
HAL Id: hal-02893080
https://hal.science/hal-02893080

Submitted on 11 Jul 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Coacervate-Based Underwater Adhesives in
Physiological Conditions

Mehdi Vahdati, Francisco J Cedano-Serrano, Costantino Creton, Dominique
Hourdet

To cite this version:
Mehdi Vahdati, Francisco J Cedano-Serrano, Costantino Creton, Dominique Hourdet. Coacervate-
Based Underwater Adhesives in Physiological Conditions. ACS Applied Polymer Materials, 2020,
�10.1021/acsapm.0c00479�. �hal-02893080�

https://hal.science/hal-02893080
https://hal.archives-ouvertes.fr


Coacervate-based Underwater Adhesives in Physiological 

Conditions 

 

Mehdi Vahdati, Francisco J. Cedano-Serrano, Costantino Creton*, Dominique Hourdet* 

 

Soft Matter Sciences and Engineering, ESPCI Paris, PSL University, Sorbonne University, 

CNRS, F-75005 Paris, France 

 

Email: costantino.creton@espci.fr, dominique.hourdet@espci.fr 

 

 

Abstract 

 

Soft underwater adhesives which can function in physiological environments are in high demand 

for biomedical applications. This study establishes a clear link between the composition and 

mechanical properties of complex coacervates from poly(2-acrylamido-2-methylpropane sulfonic 

acid) (PAMPS) and poly(N,N-[(dimethylamino) propyl]methacrylamide) (PMADAP) with degrees 

of polymerization (DP) close to 100. Choosing such low DPs offers several advantages including 

low water contents corresponding to strong mechanical properties while remaining in the 

unentangled regime to allow injectability at high salt concentrations. Most importantly, this 

strategy favors the occurrence of the salt-induced sol-gel transition near physiological 

concentrations, where these materials form sticky hydrogels due to their viscoelastic dissipative 

nature. The fluid-like coacervate prepared at 0.75 M NaCl behaves as a soft adhesive when 

injected in physiological conditions. This adhesive satisfies a nontrivial tradeoff between 

injectability and final mechanical properties. Alternatively, the gel-like coacervate prepared at 

0.1 M NaCl offers an instant-stick solution in physiological conditions with a remarkable 

underwater adhesion energy of 65 J.m-2 without the need to a trigger or any form of post-

reinforcement. These coacervates mimic the behavior of soft adhesives in air and may be useful as 

biomedical adhesives. 
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1. Introduction 
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Associative liquid-liquid phase separations in aqueous media are ubiquitous in biological 

systems.1–3 From membrane-less compartmentalization of living cells to the delivery of the 

underwater glue of sandcastle worms, there are many instances where a fine thermodynamic 

balance between two liquid phases is absolutely critical to the desired function.2,4,5 Such phase 

separations are generically termed complex coacervation and can be driven by various molecular 

interactions (electrostatic, hydrophobic, H-bonding, etc.).6–8 Polyelectrolyte complex coacervation 

applies to the collapse of two oppositely-charged polyelectrolytes into a dense phase in equilibrium 

with a polymer-lean supernatant mostly composed of water.1,8,9 

Polyelectrolyte complexation is generally believed to occur via an ion-exchange process 

involving the formation of macroion pairs between the oppositely charged residues of the 

polyelectrolytes upon the entropically favorable release of the counter ions into the supernatant.9–

11 According to this picture, the supernatant should contain a relatively higher salt concentration 

than the polymer-rich phase, corresponding to tie lines with a negative slope on a salt vs. polymer 

phase diagram.9,12–18 However, several studies have found the opposite (tie lines with a positive 

slope),9,19,20 while others have assumed equal salt concentrations in both phases (horizontal tie 

lines) for simplicity.10,21 This assumption is not always far from reality, since both experimentally 

measured and theoretically predicted differences in salt concentrations are quite small, especially 

at higher salt concentrations.8,9,17,22 

The macroion pairs between oppositely charged polyelectrolytes in a coacervate can be 

regarded as transient crosslinking points determining the viscoelastic properties of the material. In 

the unentangled regime, the polymer dynamics in the coacervate is qualitatively understood on the 

basis of the Sticky Rouse model with macroion pairs acting as stickers. Multiple associations, each 

made of 𝑛 consecutive stickers, form the binding sites between polymer chains which slow down 

the dynamics.23–26 For instance, in the works of Spruijt et. al. and Hamad. et. al., these clusters 

were assumed to be composed of 𝑛 = 2 and 5 pairs, respectively.24,25 In practice, 𝑛 consecutive 

stickers (forming a binding site) need to be opened all at once to allow local rearrangements leading 

to relaxation via motion on the order of a chain segment.24,27 Considered as an activated process, 

the lifetime of a sticker scales with the exponential of the activation energy to break the ionic 

contact, 𝐸𝑎, which is in turn a function of the square root of salt concentration as 𝐸𝑎 = 𝐴 − 𝐵√𝐶𝑠; 

𝐴 and 𝐵 being constants. Therefore, a general expression for the association lifetime is 𝜏 =

𝜏0 exp (
𝑛𝐸𝑎

𝑘𝑇
), with 𝜏0 a microscopic time referred to as the attempt time.24 The association lifetime 



directly controls the polymer dynamics on longer time scales. For unentangled polymer solutions, 

the sticky Rouse model predicts the longest relaxation time as 𝜏𝑚𝑎𝑥  ~ 𝜏. 𝑓2 , where f is the number 

of binding sites per chain. 

The above description is simplistic in several ways. Firstly, it is valid under thermodynamic 

equilibrium, which is questionable at low salt concentrations. Another assumption of this theory 

is negligible changes in polymer volume fraction with salt concentration. Moreover, the macroions 

are taken as point charges in a continuum dielectric (Debye-Hückel approximation), and only local 

rearrangements, i.e. those on the order of a cluster, are taken into account.24,25,28 Charge 

connectivity, which has been shown to play an important role in coacervation, is thus mostly 

overlooked.9,15 Nevertheless, this model captures many features of complex coacervation as 

confirmed from experiments.29 

For instance, the theory can be used to explain the doping effect of salt on the physical and 

mechanical properties of complex coacervates.6,26,30 Relatively low salt concentrations favor 

macroion pairing and lead to solid precipitates, called complexes, with long to infinite relaxation 

times. In fact, some of these complexes remain in a kinetically frozen state, never reaching 

thermodynamic equilibrium. This effect is more pronounced at higher polymer concentrations and 

molecular weights. Addition of salt weakens the complex by lowering the activation energy against 

dissociation. Beyond a certain salt concentration, a liquid-like coacervate characterized by 

relatively short relaxation times is obtained.25,28,29,31,32 The salt concentration at which this 

transition (from a solid complex to a liquid coacervate) occurs is determined by the molecular 

weight and monomer composition (hydrophilicity) of the polyelectrolytes, charge stoichiometry, 

as well as the type of salt.6,29,32,33 Beyond a critical salt concentration (CSC) where all the 

macroions are doped with small counter ions, phase separation is suppressed and a viscous, salty 

polyelectrolyte solution is obtained.21,32 

Water content is a determining factor in the mechanical properties of soft materials such as 

hydrogels and soft tissues, in particular for applications where they are expected to remain stable 

and serve a certain function under immersed conditions for a given period of time.34 The 

equilibrium water content mainly depends on the hydrophobicity of the polyelectrolytes and the 

hydration level of the salt added.35 It is generally accepted that more hydrophobic polyelectrolytes 

form hard, solid precipitates with water contents below 40 wt % while more hydrophilic 

polyelectrolytes tend to form softer, liquid-like coacervates with water contents between 60-95 wt 



