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1. Morphological Structure and Liquid-like Behavior of PSBMA-{W 5} Coacervates.
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Figure S1. a) Time (t)-dependent morphological structure of PSBMA-{W,} complexes formed
at constant PSBMA concentration, csgya = 85.5 mM and LiCl concentration, ¢;;c; = 0.5 M at
varied Co~w123/Cspma = 1) 80%, 1) 120%, and iii) 160%. Elapsed time after mixing is noted in
each fluorescence micrograph. The scale bar is 20 pm. b)-i) Representative fluorescence
micrographs exhibit the fluorescence recovery after photobleaching of matured PSBMA-{W,}
coacervates formed at cgpya= 85.5 mM, ¢y ;= 0.5 M, and c.-w12)/Cspma = 200%. Three
circular areas of diameter, d = 32 pum are bleached and recorded in comparison to one
unbleached circular area of the same diameter as the reference. ii) Time-dependent fluorescence
recovery profiles of the coacervates formed at c.-w12)/Csgma = 80 % (black squares), 120%
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(red circles), 160% (blue triangles), 200% (magenta diamonds), and 220% (olive stars). All the
data are acquired with the samples matured one week after initial mixing, when the morphology
of the coacervates change little with further elapsed time. Time-dependent fluorescence intensity,
F(t), normalized by that of the unbleached region, F(0) is fitted by one-phase exponential
function (white lines) by using the “Bottom to (Span +Bottom)” analysis: F(t)/F(0) =
Bottom + Span = (1 — exp (—tln2/7,,;)), where 74, is the halftime for diffusion %, Thereby
the apparent diffusion coefficient of coacervates in aqueous media is obtained from 7/,
according to D = d?/(41, ;) as 0.028 um?/s, 0.0076 pm?/s, 0.014 pm*/s, 0.095 um?/s, and 0.13

umz/s corresponding to C,-w12)/Cspma = 80 %, 120 %, 160 %, 200 %, and 220 %, respectively.

2. Generality of PSBMA-POM Coacervate Complexation with Different POMs.

The generality of PSBMA-POM coacervation was confirmed with other POM anions of
similar atomic architecture structure but varied charge valence and size, including {SiW,}*,
{PW9}9', {[Nig}'®. Similar phase behavior with dependence on the molar ratio of total POM
charge concentration to total SBMA monomer concentration is observed in Figure S2.
Silicotungstic acid ({SiW2}*) was purchased from Sigma-Aldrich and used directly.
NagPWo034 ({PWo}”) and KsNaji[Nig(OH);(H,0)s(HPO4)2(PWoOs4)s]  ({Nig}'®) were

synthesized by strictly following the published procedure.**
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Figure S2. a) Photographs show the formation of biphasic coacervate complexes of PSBMA
with {SiWi2}*, {PWo}”, and {Nio}'* at cgppa = 85.5 mM, cpi; = 0.5 M, and ce~(pomy/Cspma



=100 %. b) Phase diagram of PSBMA-POM complex formation with different POMs at varied
Ce~tpom}/Csema but the same cgppyys = 85.5 mM and cji; = 0.5 M. Similar to the case of

PSBMA-{W,} complex formation, distinct phases including solution (black squares), biphasic
coacervate complex (red circles), and gel-like complex (blue triangles) are observed with
different POM anions, despite varied lower and upper critical ratios of Ce-(pomy/Cspma for the
onset of coacervate and gel-like complex/solution formation, respectively, which certainly
warrants future study beyond the scope of this report.

