechanical properties of networks
(a) Tensile test results for networks prepared from ABA-Dopa(–) and ABA-Dopa(+) triblock 

copolymer precursors at a strain rate of 2 mm/min (See Experimental Methods for Details). 

(b) Stress-strain curves of networks prepared from ABA-Dopa(+) as a function of strain rate. 

(c) Cyclic tensile curves of films prepared from ABA-Dopa(+) at a nominal strain of ε = 

80%: first loading-unloading cycle (n = 1, red); successive stretching curve (n = 2, orange); 

cycle after 5 mins rest (After 5 mins, n = 3, blue). (d) Work of extension of films at nominal 

strains of ε = 10%, 50%, and 80% for n = 1, 2, and 3 (After 5 mins), respectively.
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Figure 4. Wet adhesion properties of ABA triblock copolymer networks
(a) Stress-strain curves extracted from force-distance curves between glass probes and 

substrates composed of networks prepared from ABA-Dopa(–) and ABA-Dopa(+) polymers. 

(b) Stress-strain curves for ABA-Dopa(+) networks performed at different retraction rates.
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