%.24,33 At the same concentration, weakly hydrated salts tend to swell a given complex coacervate 

to a larger degree than a strongly hydrated salt, following the Hofmeister’s series.33,35 However, 

regardless of the system under study, it is crucial to bear in mind that the water content changes 

accordingly with the salt concentration, allowing access to a continuum of mechanical 

properties.6,33 

The Sticky Rouse model is also helpful in understanding the underlying meaning of the so-

called Time-Salt Superposition (TSS), first introduced by Spuijt et. al.25 They showed that the 

effect of salt on the relaxation spectra of complex coacervates is analogous to that of temperature 

on the dynamics of polymer melts.25,36  Since salt affects the relaxation times of all modes (ionic 

bonds) to the same extent, 𝜏 ∝ exp(𝐴 − 𝐵√𝐶𝑠), addition or removal of salt shifts all the relaxation 

spectra towards higher or lower frequencies, respectively.25,28 This means the dynamic moduli of 

complex coacervates at different salt concentrations can be rescaled onto a master curve using salt-

dependent shift factors. The horizontal (temporal) shift factor, 𝑎𝑠, is a measure of how chain 

mobility, i.e. relaxation, is slowed by the macroion associations and is therefore strongly dependent 

on salt concentration. In contrast, the vertical shift factor, 𝑏𝑠, is only weakly dependent on added 

salt, but if anything, it is intuitively expected to decrease. 

Since these first reports, TSS has been successfully applied to dynamic rheological data for 

other complex coacervates.24,26,28,29,31–33 The master curves obtained for complex coacervates from 

polyelectrolytes with varying degrees of polymerization (DPs) show that larger DPs give rise to a 

crossover in the dynamic moduli and the appearance of an elastic plateau at higher frequencies 

(above 1/𝜏, where 𝜏 is the relaxation time of an ideal polymer chain). At low frequencies, however, 

a terminal flow behavior (𝐺′ ∝ 𝜔2, 𝐺" ∝ 𝜔) is observed regardless of the molecular weight.24,28 

At a given DP, coacervates prepared at higher salt concentrations contribute to the low-frequency, 

terminal part of the master curve, with more solid-like samples at lower salt concentrations 

providing the high frequency response.33 

So far, most of the studies on the mechanical properties of complex coacervates have focused 

on relatively high molecular weight polyelectrolytes (DPs > 500).6,32,33,37,38 Lower mixing entropy 

at larger molecular weights generally leads to higher CSCs and stronger phase separations, with a 

more concentrated coacervate and a leaner supernatant. This corresponds to an expansion of the 

two-phase region of the phase diagram on the salt-polyelectrolyte plane.10 Intuitively, the sol-gel 

transition is also expected to move towards higher salt concentrations. Yet, coacervates based on 



lower molecular weight polyelectrolytes, which are expected to feature sol-gel transition at lower 

salt concentrations, remain understudied. 

When placed in a low-salt medium for a sufficiently long period of time, a liquid-like coacervate 

is strengthened as salt diffuses out of it.39,40  Ideally, this would shift the relaxation spectra towards 

longer time scales and solidify the material if the sol-gel transition is crossed. This technique, 

known as salt switch, is potentially useful for a variety of purposes, such as controlling the porosity 

of polyelectrolyte complex-based hydrogels, membrane fabrication via phase inversion, and 

hardening an injectable coacervate-based underwater adhesive.38–41 The latter strategy is partly 

inspired by sandcastle worms which inject their glue components in a liquid state followed by in-

situ coacervation leading to a highly-wetting, low interfacial tension coacervate immiscible with 

seawater (note that, given the high ionic strength of seawater, the worm mainly takes advantage of 

an abrupt change in pH and ionic composition as well as oxidative post-curing of catechol moieties 

to set the glue).4,42 

Given the relatively low ionic strength of the human body (with 0.137 M NaCl and traces of 

other salts), a salt switch into physiological conditions is potentially useful for biomedical 

applications such as embolization, sealing leaks, and tissue adhesion. However, two limiting 

factors, namely the tolerance threshold of human tissues to high salt concentrations and the slow 

nature of salt diffusion, undermine the viability of this strategy. To put things into perspective, sol-

gel transitions with typical DPs in the literature (> 500) occur in the range of 0.6-1.3 M salt and in 

situ salt switch experiments take one to several hours.6,32,33,40 

Dompé and coworkers recently proposed a novel macromolecular design to compensate for the 

slow salt switch of liquid-like coacervates by incorporating thermoresponsive grafts onto the 

polyelectrolyte backbones with DPs above 1000.37,40 This endowed the adhesive with a rapid initial 

hardening upon heating at body temperature, due to the formation of strong hydrophobic domains. 

With a sol-gel transition at around 0.5 M, formation of electrostatic interactions upon a salt switch 

into physiological salt concentrations was found to be notably larger than upon a thermal switch 

(to 37 ºC) alone. One factor limiting the mechanical properties was the abundant water in the graft 

copolymer coacervates (~ 90 wt %), regardless of salt concentration. By removing water from the 

coacervates via extrusion at 50 ºC, Dompé et al. managed to improve both the stiffness and the 

dissipative properties of the material and hence increase underwater adhesion by one order of 

magnitude.34 



Here we propose simple model coacervates based on two oppositely charged polyacrylamides 

with DPs in the range of 100, much lower than the focus of previous studies.6,24,28,32,33,40 In 

particular, we benefit from such small DPs to tune the sol-gel transition around physiological salt 

concentrations, which can be exploited for the purpose of underwater adhesion. First, the 

composition and phase behavior of the coacervates are studied between the limiting cases of no 

added salt and a salt concentration above the CSC. We then use underwater linear rheology to 

characterize the sol-gel transition as well as to gain insights into the dynamic response of the 

coacervates using Time-Salt Superposition. Using a custom-built underwater probe tack setup, two 

of the coacervates are tested as underwater adhesives in physiological conditions. The first one is 

injectable at 0.75 M salt and is tested after exposure to a salt switch (1 h in 0.1 M NaCl), while the 

second one at 0.1 M salt is already close to the critical gel point. 

 

2. Materials and Methods 

2.1. Materials 

All the materials used in this work were purchased from Sigma-Aldrich. Potassium persulfate 

(KPS), 2-aminoethanethiol hydrochloride (AET-HCl), dicyclohexylcarbodiimide (DCCI), N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinamide 

(NHS), acrylic acid (AA), and 1-methyl-2-pyrrolidinone (NMP) were used as received. The 

monomers 2-acrylamido-2-methylpropane sulfonic acid (AMPS) and N,N-[(dimethylamino) 

propyl]methacrylamide (MADAP) were also used without further purification. MADAP and 

AMPS come in basic (-NR3) and acidic forms (-SO3H), respectively. 

2.2. Synthesis 

Details of the synthesis of the polyelectrolytes is given in the Supplementary Information (SI). 

Briefly, the two polyelectrolytes were synthesized similarly via free radical polymerization using 

a redox initiation system based on KPS and AET-HCl.43–45 The latter, which is a chain transfer 

agent, was used to 1) decrease the average degree of polymerization (DP) and 2) end-cap the 

polymers with a terminal amino moiety. A fraction of the amino-terminated polymers obtained 

were further modified with acrylic acid. These terminal double bonds, which can be later used to 

develop more sophisticated macromolecular architectures, are also very useful to characterize the 

average degree of polymerization (DP) of the polymers by 1H-NMR (see Figure S1 in the SI). The 

chemical structure of PAMPS and PMADAP are shown in Figure 1. The average DP of the 



polyanion, PAMPS, and the polycation, PMADAP, were determined to be 70 and 100, 

respectively. 