3. Linear Rheological Characterization of PSBMA-{W;,} Complexes.

To characterize the viscoelastic properties of PSBMA-{W,} complexes in aqueous solution,
a stress-controlled rheometer (Malvern, Gemni HRnano) equipped with sample cells of different
geometry, including a double gap fluid cell, a cone-and-plate fluid cell of 40 mm in diameter and
4° in cone angle, and a parallel-plate fluid cell with 20 mm in diameter, was employed. Due to
the considerable change of the viscoelastic properties of PSBMA-{W,} complexes in different
phases, a double gap fluid cell was used to characterize the dilute solution-like complex, while a
cone-and-plate fluid cell was used to characterize the gel-like complex. As dense coacervate is
highly viscous, a parallel-plate fluid cell was employed. When using the cone-and-plate or the
parallel-plate fluid cell, a thin film of liquid paraffin (Sigma-Aldrich) was carefully applied to
the menisci of the sample cell to minimalize solvent evaporation and thereby ensure reliable
measurements over a long time period of several hours, and the gap distance between the plates
was set constant at 150 um for cone-and-plate and 1000 pm for parallel plate. Oscillatory shear
of constant strain, y = 2 % and varied radian frequency, o = 0.19- 22 rad/s was applied. The w-

dependent linear shear spectra of PSBMA-{W,} complexes at varied ¢,-(y12}/Cspma are shown

in Figure S3a in comparison to the PSBMA-{W,} mixtures without added LiCl.
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Figure S3. a) Measured linear elastic G’ (solid symbols) and viscous moduli G” (open symbols)
of homogeneous PSBMA-{W,} complexes formed at ¢~y 12}/Cspma = 60% (olive hexagons),

240 % (black squares), 280 % (red circles), and 320 % (blue triangles) at csgp 4= 85.5 mM and
cLici= 0.5 M against o in response to applied oscillatory shear of constant y = 2 %. Also the
linear viscoelastic spectrum of PSBMA-{W,} dense coacervate formed at ¢,~(y12}/Cspma = 80%

(magenta diamonds) at the same csgy4 and cp;c; is obtained after the removal of dilute
supernatant. b) Measured G’ (solid symbols) and viscous moduli G” (open symbols) of PSBMA-
{W12} solution (black squares), dense coacervate (blue triangles), and gel-like complex (red
circles) against C.-qy123/Cspma = 0-400 % at constant cggpq = 85.5 mM and ¢;;= 0.5 M in
response to applied oscillatory shear of constant y = 2 % and o = 6.3 rad/s. Shear moduli
(magenta diamonds) of PSBAM-{W,} solution without added LiCl against C.-qw12}/Cspma =
80-280 % at csgy4 = 85.5 mM is also plotted for comparison.

As shown in Figure S3b, measured elastic, G’ and viscous, G” moduli of PSBMA-{W,}

complexes at w = 6.3 rad/s are compared against Co-(12}/Cspma- For PSBMA-{W,} mixture
with added 0.5 M LiCl, the mixture at low c.~gw123/Cspma < 60% is homogeneous and
exhibits typical liquid-like viscoelastic behavior with G”>G’. Measured G” shows weak
dependence on ce-ry12}/Cspma similar to the viscoelastic behavior of homogeneous PSBMA-

{W12} solution in the absence of LiCl. As increasing ¢.-(w12}/Cspma from 80%-220%, liquid-

liquid phase separation in the PSBMA-{W,} mixture with added 0.5 M LiCl, indicating the

coacervate complex formation. Due to the instability of the biphasic coacervate complexes, in



this ce-rw12}/Cspma range, we have focused on characterizing the dense coacervate after the
removal of dilute supernatant by centrifugation. The dense PSBMA-{W,} coacervate is highly
viscous and show the measured G’’ and G’ about 4-5 orders of magnitude higher than those of
salt-free PSBMA-{W),} solution at the same c.-(y12}/Cspma, Which in part due to enhanced
polymer-POM network structure and in part due to higher PSBMA and {W,,} concentration in
the dense coacervate phase according to the TGA results as shown in Figure 3. As further

increasing Ce-gw123/Cspma to exceed 220%, the mixture exhibits homogeneous gel-like complex.
Surprisingly, as increasing c.-qy12}/Cspmafrom 240%-320%, measured G” and G’ decrease
considerably. Additionally, a transition from gel-like complex to solution is observed with the
transition from nearly overlapping shear moduli, G’~G’, to the predominant viscous response,
G” > G’ at co~qw123/Cspma = 300%. Hence, the drastic change of the linear viscoelastic
behaviors of PSBMA-{W,} mixtures in LiCl aqueous solution clearly reflect the distinct phase
transition from solution, biphasic coacervate complexes, to gel-like complex or solution with

increased C.-w123/Cspma as observed microscopically shown in Figure 1.

