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Synthesis of the polyelectrolytes.

We followed a simple procedure previously reported by our group for neutral monomers.!2
In this method based on free radical polymerization, a chain transfer agent used as a redox co-
initiator allows to control the molecular weight. For PMADAP telomer, 1 mmol (~ 17 g) of
MADAP was first dissolved in MilliQ water in a 3-necked flask. The flask was then sealed and the
solution was bubbled with N> gas for 1 h before the start of the reaction. 1 mmol of KPS and 2
mmol of AET-HCI were separately dissolved in MilliQ water and bubbled with nitrogen for 1 h.
Next, the initiators were injected into the 3-necked flask in a dropwise manner and the reaction was
allowed to proceed to overnight. In the end, an excess of NaOH was added into the solution to
neutralize the HCI and recover the PMADAP in the basic form. The reaction medium was freeze-
dried without further purification. Note that the excess sodium ions will be removed during dialysis
after the next step.

The dry telomer (1 mmol of MADAP) was dissolved in 120 ml of NMP after 1 h of heating
(60 °C) and vigorous stirring. Separately, 20 mmol of AA and 10 mmol of the coupling agent

(DCCI) were dissolved in 15 ml of NMP. Note that both AA and DCCI are in large excess to the
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initial AET concentration used in the first step. The AA solution was mixed with the telomer
solution that was allowed to homogenize. DCCI was then added to start the reaction which
proceeded overnight. The macromonomer solution was then diluted 2 times with water and purified
by dialysis (membrane cut-off 3.5 kg.mol™) against MilliQ water changed twice per day for 1 week,
such that the macromonomer was thus obtained in the protonated form.

From the H-NMR spectrum presented in Figure S1, the polymer was found to have a
number average molecular weight of 17000 g.mol™ corresponding to an average DP of 100. For
this analysis, we calculated the ratio between the dimethyl hydrogens of MADAP units (marked as
a, appearing at 2.28 ppm) with those on the terminal double bond (marked as g and h, appearing

at 5.6-6.2 ppm).
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Figure S1. *H-NMR spectrum of PMADAP terminated with a double bond. Peak assignment is

done using letters in red.



PAMPS was synthesized similarly, but the terminal double bond was introduced using a
water-mediated coupling reaction using EDC/NHS because AMPS is insoluble in most convenient
organic solvents, including NMP.2 Using 'H-NMR, the polymer was found to have a number

average molecular weight of 14000 kg.mol™ (corresponding to an average DP of 70).

TGA: validation.

Before presenting TGA results from the coacervates, we first validate the hypotheses we have
made. Figure S2 plots weight losses from a 1M NaCl solution and an aqueous solution containing
8 wt % of a copolymer (PNIPAM-g-PAMPS) which is 64 wt % composed of AMPS units. In the
case of the former sample, the TGA curve confirms complete removal of NaCl by 1000 °C starting
around 800 °C. With the copolymer, the weight remains constant above 650 °C. We have therefore

taken 700 °C as the border between changes in weight due to polymer and salt.
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Figure S2. Weight loss from a solution of NaCl (1.0 M) and a polyanion copolymer solution (8
wt %) containing 64 wt% PAMPS. The residual weight at 1000 °C corresponds to 32 wt % of

PAMPS.



The plateau at 650 °C can be assigned to the highly stable SOs™ moiety. As we will see with
the TGA graphs of the coacervates, this residual weight complicates distinguishing the polymer
content in the coacervates. On the other hand, the salt concentration in the supernatant is measured
with high accuracy due to its negligible polymer content (between 0.1 and 0.6 wt %). Assuming
equal salt concentrations in both phases then allows a reasonable estimation of the polymer weight

fraction in the coacervate phase, as shown in the following part.

TGA: composition calculations.

Figure S3 presents TGA curves for the coacervate and supernatant phases of the 0.5 M
sample, as an example (note that the y axis only extends to 50 % of the total weight loss for higher
magnification). The supernatant is mainly composed of water (97.05 wt %) and salt (2.83 wt %),
with negligible polymer content (0.12 wt %). The TGA data of the coacervates suggests somewhat
higher salt concentrations in this phase, but we have assumed the equal salt contents in both phases
(2.83 wt % salt in the coacervate, as explained above. This gives a polymer content of 40.25 wt %
in the coacervate, which contains 56.9 wt % water. Raw TGA data was obtained similarly for all
the coacervates. For the salty polyelectrolyte solution above the CSC, the data corresponds to the

single phase obtained.
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Figure S3. Weight loss from the 0.5 M coacervate (solid line) and supernatant (dotted line). The

raw data extracted for the coacervate phase is given beside the graph.