 

 

Figure 1. The chemical structures and DPs of the polyelectrolytes used in the preparation of the 

complex coacervates. PAMPS is a strong polyanion (PE–) while PMADAP is a weak polycation 

(PE+). 

 

2.3. Complex coacervation 

The polyelectrolyte complex coacervates were prepared in Falcon® tubes at a total polymer 

concentration of 0.094 M in a total volume of 14 ml. The ratio of PMADAP (PE+) to PAMPS 

(PE−) was 53.2-46.8 mol % such that the net charge is slightly positive. This corresponds to a total 

polymer weight of 247 mg (in 14 ml) where the composition was 48.3-51.7 wt % for PMADAP-

PAMPS. The samples were prepared at total nominal salt concentrations of 0.0, 0.1, 0.5, 0.75, 1.0, 

1.2, and 1.35 M NaCl, which will be used to distinguish the samples in the following. 

 



 

Figure 2. Schematic representation of different steps involved in the preparation of the complex 

coacervates along with pictures of some of the complex coacervates prepared as described 

above. The sample at 1.35 M is already above the Critical Salt Concentration, where no 

macroscopic phase separation is observed. 

 

Figure 2 schematizes the different steps of the preparation of the complex coacervates used in 

this work. Briefly, calculated volumes of separate stock solutions of each polyelectrolyte and NaCl 

(in Milli-Q water) were added into the Falcon® tubes, first mixing the salt and the polycation 

solutions followed by adding the polyanion solution. During this step, the total volume of acid/base 

added to each falcon tube was deduced from the amount of water required to reach the final volume 

of 14 ml. This was then added, and the samples were allowed to rest for 48-72 h to reach 

thermodynamic (pseudo)-equilibrium (it is known that complexes formed at very low salt 

concentrations may never reach thermodynamic equilibrium due to kinetic trapping effects).9 

Finally, the samples were centrifuged and kept at ambient temperature before use. Pictures of some 

of the samples at equilibrium are shown at the bottom of Figure 2. 

2.4. Thermogravimetric analysis (TGA) 
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We used thermogravimetric analysis to characterize the composition of the coacervates, 

although other techniques such as conductivity measurements, UV-Vis spectroscopy, and labeling 

with isotopes are commonly used as well.15,30,32 TGA experiments in air were performed on an 

SDT Q600 (TA instruments) using standard platinum pans with a sufficiently high temperature 

tolerance for the purpose of this work. The sample, either a coacervate or a supernatant, was heated 

rapidly from room temperature to 110 °C, where it was held for 20 min to evaporate all the water, 

followed by heating to 1200 °C at 20 °C.min-1. The weight loss of the sample (in percentage) was 

recorded relative to the initial weight. Weight losses in the ranges of room temperature to 110 °C 

and 110 to 700 °C was assigned to water and polymer, respectively. Control experiments on each 

of the components (salt and polyelectrolytes solutions, see Figure S2 in the SI) showed that NaCl 

is removed completely by 1000 °C, but residues of PAMPS (SO3−) persist up to higher 

temperatures. This makes it difficult to determine the exact salt content for the coacervate phase 

where polymer concentration is much higher than in the supernatant. In the following, we will 

assume identical salt concentrations in both phases, although our data suggests slightly higher salt 

concentrations in the coacervate. In fact, recent literature suggests negligible differences in salt 

concentrations between the two phases, especially for samples prepared at higher salt 

concentrations.9,17,22 Typical mass loss curves from a coacervate and a supernatant are presented 

in Figure S3 in the SI. The details of follow-up calculations on the raw TGA data are given in the 

same section in the SI. 

2.5. Underwater linear rheology 

Underwater linear rheology was performed on a stress-controlled DHR-3 rheometer equipped 

with a PMMA cup installed around the bottom plate designed to measure in immersed conditions 

in different aqueous media. The dynamic behavior of each complex coacervate was studied in 

equilibrium, i.e. immersed in a medium at the same salt concentration as its supernatant, similar to 

the work of Hamad et. al.24 A cone-plate geometry was used, and the applied strain was limited to 

1%, within the linear regime for all the materials studied. 

The samples at nominal salt concentrations of 0.1-1.0 M NaCl were tested using the same cone-

plate configuration. While the sample at 1.2 M was too fluid to be properly characterized 

meaningfully on the DHR-3, the 0.0 M sample was too stiff to be squeezed into the 53-µm trim 

gap of the cone by the axial load cell of the rheometer (50 N). In the latter case, a flat-flat geometry 



with corrugated bottom and top plates and a gap of 400 µm was used. For these samples, we will 

only use the data points that are physically meaningful. 

Time-Salt Superposition (TSS) was performed using TRIOS software installed on the DHR-3 

rheometer. Since TRIOS is only capable of performing Time-Temperature Superposition (TTS), 

we did the TSS manually by adapting its TTS function to our need. In order to validate the 

results, we performed the calculations manually as well, as detailed in the SI. 

2.6. Underwater probe tack 

The underwater probe tack experiments were performed on a custom-built setup designed by 

Sudre and coworkers in our laboratory.46 This setup has been used to study the underwater 

adherence of hard surfaces bearing polymer brushes46,47 and polymer thin films48 against 

macroscopic hydrogels. Recently, our team extended the use of this setup to study the underwater 

adhesion of different hard substrates against thermoresponsive complex coacervates.34,49 We used 

the procedure of Cedano-Serrano et. al48 to study underwater adhesion between our 

thermoresponsive complex coacervates and crosslinked thin films of PAA covalently bound to 

silicon wafers. These PAA thin films have a thickness of ~ 255 nm at pH 7 in the swollen state.48 

Briefly, the setup consists of a chamber which can be filled with different aqueous media. 

Visual observation of the experiment is feasible through a transparent polycarbonate slide on the 

side of the setup. The chamber is mounted and fixed on an Instron machine (model 5565 for tensile 

and compression tests). The bottom of the chamber is shaped in the form of a sample trough to 

hold glass slides with a width of 2.5 cm as the bottom plate. For the top plate, also called the probe, 

a fresh PAA thin film was chemically grafted to a silicon wafer, itself attached to a cylindrical 

punch using a cyanoacrylate adhesive (Loctite® 495, France). The mobile punch was connected to 

the crosshead of the Instron machine. The alignment of the probe against the glass slide to ensure 

a good contact was ensured in air while the PAA film was protected by Parafilm®.47,48 

Figure 3 presents a schematic overview of the underwater probe tack setup and the experimental 

procedure adopted. All experiments were performed at room temperature, between 20 and 25 °C. 

Depending on the surface area of the probe, the appropriate amount of the coacervate was placed 

on the glass plate, using a Pasteur pipette for the liquid coacervate and a spatula for the gel-like 

sample. The probe was then lowered so that it was in full contact with the coacervate squeezed to 

an initial thickness (ℎ0) of 500 µm (Figure 3). Both samples were then immersed for 1 h in 0.1 M 

NaCl at pH = 7, close to physiological salt concentration. The probe was detached from the sample 



at a given nominal strain rate (휀̇) (as an example, 휀̇ = 0.2 s-1 corresponds to a constant debonding 

velocity of 100 µm.s-1). The adhesive performance of the gel-like sample was also tested in 

Phosphate Buffered Saline (PBS), similarly after 1 h of immersion, as well as at different nominal 

strain rates. All experiments were repeated on at least 3 independently prepared samples. 