4. Supernatant Conductivity of Biphasic PSBMA-{W;,} Complexes.

The conductivity of dilute supernatant of biphasic PSBMA-{W,} complex was determined
by a conductivity meter (B-173, Horiba), in comparison to that of PSBMA-free aqueous

solutions of the same LiCl and {W),} concentration.
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Figure S4. Measured conductivity of PSBMA-{W,} supernatant solutions (blue triangles)
extracted from the coacervate complex formed at cggps= 85.5 mM and ¢;;c;= 0.5 M against
Ce~w12}/ Csema= 80-220%, in comparison to the control of PSBMA-{W,} solution (red circles)
formed at cggp 4= 85.5 mM and ¢;;;= 0.5 M against Ce-gy123/Cspma= 0-60% and PSBMA-free
aqueous solutions (black symbols) of ¢;;c;= 0.5 M and increased {W;»} concentration from
C{le} = 0-34.2 mM.

5. Specific Ion Effect on PSBMA-{W i3} Coacervate Complexation.

The specific ion effect on the phase diagram of PSBMA-{W,} complexes is investigated at
the same ionic strength of 0.5 M. It is reported that different monovalent anions exhibit different
binding affinity to PSBMA, resulting in varied PSBMA solubility in water by following the
classic Hofmeister anion series: SCN™> NO; > CI'>7 As it is hypothesized that the PSBMA-
{W12} coacervate formation is entropy driven by the displacement and release of simple anions
near PSBMA with the stronger binding of multivalent {W;,} to PSBMA, we speculate that
simple anions with higher affinity to PSBMA could weaken the formation of PSBMA-{W,}
coacervate. As shown in Figure S5, we have found that the coacervate phase is indeed narrowed

by added SCN™ and NOs" in comparison to the case of added CI’, following the same Hofmeister



anion series: SCN > NOs; > CI. The results strongly support the proposed mechanism of

entropy-driven ion pairing for PSBMA-POM coacervate formation in salted aqueous solution.
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Figure S5. Specific salt effect on the phase diagram of PSBMA-{Wi,} complex formation at
constant csgya= 85.5 mM and cgq;;= 0.5 M. For aqueous solutions added with different salt, the
ionic strength is kept constant at 0.5 M.

6. Electrical Potential of Zwitterionic PSBMA in Aqueous Solution.

To examine how CI" and {Wi,} anions bind competitively with zwitterionic PSBMA in the
aqueous mixture, we determine the electric potential of PSBMA in LiCl and {W,} added dilute
aqueous solution by UV-vis spectroscopy. Zwitterionic PSBMA in aqueous solution is expected
to be net charge neutral. However, as PSBMA tends to attract and bind with anions>”, its electric
potential in salt solution could become net negatively charged. And the anions with higher
binding affinity could lead to increased charge negativity in measured electric potential of the
polymer. In this work, we use a fluorophore, fluorescein, to determine local proton concentration
in the vicinity to PSBMA in comparison to the bulk proton concentration by UV-Vis

spectroscopy. To probe the local proton concentration in the vicinity of PSBMA, fluorescein is



copolymerized with SBMA, designated as f-PSBMA. We choose proton as the probing ion
because it is the smallest and most detectable ion in aqueous solution with highest penetrability,
fastest diffusivity, and extremely short dissociate time below nanosecond®.