For each sample, we first calculate the mass of the two phases (m.. and mgy) based on the
polymer weight fraction in that phase (wp , Where index ¢ denotes either CC or SN), the total
weight of polymer in the sample (mp ¢orq; = 0.247 g) and the total mass of each sample (m¢q;)
by writing:

Wp,ccMee + WpsnMsy = Mp total (S1)
and
Mce + Mgy = Myotal (S2)

We assume equal densities in both phases based on the corresponding salt solution; e.g. the
0.5 M sample with a density of p = 1.019 g.cm, corresponding to that of a 0.5 M NaCl solution,
weighs 14.27 g. The density is then used to work out the volume of each phase, which is necessary

for molar concentrations. For instance, in the case of the 0.5 M homopolymer complex coacervate:

0.4025 X mec + 0.0012 X mgy = 0.247



Mee + Mgy = 14.27
= mec =057 g,mgy =13.70 g
= Vee = 0.56 g,Vgy = 13.44 g
The polymer weight fraction in each phase (wp, ) can be turned into its mass (mp ) and
moles (np ,) by writing:
Mpyp = WppVpp (S3)
and
Npy = Mpy, Z;—ii (S4)
In equation S4, x and M are, respectively, the molar mass of each comonomer (i) and its mass
fraction in the total sample (SN + CC) according to the preparation formulation. We assume this
ratio in both phases remains equal to that at preparation. The molarity of the polymer (Cp ) is then

given as:

Crp =Tp,p/Vo = Wp Py Z;_ii (S5)
These equations are similarly written for water (W) and salt (S).
For instance, in the case of the CC phase of the 0.5 M sample, we wrote

mpcc = 0.4025 x 0.56(ml) x 1.019(g.cm™3) = 0.23 g

0.483 + 0.517
170.25 207.24

np,cc = 0.23(g) X{ }(mol.g"l) = 1.23 x 1073 mol
Cpyp = 1.23 X 1073(mol)/0.56(ml) x 1073(L) = 2.19 mol.L™*
The moles of salt were obtained similarly:

Mg cc = 0.0283 x 0.56(ml) x 1.019(g.cm™3) = 0.02 g

nscc = 0.02(g)/58.44(g.mol™") = 0.28 x 1073 mol



Calculations based on equilibrium.

Breaking macroion pairs PE*PE" into charges compensated by counter ions is governed by
the following equilibrium:
PE*PE~ + Nat + Cl” 5 PE*Cl™ + PE"Na* (S6)

The equilibrium constant between paired and unpaired polyelectrolytes, K, may be written as

follows:
K = [PE*CIT][PE"Na*] _ [PE*CI"][PE"Nat] _ y?[PE] (S7)
T [PE*PE-][Natl[cl-] ~ [PEtPE-][Nacll?2 ~ (1-y)[Nacl]?
with [PE*Cl™] = [PE~Na*] =y[PE] and [PE*PE~] = (1 — y)[PE]. Therefore:
2
K[NaCl] = 22 (S8)

r (1-y)

Using equation S8 at low salt concentration, where most added counter ions form ion pairs
with polyelectrolyte counterparts (y = r « 1), it is possible to determine the proportionality
constant which is simply the constant K of the dissociation equilibrium :

K[NaCl] =y (S9)

Similarly using equations S7 and S9 we get :

K[PE]=(1-y) (S10)

Then, the doping level can be extrapolated from the experimental salt to polymer ratio, r, in

the coacervate using equations S9 and S10:

__ [Nacl] vy
"= PR T Gy (S11)

Which is the same as equation 8 in the main text.
Table S1 presents nominal and experimentally measured concentrations of salt in the
samples. The molar concentration of polyelectrolytes in the coacervate phase,

[PE*] + [PE7], Is also given. Note that the polymer concentration in the total volume of each sample



is 0.094 M. This allows the calculation of the ratio between salt and polyelectrolytes in the
coacervate phase, r, and the doping level, y, as defined by equations (6) and (8) in the main text

and plotted in Figure 5.

Table S1. Real salt ([Nacl]) concentration in the total volume of the samples at each nominal salt

concentration, total polyelectrolyte ([PE*] + [PE~]) concentration in the coacervate phase, and

the parameters r = % and y = ﬁ .

[NGClominat INaCl] [PE*] + [PE"] r y
0.0M ~0.0 M 1.77 0.038 0.037
01M 0.11 M 2.33 0.093 0.085
0.5M 0.49 M 2.18 0.451 0.311
0.75M 0.73 M 1.86 0.784 0.439
1.0M 1.07 M 0.79 2.714 0.731
12 M 114 M 0.58 3.921 0.797

Swelling in terms of relative volumes.