 

 

Figure 3. Schematic representation of the custom-made underwater probe tack setup for testing 

underwater adhesiveness of complex coacervates. 

 

From the raw force (𝐹) and displacement (ℎ) data, nominal stress (𝜎) and nominal strain (휀) 

were calculated as: 

𝜎 =
𝐹

𝐴0
      (1) 

and 

휀 =
ℎ−ℎ0

ℎ0
     (2) 

Where 𝐴0 is the surface area of the probe. The adhesion energy (𝑊𝑎𝑑ℎ) is directly proportional 

to the area under the stress-strain curve as: 

𝑊𝑎𝑑ℎ = ℎ0 ∫ 𝜎. 𝑑휀𝑚𝑎𝑥

0
    (3) 

 

3. Results 

3.1. Composition and thermodynamics 

Figure 4 shows the composition of the supernatant and coacervate phases resulting from the 

complex coacervation process (below the CSC). The values were derived from TGA 

measurements on each phase in equilibrium (1 week after preparation). The TGA curves obtained 

for the coacervate and supernatant phases of the 0.5 M sample are presented in Figure S3. As 

mentioned in the experimental section, the salt concentrations in the coacervate was assumed 



identical to that in the supernatant, where the sensitivity of the measurement was higher. These 

concentrations were found to be close to the intended (nominal) salt concentrations (see Table S1). 

 

 

Figure 4. Composition of supernatants (top) and coacervates (bottom) for samples prepared at 

different nominal salt concentrations. 

 

All the supernatants are almost entirely composed of water and salt with negligible 

concentrations of polyelectrolytes (< 0.6 wt%). The coacervates, on the other hand, contain up to 

44 wt % polymer (in the case of the 0.1 M sample), which decreases as more salt is added. This in 

turn allows more water to swell the coacervate phase (see Figure S4), which has important 

implications for the mechanical properties, as will be shown later. Such water contents (55-85 wt 

%) are characteristic of relatively hydrophilic polyelectrolytes.24,33 Above the CSC where all the 

electrostatic interactions are strongly screened, complexation does not occur and a viscous salty 

polyelectrolyte solution is obtained.1,6 This concentration falls between 1.2 and 1.37 M NaCl in 

this case. 

The coacervate formed in the absence of salt was found more swollen (containing more water 

and less polymer) compared to the coacervates containing up to 0.75 M salt. We believe this is 

because polyelectrolyte complexes formed at very low salt concentrations are often kinetically 



trapped, non-equilibrium materials.9,50,51 For clarity, this does not imply that their composition and 

properties are not reproducible. The dynamics of strong associations formed at such low salt 

concentrations can be on the order of tens of years and hence beyond observable time scales. 

Another way of regarding this would be that the strong phase separation in the absence of salt 

causes local heterogeneities with regions of lower polymer chain density, leading to chains that 

are not fully complexed (i.e. certain chain segments remain charged with free counter ions) and/or 

weaker macroion pairs due to steric and conformational hindrance on local length scales.9 

The salt entering the coacervate phase can either break macroion pairs PE+PE- into charges 

compensated by counter ions or remains as co-ions, i.e. not associated with the polyelectrolytes. 

The former case is described by the following equilibrium: 

𝑃𝐸+𝑃𝐸− + 𝑁𝑎+ + 𝐶𝑙− ⇆ 𝑃𝐸+𝐶𝑙− + 𝑃𝐸−𝑁𝑎+    (4) 

The total salt concentration in the coacervate is then given by: 

[𝑁𝑎𝐶𝑙] =
[𝑁𝑎+]𝑐𝑜𝑢𝑛𝑡+[𝐶𝑙−]𝑐𝑜𝑢𝑛𝑡

2
 + 

[𝑁𝑎+]𝑐𝑜−𝑖𝑜𝑛+[𝐶𝑙−]𝑐𝑜−𝑖𝑜𝑛

2
    (5) 

The following discussion assumes equimolar salt concentrations in both supernatant and 

coacervate phases under equilibrium. This corresponds to ideal complexation driven by entropy 

alone.8 Two important parameters can be determined from this equilibrium. 

1) the molar ratio, r, between salts and polyelectrolytes in the coacervate phase: 

𝑟 =
[𝑁𝑎+]+[𝐶𝑙−]

[𝑃𝐸+]+[𝑃𝐸−]
=

[𝑁𝑎𝐶𝑙]

[𝑃𝐸]
      (6) 

with [PE] the molar concentration of polyelectrolytes in the coacervate phase, such that [PE+] 

= [PE-] = [PE]. Note also that [Na+] = [Cl-] = [NaCl]. 

2) the doping level, y, corresponding to the fraction of polyelectrolyte compensated by counter 

ions, i.e. the total number of counter ions to the total number of macroions:6,30,35 

𝑦 =
[𝑁𝑎+]𝑐𝑜𝑢𝑛𝑡+[𝐶𝑙−]𝑐𝑜𝑢𝑛𝑡

[𝑃𝐸+]+[𝑃𝐸−]
= 𝑟.

[𝑁𝑎+]𝑐𝑜𝑢𝑛𝑡+[𝐶𝑙−]𝑐𝑜𝑢𝑛𝑡

[𝑁𝑎+]+[𝐶𝑙−]
             (7) 

Using the equilibrium constant between paired and unpaired polyelectrolytes (see calculations 

based on equilibrium in the SI), the doping level can be extrapolated from r as: 

𝑦 =
𝑟

1+𝑟
           (8) 

The doping level is expected to increase with salt concentration from 0 at no added salt to 1 at 

the CSC.  Experimentally, it has been shown that this variation is linear, the slope being a 

quantitative measure of the efficiency of the salt at breaking macroion pairs (PE+PE-).8,52 

Therefore, a linear extrapolation to y = 1, i.e. full doping, is generally a good approximation of the 



CSC. Figure 5 plots the values of r measured experimentally and y calculated from equation (8) 

versus the measured salt concentration in the coacervate phase for samples below the CSC. The 

dashed line is a linear fit to y values extrapolated to y = 1, where the arrow marks the predicted 

CSC to be around 1.4 M NaCl. We experimentally found the CSC occurs just below 1.37 M NaCl.  

 

 

Figure 5. The doping level, y, and the molar ratio between salts and polyelectrolytes in the 

coacervate phase, r. Values of r and y were obtained from TGA data and calculated from 

equation (8), respectively. The arrow marks the CSC as predicted from y = 1. 

 

As seen in Figure 5, r starts to deviate from y around 0.5 M NaCl. This signifies that below this 

point (at 𝑦 ≅ 𝑟 ≪ 1), most of the salt entering the coacervate acts as counterions breaking 

macroion pairs. The widening gap between r and y at higher salt concentrations marks the growing 

fraction of the salt ending up as (free) co-ions. This observation is in qualitative agreement with 

the results of Schlenoff’s group who investigated various polyelectrolyte pairs of various DPs with 

different salts.6,8 This effect is attributed to the fixed charges of the complex coacervate that 

generate a Donnan potential excluding mobile counter ions from the rich polymer phase. This 

phenomenon is particularly efficient in low ionic strength environments, where mainly ions 

forming ion-paired with the polyelectrolyte are expected in the concentrated phase. This selectivity 

is no longer valid for sufficiently high salt concentrations and mobile ions can diffuse into the 

coacervate. This condition known as Donnan breakdown is typically expected when the salt 

concentration exceeds the concentration of fixed charges.6,8,53 



Figure 6 summarizes the above results in a phase diagram plotting measured concentrations of 

salt and polyelectrolytes in preparation (hollow circles at [𝑃𝐸+] + [𝑃𝐸−] = 0.094 M) and in 

equilibrium. The filled circles on the left and right branches of the phase diagram mark the 

concentrations (calculated from TGA data) in the supernatant and coacervate phases, respectively. 