The UV-Vis spectroscopic profile of fluorescein strongly depends on the solution pH. As
shown in Figure S6a, the strongest and most pH-sensitive absorption peak, Absso of
fluorescence is located at the wavelength of 500 nm, resulting from the protonation and de-
protonation of the phenol group in fluorescein. The peak value of Abssyy decreases with
decreasing pH’. The shape of all the Abssy spectra of f-PSBMA is similar to that of free
fluorescein, indicating similar pH-sensitivity and photophysical property of PSBMA-attached
fluorophore. Accordingly, the peak values of Abssgare plotted against solution pH for both free
fluorescein and f-PSBMA in aqueous solutions of varied CI" and {W),} concentration as shown
in Figure 4a, yielding the typical titration curve to determine the pKa of fluorescein in varied
aqueous solutions.

The local proton concentration in the vicinity of f-PSBMA can be derived by comparison
to the pH-dependent Abssgo profile of free fluorescein in the same salt condition as reference.
The difference between local and bulk proton concentration, i.e. pH difference, can yield the
electric potential. The Abssy profiles of f~-PSBMA shift to higher pH range than those of free
fluorescein at the same salt concentration, suggesting negative electric potential of f~-PSBMA.
The finding of net negatively charged PSBMA in salted solution is consistent with previous

reports that sulfobetaine tends to bind with anions®” '* !

. In comparison to the profile of f-
PSBMA in 100 mM KCI solution, the Abssy profiles of f-PSBMA in 12.5 mM Nag[HaW 2040]
solution shifts to further higher pH range, indicating further increased charge negativity of

PSBMA in multivalent {W;,}. To quantify the local electric potential of PSBMA, the pH values



corresponding to the half upper plateau of Abssgg profiles (dash lines in Figure 4a) for f-PSBAM
and free fluorescein are determined as the local and bulk pH respectively, because they actually
correspond to the pKay and pKas_pgppm40f the phenol group for respective free fluorescein and
f-PSBMA, where fluorescein exhibits the highest sensitivity to local proton concentration. Hence,

by using modified Boltzmann Equation, the electric potential of PSBMA could be calculated by

l_|J _ kpT(pHjocal~PHpuik)In10 — kBT(pKaf -

. pKas_psgma)In10/e. As such, the electric potential

of f-PSBMA in aqueous solutions of varied CI" and {Wj,} concentration can be obtained as

reported in the manuscript.
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Figure S6. pH-dependent UV-Vis spectra of a) 10 uM free fluorescein and b) 10 g/L f-PSBMA
in buffer solutions of varied pH from 2-10. The dash line indicates the location of primary UV-
Vis absorbance peak, Abssgo, which shifts from 490 nm for the case of free fluorescein to 500 nm
for f~-PSBMA possibly due to local environment change.

7. Isothermal Titration Calorimetry Characterization of Mixing (Wi} with PSBMA-LiCl

Aqueous Solution.

The enthalpy change during PSBMA-{W12} complexation is determined by isothermal
titration calorimetry (ITC, Nano ITC, TA Instruments). Experimentally, 26 consecutive aliquots
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of each 10 pL {W),}/LiCl mixed solution of c(y123= 60 mM and ¢;;;= 0.5 M were injected into

a 1.1 mL liquid cell filled with 950 pL PSBMA/LiCl mixed solution of csgp 4= 6.84 mM and
crict= 0.5 M. Subsequent injection of {W;,} was carried out at a time interval of 400 s. A
constant stirring speed of 250 rpm was maintained throughout the experiment to ensure sufficient
mixing after each injection. As shown in Figure S7, enthalpy change upon mixing {Wi,} with
PSBMA in LiCl solution is negligible, strongly supporting the entropy-driven ion pairing
between PSBMA and {W),} for the formation of PSBMA-{W,} coacervates. It is also noted
that the ITC data are not suitable for further data fitting possibly because the measured enthalpy

change is too small.
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Figure S7. Measured enthalpy change (blue triangles) of added {W,}-LiCl solution to PSBMA-
LiCl solution at the same LiCl concentration at 40 °C. The enthalpy change of injecting
{Wi2}/LiCl to PSBMA/LICI (red circles) is measured in comparison to the enthalpy change of
injecting {W,}-LiCl solution to LiCl solution at the same concentrations (black squares).
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