The stacked bar chart in Figure S4 shows the relative volume of each phase, CC and SN, in
the total volume of the complex coacervate as a function of the nominal salt concentration.
Therefore, ¢reicc = Vee/14ml x 100. Apart from the salt-free sample, the water content in the
coacervate (swelling) increases with salt concentration. This trend is consistent with the pictures
of the samples shown in Figure 2 in the main text. As explained before, the volume of the sample
prepared with no added salt is slightly larger than that of 0.1 M due to the chains that are in a
kinetically-trapped state and have locally charged segments. This increases the water content
compared to a sample with faster dynamics due to added salt (the 0.1 M sample).*
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Figure S4. Swelling expressed in terms of the relative volume (¢,..;) of each phase to the total
volume at different nominal salt concentrations. The coacervate and supernatant phases are

represented by gray and blue, respectively. Note that the sum of the two equals 100 vol %.

TSS calculations.

The frequency-dependence of the complex viscosity of the samples prepared at 0.1 — 1.2 M
NaCl is plotted in Figure S5 A. The low-frequency range of the more fluid-like samples was
removed due to lack of accuracy, but the zero shear viscosity (o) is clear from the data points
presented. The other samples show a marked shear-thinning behavior, typical of viscoelastic fluid
samples like polymer solutions. As it can be seen, 1o changes by more than 4 decades as a function

of salt concentration.
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Figure S5. A. Plots of complex viscosity versus angular frequency for coacervates prepared at

different salt concentrations. Low-frequency data points without sufficient accuracy have been

removed. B. Complex viscosity master curve obtained from the application of Time Salt

Superposition. The solid line is the fit to the Cross model (equation shown).

In order to calculate the shift factors for TSS, we fitted the shear-thinning behavior of the

complex coacervates with Cross model.>®

N =N +

No—Too
1+(tw)™

(S12)

Where n, and n, are the viscosity at very low and very high frequencies, respectively. t is

the (longest) relaxation time of the system and n is an exponent obtained from the best fit to the

data. Given that n., < 1, in this case (Figure S5 A), equation S12 can be written as:

Mo

- 1+(tw)™

(S13)

By appropriate choice of n, from the raw data at low frequency, we fitted the curves in

Figure S5 A with equation S13 using the same exponent (n= 0.55) and determined the relaxation

times = Having t and n,, we then calculated the corresponding shear modulus (G) as:

G

~ Mo
T

10

(S14)



The shift factors presented in Figure 8 B in the main text were then calculated by taking the

0.5 M sample as the reference as:

as = -L-r_ef (815)
and
bs = — (S16)

In equation S15 and S16, the superscripts ref and s denote the reference and the sample for
which the shift factor is calculated. The fact that the vertical shift factor (bs) is not affected by the
pre-factor in the calculation of G is evident from equation S15 (the ratio of two moduli with the
same pre-factor).

Similarly, using a vertical shift factor (ns = 1/(as. bs), the ratio of the zero shear viscosities
of the reference and the sample under question) and the frequency shift factor as, we superimposed
the viscosity data. In this way, the master curve and the equation given in Figure S5 B allow

covering more than 5 decades of frequency.

Salt switch via linear rheology.

For the coacervates studied as model underwater adhesives, we probed the evolution of the
dynamic moduli upon immersion in a medium resembling physiological conditions (0.1 M NaCl
solution, pH = 7), as shown in Figure S6. For the sample containing a considerably higher salt
concentration than the medium, there is an initial jump in the moduli (~ 1 h) followed by a long-
lived pseudo-plateau where they stay close in value. The approach towards a critical gel point
signals formation of extra macro-ion pairs due to ejection of salt into the medium. Although a
crossover in the moduli takes ~ 8 h to realize, the main gain in properties occurs in the 1% hour

(when the probe tack experiments were performed). Clearly, salt switch is a slow, diffusion-
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controlled process which is kinetically more favorable through a less viscous coacervate (the
diffusion coefficient of a simple spherical particle in a liquid is inversely proportional to its

viscosity).’
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Figure S6. Time sweep experiments immediately after immersion of 0.1 M (in green) and 0.75 M

(in orange) coacervates in a 0.1 M NaCl solution at pH = 7.