Horizontal tie lines on the phase diagram reflect the assumption of identical equilibrium salt 

concentrations in both phases in equilibrium, as mentioned earlier. 

 

 

Figure 6. Phase diagram for complex coacervates prepared at different [NaCl] concentrations 

between 0.0 M and 1.2 M. The hollow circles mark preparation concentrations, while the solid 

circles to their left and right correspond to concentrations in the supernatant and the coacervate, 

respectively. The estimated critical salt concentration is marked with the red star. The dashed 

lines are guides to the eye. 

 

While the concentration of polyelectrolytes in the supernatant remains negligible (below 0.03 

M), the coacervate phase is considerably richer in polymer and very sensitive to the presence of 

salt. Below 1.0 M NaCl, the two-phase region is quite wide, indicating a strong phase separation. 

The two-phase region then shrinks at higher salt contents, reaching the critical salt concentration 

(CSC) by 1.37 M NaCl (roughly marked by the red star). The bottom of the phase diagram 

(corresponding to the sample prepared without addition of salt) shows apparently enhanced 

miscibility, but this is simply due to the much stronger interactions leading to a kinetically frozen 

(out of equilibrium) microstructure, as explained above. 

3.2. Underwater rheology 



Knowing the composition of the complex coacervates, we characterized their rheological 

behavior under equilibrium, i.e. in a medium at the same pH and salt concentration as their 

supernatant. The frequency-dependence of their moduli is then used to determine the salt 

concentration at which the complex coacervate experiences a sol-gel transition (going from a fluid 

coacervate to a complex with solid-like properties). We also explore the applicability of Time-Salt 

Superposition in order to expand the accessible dynamic behavior of the material to a larger 

frequency range and deepen our understanding of its nanostructure. 

3.2.1. Sol-gel transition 

Figure 7 A shows the frequency-dependence of the storage (𝐺’) and loss (𝐺”) moduli for the 

coacervates prepared at different nominal salt concentrations. The corresponding changes in 

complex viscosity (𝜂∗) are presented in Figure S5 A. The coacervates prepared at 1.0 and 0.75 M 

NaCl are in a fluid state (𝐺” >  𝐺’). At lower salt concentrations, the materials become quite 

viscoelastic and begin to approach the gel point. The values of the loss and storage moduli, still 

quite dependent on frequency, remain close (𝐺” ≈  𝐺’) over the entire range studied. Only in the 

extreme absence of salt (0.0 M) does coacervation lead to a viscoelastic, solid-like (𝐺’ >  𝐺”) 

complex. The slightly higher moduli of the 0.0 M sample compared to the 0.1 M coacervate seems 

to be in contrast to the trend in water content (see Figure 4), but such a non-equilibrated complex 

is very likely to have a highly heterogenous nanostructure, with the seemingly higher water content 

trapped in the form of pockets of water. Nonetheless, the most interesting feature of this system is 

that it is on the verge of gelation– although still in the sol state– at physiological salt concentration. 

This has important implications for the underwater adhesiveness of these coacervates, as will be 

discussed later. 

 

 



Figure 7. The dynamic response of the complex coacervates prepared at different salt 

concentrations represented in terms of the frequency-dependence of (A) the storage (G’) and loss 

(G”) moduli, and (B) the tangent of phase angle, or tan () = G”/G’. 

 

The above trends are clearly manifested in the change in the slope of 𝑡𝑎𝑛(𝛿) vs. frequency, 

presented in Figure 7 B. During a sol-gel transition, the slope of 𝑡𝑎𝑛(𝛿) changes from negative 

for liquid-like samples to nearly zero for critical gels and positive values for more solid-like 

gels.29,54 The relaxation modulus, 𝐺(𝑡), of any critical gel (i.e. one at the sol-gel transition point) 

is known to take a power-law form of:54,55 

𝐺(𝑡) = 𝐺0(
𝑡

𝜏0
)−𝑠      (9) 

where 0 < 𝑠 < 1 and 𝐺0 is a measure of the stiffness of the critical gel in its unrelaxed state. 

Typically, soft critical gels are characterized by large values of s (𝑠 → 1), whereas stiff critical 

gels have smaller exponents (𝑠 → 0).54,55 To assess the stiffness of our critical gel, we can 

determine the power-law relaxation exponent (s in equation 9) based on the frequency-invariant 

phase angle as: 

      𝑠 =
2𝛿𝑐

𝜋
               (10) 

The closest sample to the actual critical gel where 𝑡𝑎𝑛(𝛿) is entirely independent of frequency 

is the 0.0 M sample. With a critical 𝑡𝑎𝑛(𝛿𝑐) ≅ 0.62 (the average value of its 𝑡𝑎𝑛(𝛿) over 0.1-100 

rad.s-1), an exponent of s = 0.35, characteristic of a stiff critical gel, is obtained. Liu et. al. found a 

similar power-law relaxation exponent for critical gels of PSS/PDADMAC complex coacervates 

with KBr as the salt.32 Since in their work the sol-gel transition occurred at 0.85 M KBr, they were 

able to prepare more samples below the gel point, which allowed a more thorough analysis of the 

transition using the approach taken above. 

The occurrence of the sol-gel transition close to the physiological salt concentration paves the 

road toward the design of viscoelastic underwater adhesives relying on nonspecific chemistry. In 

fact, sol-gel transitions previously reported in the literature fall outside the convenient range for 

biomedical applications, plausibly due to the large molecular weights used.6,32,33  In the following, 

we take advantage of the Time-Salt Superposition (TSS) principle to cast further light on this point. 



3.2.2. Time-Salt Superposition (TSS) 

Figure 8 A shows the master curve obtained from applying a TSS procedure to the viscoelastic 

data of the complex coacervates (from Figure 7), i.e. by taking the 0.5 M sample as the reference 

and shifting the data of the dynamic moduli along the horizontal and the vertical axes using the 

shift factors 𝑎𝑠 and 𝑏𝑠. Figure 8 B shows the values of these shift factors as a function of the 

measured (real) salt concentrations. The complex viscosity data and the corresponding master 

curve are presented in Figure S5 in the SI. Due to the non-equilibrium structure of the 0.0 M 

coacervate, its viscoelastic data was not used in TSS. Although the spectrum of relaxation times 

of the coacervates varies with salt content, a master curve spanning more than 6 decades of 

frequency was readily obtained using mainly the terminal relaxation time (the horizontal shift 

factor, 𝑎𝑠~𝜏𝑚𝑎𝑥), since the vertical shift factor (𝑏𝑠) related to the corresponding modulus 

(𝐺(𝜏𝑚𝑎𝑥)) is only weakly dependent on salt concentration. 

 

 

Figure 8. (A)  rescaled viscoelastic data of the complex coacervates using Time-Salt 

Superposition and (B) the shift factors, 𝑎𝑠 = 𝜏/𝜏𝑟𝑒𝑓 and 𝑏𝑠 = 𝐺/𝐺𝑟𝑒𝑓 calculated taking the 0.5 

M sample as the reference. The dashed line marks 𝜏 ∝ exp(𝐴 − 𝐵 ∙ 𝐶𝑠), r2 = 0.98. 

 

The dynamic response of our complex coacervates is typical of semi-dilute, unentangled 

polyelectrolyte solutions with a Rouse-like relaxation behavior: at intermediate frequencies 

(1/𝜏𝑅 < 𝜔 < 1/𝜏0 where 𝜏0 and 𝜏𝑅 are the relaxation times of the monomer and of the ideal 

polymer chain, respectively), the dynamic moduli scale with the square root of the angular 

frequency, 𝜔0.5, while at low frequencies (𝜔 < 1/𝜏𝑅 ) the response is typical of a viscoelastic fluid 

(𝐺" ∝  𝜔 and 𝐺′ ∝  𝜔2).28,31,36,56 Interestingly, Spruijt et. al. reported similar behaviors with 



hydrophilic coacervates of poly(acrylic acid) and poly(N,N-dimethylaminoethyl methacrylate) 

with DPs in the range of 50-150.28 Hamad et. al. found a qualitatively similar trend for master 

curves from non-matching complex coacervates with a polyanion, poly(isobutylene-alt-maleate 

sodium), of varying DPs (65, 475, 1140, and 2380) and a polycation, 

poly(diallyldimethylammonium chloride), having a DP around 1800. The master curve 

corresponding to the lowest molecular weight polyanion showed no sign of entanglements, i.e. no 

elastic plateau.24 By simultaneously applying Time-Salt and Time-Temperature superpositions 

between -5 to 45 °C, Yang and coworkers detected no elastic plateau in coacervates of 

poly(methacrylic acid) and poly[3-(methacryloylamino) propyltrimethylammonium chloride] 

with DPs ~ 200.26 These results seem to suggest that the DP of the polymer plays a more important 

role in controlling the mechanical properties of the coacervate compared to the chemistry of the 

monomers used. We believe this is at least true for systems at comparable water contents. 

The sharp decrease of the longest relaxation time (𝜏𝑚𝑎𝑥  ~ 𝑎𝑠) with increasing salt concentration 

can be discussed in the framework of sticky polymer dynamics taking into account  

𝜏𝑚𝑎𝑥 ~ 𝜏 ∙ 𝑓2 ~ 𝜏0 exp (
𝑛𝐸𝑎

𝑘𝑇
) ∙ 𝑓2     (11) 

with n the number of consecutive stickers forming the binding sites, Ea the activation energy of 

the dissociation process of a macroion pair and f the number of binding sites per chain.23,24,26 This 

relation qualitatively emphasizes that the addition of salt decreases the terminal relaxation time by 

reducing the activation energy for the dissociation of stickers as well as the number of macroion 

pairs between oppositely charged polyelectrolytes, affecting both n and f. Ali and Prabhu as well 

as Yang et. al. have highlighted reduced polymer volume fraction as a third effect of added salt.26,57 

This effect is seen in the deviation of r (the molar ratio between salts and polyelectrolytes) from y 

(the doping level) as well as the nonlinear increase in swelling at high salt concentrations as seen 

in Figure 5 and Figure S4, respectively. In general, the lower polymer volume fraction has a less 

significant contribution in decreasing the terminal relaxation time compared to the reductions in 

activation energy and the number of macroion pairs.25,28 

Based on the sticky Rouse dynamics, the horizontal shift factor is expected to scale with 

exp(𝐴 − 𝐵√𝐶𝑆). Many previous studies reported a good agreement between this theory and their 

experimental data.24,25,28,29,32,57 However, Marciel et. al. and Yang et. al. obtained better master 



curves by using an empirical horizontal shift factor that scaled exponentially with 𝐴 − 𝐵 ∙ 𝐶𝑆 and 

𝐴 − 𝐵 ∙ (𝐶𝑆
6/5), respectively.26,31 As shown in Figure 8 B (dashed line), we find a similar 

dependence as Marciel et. al.31 Such inconsistencies with the theory may arise from the simplistic 

assumptions of the model: Our samples may not reach thermodynamic equilibrium at low salt 

concentrations, there may be a broad relaxation time distribution in the course of the sol/gel 

transition and the variation with salt content of the polymer concentration in the coacervate phase 

was not taken into account. 

In principle, the vertical shift factor 𝑏𝑠 = 𝐺/𝐺𝑟𝑒𝑓 should decrease since the polymer concentration 

in the coacervate decreases with increasing salt concentration (see Figure 4 and 6). Surprisingly, 

however, the vertical shift factor 𝑏𝑠 increases slightly with salt concentration (Figure 8 B). Liu and 

coworkers reported a similar trend for solid complexes in the vicinity of  the gel point.32  

We believe that this counterintuitive effect is due to the non-equilibrated structure of the gels. The 

viscoelastic properties below the gel point are controlled by the formation of growing clusters of 

microgels that eventually coalesce into a gel. The variation of terminal relaxation time of the 

coacervates with increasing level of association, i.e. decreasing concentration of salt, is intimately 

related to the dominant behavior of the cluster growth below the percolation threshold.54,58 Since 

this deviation happens to be particularly evident at low salt concentrations, strong aggregation 

leading to the non-equilibrated structures is plausible. The largest crosslinked cluster in the sample 

will also give the dominant contribution to the moduli, proportional to the concentration of these 

clusters. We then speculate that both the counterintuitive variation of the moduli with salt and the 

previous analysis of the doping level shown in Figure 5, highlighting the presence of salt in the 

coacervates in the form of counterions for 0.1 and 0.5 M and with a large proportion of additional 

co-ions for [NaCl] > 0.75 M, suggest a much broader impact of salt on the association behavior, 

affecting not only the lifetime of the stickers but also the architecture of the transient network 

through the number of binding sites per chain and their connectivity. 

3.3. Underwater probe tack 

3.3.1. Adhesiveness in physiological conditions 

As highlighted by Winter and Mours, polymers close to the critical gel point are “extremely 

powerful adhesives” as they combine the wetting capability of liquids with the cohesive strength 

of solids.54 By probing adhesive properties of PDMS crosslinked to different degrees below and 



above the gel point, Zosel showed the highest adhesion energies are obtained with samples slightly 

into the gel regime, where the formation of stable fibrillar structures capable of maintaining a 

certain level of stress allowed bulk energy dissipation before failure.59 For underwater 

applications, coacervates offer key advantages over typical hydrophobic adhesives as they can wet 

immersed surfaces and remain immiscible with water.49,60,61 Yet, like any other adhesive, they 

must also be capable of sustain mechanical stress, for which they need to be close to the gel point. 

Based on these insights, we investigated the underwater adhesiveness of two of our complex 

coacervates in media closely resembling body conditions, where they are close to the gel point 

(see Figure 7). The coacervate at 0.75 M, initially an injectable fluid, is studied after reinforcement 

upon immersion in 0.1 M medium. Real-time evolution of its dynamic moduli during the salt 

switch are shown in Figure S6. The 0.1 M coacervate, on the other hand, is already close to its gel 

point and thus quite viscoelastic and compliant but not injectable. This sample was studied both in 

a 0.1 M NaCl solution (where no major salt switch is anticipated, see Figure S6) and in Phosphate-

buffered saline (PBS). Figure 9 A and B show nominal stress-strain plots on lin-lin and log-lin 

scales from these probe tack experiments. The corresponding adhesion energies are presented in 

the bar chart in Figure 9 C, where error bars mark standard deviation from mean values form a 

minimum of 3 independently prepared samples. Underwater debonding of the adhesives was 

imaged in large deformations, shown in Figure 9 D. 