On the other hand, the sample already prepared at physiological conditions shows no change
in mechanical properties, which indicates no major salt switch occurs in this case. This was
expected given that the salt concentration is already equilibrated in NaCl 0.1 M. More interestingly,
the 0.75 M sample does not eventually reach the same final mechanical properties as the sample
prepared at 0.1 M after having been left in the same medium to reach equilibrium. This is because,
even though they contain similar amounts of salt after the switch, their polymer concentration
remains unchanged with roughly 10 wt % less polymer in the 0.75 M coacervate. A less likely, but

plausible reason for this might be the shrinkage of the sample and a weaker interface with the

12



probes, although we believe this to be less likely as no macroscopic volume change was visually
observed.

The above findings further highlight the necessity of considering the role of all the
components in these soft materials, especially because the current literature places most of its focus

on the salt concentration, overlooking the significance of water and polymer content.

Direct contact underwater.

Figure S7 shows the results of probe tack experiments on the 0.1 M coacervate after contact
was directly established under water. For this, the chamber was filled with 0.1 M NaCl solution.
An appropriate volume of the 0.1 M sample was taken with a spatula and placed on the glass slide.
The probe came directly into contact with the coacervate which was squeezed to the intended initial
thickness followed by 1 h of waiting time. The probe was then pulled at 0.2 s™. The nominal stress-
strain curve and the adhesion energy are similar to those from underwater measurements after

contact in air (for a typical curve, see Figure 9 in the main text).
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Figure S7. Nominal stress-strain curves from underwater probe tack experiments on the 0.1 M
coacervate after contact with the probes was made directly underwater. The experiment was

done at 0.2 st after 1 h of immersion.

Contact time.

Figure S8 A shows the results of probe tack experiments (¢ = 0.2 s) upon multiple contacts
with the 0.1 M coacervate immersed in a 0.1 M NaCl solution. All the tests were carried out after
5 min of contact between the same PAA thin film and adhesive. After detachment, the probe was
brought into contact with the adhesive with a total delay of 5 min, roughly corresponding to the
total time it took to detach the probe and bring it back into contact (ho = 500 um). As such, C1
represents the first experiment after 5 minutes, while C2 was run after 5 min of contact but 15 min

of total immersion in water. Finally, C5 corresponds to a total immersion time of 45 min.
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Figure S8. A. Nominal stress-strain curves from 5 consecutive detachments (C1 — C5) of the

probe from the same 0.1 M sample in a 0.1 M NaCl solution (pH = 7), each after 5 min of
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contact. B. The effect of contact time on the nominal stress-strain curves from similar probe tack

experiments.

The adhesive behavior of the complex coacervate is characteristic of viscous fluids®1° and
remains similar among all the contacts. The peak in stress (16.8 £ 1 kPa) drops to a low value where
the adhesive is pulled into a fibrillar structure which can be stretched up to strains of 5 — 6. The
corresponding adhesion energy averaged for the 5 contacts is 5.0 + 0.7 J.m™. During these tests,
the material was stretched to large deformations, but the eventual failure mode was mostly adhesive
with little residue left on the probe.

When the contact between the PAA thin film and the coacervate was allowed to establish for
longer time periods (Figure S8 B), the material was stretched further (¢ = 15) and detached
cohesively. Despite higher peak stress values for the longest waiting time (14 h), the average
adhesion energies do not evolve after 1 h and remain around 13.8 + 1.9 J.m? (the Wadn
corresponding to the experiment after 14 h shown here is 13.5 J.m?). The temporal evolution of
the peak stress combined with the change in failure mode (from mainly adhesive to cohesive from
5 min to 1 h or longer) highlight the significance of forming a good interface. This means that
longer contact times probably help to establish a stronger interface between the probe and the
adhesive. We note that the adhesive itself does not undergo any major switch, as confirmed by
linear rheology (see Figure S6).

Given that the PAA thin film is charged at pH 7, the strength of the interface relies on both
electrostatic interactions and the viscoelasticity of the sample, i.e. its ability to wet the probe. It
may be argued that these coacervates are barely charged, with the polycation only 6 mol % in
excess. However, charged systems such as complex coacervates and polyampholytes are known

for their self-adjustable adhesion against differently-charged surfaces, even when their net charge

15



is zero.'*3 The proposed mechanism based on “dynamic ion-bond formation” explains that these
materials can adjust their charge on a local level depending on the surface next to which they find
themselves, without having to change their net charge. This probably involves configurational
changes due to mobility of the charges on the macro-ions along the polymer chain to facilitate the
formation of new ion-pairs with the surface; a process which requires time. Cedano-Serrano and
coworkers have demonstrated that the underwater adhesion energies of the same PAA thin films
against positively charged hydrogels evolve by a factor of 2 between contact times of 1 and 1200

s.1* We speculate that this dependence is similar or stronger with our complex coacervates.
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