The stress-strain behavior of these adhesives in the 0.1 M medium is generically similar to that 

of soft, liquid-like adhesives and of confined viscoelastic fluids.59,62–64 All of the curves feature an 

initial peak in stress followed by a sharp fall. The slope of the stress versus strain curve is then 

reduced enabling the adhesive to maintain a certain level of stress up to very large deformations 

(휀𝑚𝑎𝑥 ≥ 8 and 25 for 0.75 M and 0.1 M samples, respectively; Figure 9B). In order for such 

deformations to be achieved both adhesives go through extensive fibrillation (Figure 9C), 

reminiscent of soft Pressure Sensitive Adhesives (PSAs) in air. However, our adhesives continue 

to soften up to cohesive failure with no indication of the strain hardening typically expected in 

PSAs and also seen in a soft, thermoresponsive underwater adhesive recently reported by our 

group.45,64,65 This was expected given that these adhesives are still in the sol state however close 

to the gel point (see Figure 7).59 



 

Figure 9. Nominal stress-strain curves from underwater probe tack experiments on 0.75 and 0.1 

M samples after 1 h of immersion in the medium specified in the legends. (A) and (B) present the 

data on lin-lin and log-lin scales, respectively. The corresponding adhesion energies and 

pictures of the adhesives during debonding under water are presented in (C) and (D), 

respectively. Error bars mark standard deviation from mean values from experiments on 3 

independently prepared samples. The red lines added to the pictures mark the position of the 

probe. The color code is consistent in all figures. 

 

The 0.75 M coacervate was tested once reinforced via formation of extra macroion pairs upon 

injection of salt into the medium. The salt switch is indeed a slow, diffusion-controlled process 

taking several hours to complete, as seen in Figure S6, but the main enhancement in mechanical 

properties is realized in the first hour. This is also reflected in an immediate change from 

transparency to an opaque color (Figure 9D) which is plausibly due to the formation of microscopic 

pockets of water.37,40,49 In its hardened state, it has an adhesion energy of 3.5 J.m-2 similar to those 
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of Dompé and coworkers (2-6.5 J.m-2) under the same experimental conditions.37,40 However, it 

appears softer and less stretchable than the non-injectable 0.1 M coacervate. Although this further 

confirms that a salt switch is a promising strategy to reinforce coacervate-based underwater 

adhesives, there seems to be an upper limit to the final mechanical properties which can be 

achieved with this strategy. We believe this is mainly due to the softening effect of the high 

equilibrium water content at high salt concentrations required for injectability. 

The adhesiveness is clearly higher in the case of the 0.1 M sample, where no major salt switch 

is expected (Figure S6) as further confirmed by its translucent appearance in Figure 9 D. This 

coacervate, close to its critical gel point with its two dynamic moduli (𝐺’ and 𝐺”) almost equal and 

still frequency-dependent between 0.1-100 rad.s-1 (see 3.2.1), is quite viscoelastic in large strain 

but stiffer than the 0.75 M coacervate after a salt switch, with an adhesion energy of 13.8 J.m-2. To 

the best of our knowledge, this is the highest adhesion energy measured in underwater probe tack 

reported for a complex coacervate without an external trigger (salt, pH, temperature), addition of 

divalent cations, or post curing reactions. This feature makes this adhesive a promising candidate 

for instant-stick solutions. Given the well-balanced properties of this coacervate, we will discuss 

it further, starting with experiments in PBS. 

As seen in Figure 9, the adhesive appeared slightly softer (lower 𝜎𝑚𝑎𝑥) and more stretchable 

(higher 휀𝑚𝑎𝑥) in PBS with an adhesion energy of 16.4 J.m-2, even higher than that in 0.1 M NaCl. 

The gain in adhesion energy mainly comes from the higher stress level during the fibril stretching 

occurring after the peak stress 𝜎𝑚𝑎𝑥 (stress did not fall short of 100 Pa up to a strain of 40, see 

Figure 9 B). Although PBS is quite similar to the 0.1 M NaCl solution in terms of composition 

(with 0.137 M NaCl plus traces of other salts at concentrations below 3 mM) and pH (7.4), the 

presence of more NaCl and minority salts may very well lead to 1) uptake of more salt by the 

coacervate and 2) exchange of counter ions, possibly slightly modifying the structure of the gel, 

its average crosslinking density and bond lifetimes. This in turn mays lead to differences in fibril 

stress as we observe experimentally. One should keep in mind that the translucent appearance of 

the adhesive suggests a phase separated microstructure with a continuous phase of strong, 

polymer-rich regions (accounting for higher stress in large deformations) across a soft swollen 

matrix (corresponding to the lower peak stress). 

3.3.2. Mechanism of adhesion 



Given the viscoelastic nature of these adhesive coacervates, we also investigated the strain rate 

dependence of their mechanical response, as shown in Figure 10 A and B for the 0.1 M sample. 

The adhesion energies are plotted as a function strain rate in Figure 10 C and show a significant 

strain rate dependence, a hallmark of the type of bulk viscoelastic dissipation observed in soft 

adhesives.66,67 We also observe a bulk fingering instabilities following the homogeneous 

deformation of the layer at higher strain rates consistent with previous studies on viscoelastic 

fluids.67–69 Tests at higher strain rates result in a stiffer and more elastic response with a plateau in 

stress beginning to appear in large deformations at 2 s-1, causing a much higher energy dissipation 

in the bulk of the material prior to cohesive failure. 

 

 

Figure 10. Nominal stress-strain curves from underwater probe tack experiments at different 

nominal strain rates on 0.1 M coacervate after 1 h of immersion in 0.1 M NaCl. (A) and (B) 

A B

C



present the data on lin-lin and log-lin scales, respectively. The adhesion energies as a function of 

nominal strain rate are plotted in (C) in a log-log scale. The dashed line corresponds to the best 

fit to the data with an expression of the type 𝑊𝑎𝑑ℎ ∝  휀̇𝑎. The best fit gives 𝑎 = 0.61. Error bars 

are standard deviation from mean values (3 replicates from independently prepared samples). 

The color code is consistent in all figures. 

 

Figure 10 C plots 𝑊𝑎𝑑ℎagainst 휀̇ in a log-log scale. The best fit (r2 = 99.8) to the data indicates 

a power-law behavior, 𝑊𝑎𝑑ℎ ∝  휀̇𝑎, with the exponent a = 0.6. Power law exponents of typical 

solid- like adhesives fall in the range of 0.1–0.3, with larger exponents signifying a more viscous 

response in the material, as is the case with our coacervates.70,71 Again, this is consistent with the 

fact that these adhesives are not in the gel regime at this salt concentration. We note that a strain 

rate of 2 s-1 corresponds to a probe velocity of 1 mm.s-1, reasonably close to the manual retraction 

of a finger. The underwater 𝑊𝑎𝑑ℎin these realistic conditions (65.2 J.m-2) amounts to those of Post-

It® notes and soft healthcare adhesives in air. 

This coacervate is too stiff to be injectable but is sufficiently soft and compliant (𝐺’ < 100 kPa 

at 1 Hz, consistent with Dahlquist’s criterion) to be shaped like a paste and easily squeezed. It is 

then easily capable of making intimate contact with surfaces under a light pressure and the large 

value of the loss modulus helps to dissipate considerable energy during debonding.67,71,72 It can be 

directly applied under water before contact with the probe without a reduction in adhesion energy, 

as shown in Figure S7 in the SI. Another advantage of the 0.1 M coacervate for potential 

biomedical applications is that it eliminates the need for a switch, meaning that it can be easily 

formed, for instance, into a thin layer and used as an underwater adhesive tape or patch. The 

insolubility of complex coacervates in aqueous environments, resulting in a stable water content 

over time, is one of the distinct advantages giving them an edge over other swellable materials for 

underwater adhesion.4,49 

 

4. Discussion 

Among various parameters which can be potentially used to tune the mechanical properties of 

complex coacervates, the molecular weight of the polyelectrolytes has not received due attention. 

Understanding the significance of this parameter requires establishing clear links between the 

composition of these soft materials and their structure and properties. 



It is thus insightful to start with the role of molecular weight in the equilibrium composition of 

complex coacervates. As previously highlighted by Spruijt and coworkers as well as Wang and 

Schlenoff, the CSC shifts towards smaller values for lower DPs in matched complex coacervates 

(i.e. having roughly the same DPs).6,10 This stems from the more soluble character of smaller 

molecular weights due to the gain in entropy of mixing. Concurrently and for the same reason, the 

two-phase region of the phase diagram shrinks, diminishing the polymer content in the coacervate 

phase or, analogously, increasing swelling. This sets a limit to the molecular weight below which 

the mechanical properties become too weak. 

The molecular weight dependence of the equilibrium water content in the coacervate has 

previously been studied for relatively hydrophilic polyelectrolytes at negligible salt 

concentrations.10 There is a lower limit, around 60-70 wt %, to the attainable water content for 

DPs above 100. Polyelectrolytes with very small DPs (< 10) are nearly fully soluble with the water 

content approaching 100 wt %. Between these limits, the equilibrium water content varies sharply 

with molecular weight. Given the similarity of the water content in our system (56 wt % in the 0.1 

M sample, see Figure 4) to those reported for hydrophilic complex coacervates in the literature 

justifies our choice of targeting DPs around 100.10,24,33 Higher salt concentrations then lead to 

swelling which in turn softens the coacervates. 

This was clearly manifested in the rheological behavior of our coacervates prepared at different 

salt concentrations, with liquid-like injectable samples at high salt concentrations and increasingly 

viscoelastic materials towards low salt concentrations (see Figure 7). We are in fact the first to 

report the sol-gel transition in complex coacervates from polyelectrolytes with such small DPs. 

This allowed us to tune the sol-gel transition, where stickiness is optimized, close to physiological 

salt concentrations. We note that currently reported sol-gel transitions occur at concentration of 

salt exceeding 0.6 M, characteristic of the polyelectrolytes with DPs > 500.6,32,33,40 

We believe that the semi-dilute unentangled regime seen in rheology (see Figure 8) mainly 

arises from the use of such small DPs and has less to do with the salt or the nature of the 

polyelectrolytes. Larger molecular weights of the same polyelectrolytes used in this work have not 

been studied before, yet we expect our hypothesis should remain true for systems of similar water 

contents, i.e. based on polyelectrolytes of similar hydrophilicity. In other terms, reducing the salt 

content will not entail an elastic plateau in rheology if the molecular weights fall short of the 



entangled regime. As extensively explained before, the sole effect of removing salt is increasing 

internal friction against chain mobility by raising the energy barrier of dissociation.  

Therefore, targeting DPs around 100 with hydrophilic polyelectrolytes offers a triple advantage. 

First, this is the lowest DP where the minimum equilibrium water content, corresponding to the 

best mechanical properties, can be achieved. As discussed in details in one of our previous studies, 

increasing the initial polymer concentration is not an effective strategy to lower the water content; 

it simply increases the relative volume of the coacervate phase without modifying its equilibrium 

composition.34 Second, the molecular weight is not high enough to form entanglements, and 

therefore the coacervates remain in the semi-dilute unentangled regime, which can be an asset in 

designing injectable underwater adhesives. Last but not least, sol-gel transition occurs at salt 

concentrations more practical and convenient for potential biomedical applications. 

It is also important to discuss the tradeoff between the injectability and the final mechanical 

properties of the 0.75 M coacervate after salt switch as opposed to the sample already prepared at 

0.1 M NaCl (see Figure 9). Even after long immersion times (14 h), the dynamic moduli of the 

initially liquid-like coacervate did not reach the same level as those of the 0.1 M sample (Figure 

S7). This is probably mainly because the polymer content remains unchanged during the salt 

switch (some 10 wt % lower than the 0.1 M coacervate), even after complete removal of salt. The 

structure and composition of the coacervate is therefore not equilibrated. Another possibility is the 

shrinkage of the sample and a weaker interface with the probes, although we believe this to be less 

likely as no macroscopic volume change was visible. 

As underwater adhesives, both coacervates eventually appear generically similar with extensive 

fibrillation and bulk energy dissipation, but the gel-like 0.1 M sample is 3-4 times stronger in terms 

of adhesion energy. This non-injectable sample can be used as an instant-stick solution offering 

the possibility of direct contact under water (see Figure S7) and easy removal at short time scales 

(~ 5 min, see Figure S8). Based on the mechanical behavior of this coacervate and partly inspired 

by the molecular insights from the work of Hamad and coworkers,24 we suggest the nanostructure 

shown in Figure 11. We expect this picture to remain self-similar for samples at higher salt 

concentrations, with the water-rich regions becoming more predominant as the macroion pairs are 

screened. 

 



 

Figure 11. The plausible nanostructure deduced from Time-Salt Superposition and underwater 

probe tack experiments for nearly matched complex coacervates of PAMPS and PMADAP with 

DP around 100. The regions within the blue and red dashed lines represent (a) soft, water-rich 

regions and (b) strong, polymer-rich domains, respectively. 

 

If cohesive failure is acceptable, i.e. when clean removal from the surfaces is not required, we 

propose tuning the water content and viscoelastic properties of complex coacervates by controlling 

the degree of polymerization rather than using high concentrations of salt, which can be harmful 

to body tissues in potential applications. In fact, the adhesive properties of our coacervates are 

characteristic of fluid-like adhesives, simply because they remain in the sol vicinity of the sol-gel 

transition. Therefore, making yet stronger adhesives under physiological conditions requires that 

the transition occur at salt concentrations slightly higher than that of the body, around 0.2 M. It 

may be interesting to target slightly higher DPs, in the range of 200-300. As such, the adhesive 

will end up in the gel vicinity of the transition under physiological conditions, thereby showing 

maximal adhesiveness.59 However, achieving strain-hardening and adhesive removal remain open 

issues without formation of entanglements. The novel insights from this work pave the road 

towards safe underwater adhesives for potential biomedical applications. 

 

5. Conclusions 

Fine-tuning underwater adhesiveness of complex coacervates requires close control over their 

composition. Instead of focusing on high molecular weight polyelectrolytes which would demand 

high salt concentrations to make liquid-like coacervates, we have used relatively short, hydrophilic 

polyelectrolytes with DPs around 100. This strategy offers several merits including proximity to 

(a)

(b)



the sol-gel transition and thus being in a viscoelastic, sticky state under physiological salt 

concentrations. The injectable coacervate we prepared at 0.75 M salt can be mechanically 

reinforced via a salt switch into physiological conditions, but there is still a tradeoff between 

injectability and final mechanical properties. However, we also designed a coacervate in 0.1 M 

salt, which is just above the gel point and contains a minimal amount of water (56 wt %) stable 

over time. This coacervate features a remarkable adhesion energy of 65 J.m-2 in physiological salt 

concentration. Although not injectable, this sticky coacervate can be directly applied under water 

in the form of adhesive tapes or patches. Our findings highlight the untapped potentials of 

coacervates from relatively low molecular weight polyelectrolytes in developing underwater sticky 

materials potentially useful for bonding biological tissues. 

 

6. Associated content 

Synthetic details, 1H-NMR, TGA validation and calculations, swelling, TSS calculations, salt 

switch via linear rheology, direct underwater contact as well as contact time are given in the 

Supporting Information. 
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