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The rheology of complex coacervates can be elegantly tuned via the design and control of specific non-
covalent hydrophobic interactions between the complexed polymer chains. The well-controlled balance
between elasticity and energy dissipation makes complex coacervates perfect candidates for pressure-
sensitive adhesives (PSAs). In this work, the polyanion poly(3-sulfopropyl methacrylate) (PSPMA) and the
polycation quaternized poly(4-vinylpyridine) (QP4VP) were used to prepare complex coacervates in
water. Progressive increase of hydrophobicity is introduced to the polyanion via partial deprotection of
the protected precursor. Hence, the polymer chains in the complex coacervates can interact via both
electrostatic (controlled by the amount of salt) and hydrophobic (controlled by the deprotection degree)
interactions. It was observed that: (i) a rheological time-salt-hydrophobicity superposition principle is
applicable, and can be used as a predictive tool for rheology, (ii) the slowdown of the stress relaxation
dynamics, due to the increase of hydrophobic stickers (lower deprotection degree), can be captured by
the sticky-Rouse model, and (iii) the systematic variation of hydrophobic stickers, amount of salt, and
molecular weight of the polymers, enables the identification of optimizing parameters to design
aqueous PSA systems. The presented results offer new pathways to control the rheology of complex
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1. Introduction

Coacervation is an associative liquid-liquid phase separation
into two immiscible liquid phases, often driven by electro-
static and/or hydrophobic interactions, resulting in a
polymer-dense phase (the coacervate) and a dilute phase.
When coacervation is caused by the interaction of two
(oppositely charged) components it is referred to as complex
coacervation. Such coacervates are water-based viscoelastic
materials and contain typically between 60% and 90% of
water.”? The great tunability of coacervate flow behaviour
spanning from quasi-Newtonian liquid to strong elastic
solids has been exploited for a wide range of applications,
such as food and cosmetics,> membranes,* tissue scaffolds,’
drug carriers,® and to study the origin of life.””® Moreover, it
has been discovered that aquatic animals like sandcastle
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coacervates and their applicability as PSAs.

worms are able to use complex coacervates made of
oppositely charged proteins as adhesives in underwater
conditions.”'® This finding opened new research directions
for soft matter science, where inspiration was obtained from
nature and used for the development of synthetic complex
coacervate-based adhesives."*™"*

Water-containing adhesives such as hydrogels, are highly
desirable for certain applications, e.g., biomedicine, because of
the inherent biocompatibility of water-based systems.'® In the
world of adhesion science, the presence of water is detrimental
to reach high adhesion performances.'® Water leads to a set of
undesired phenomena such as poor contact between adhesive
and substrate, and swelling and erosion of the adhesive.
Typical hydrogels, in which hydrophilic polymers are covalently
crosslinked,"” display a rheological response that is often
dominated by the elastic contribution, regardless of the para-
meters used to tune their mechanical response (crosslink
density, pH, temperature, light source, etc.)."®'® Due to the
combination of topological, electrostatic and hydrophobic
interactions, complex coacervates obtained in a water medium
offer a broad range of rheological properties, including highly
dissipative contributions to the overall response, making
them perfect candidates as adhesives.'>>*>' Previous studies

This journal is © The Royal Society of Chemistry 2023
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reported the use of complex coacervates as pressure sensitive
adhesives (PSAs)."*™* The latter refers to a special class of
adhesives, designed to adhere on a wide plethora of surfaces,
by simple contact under light pressure. That is, the bonding
process occurs without any physical change or chemical
reaction.>” The PSA performance mainly depends on bulk
energy dissipation during separation of the surfaces, while
maintaining a certain degree of elasticity.>® Furthermore,
PSAs must be able to quickly make contact via rapid spread-
ing or deformation at the interfaces.’” Extensive work
has been performed by the group of Creton on the debond-
ing mechanism, work of adhesion and confinement of
PSAs.'*?372% Usually, the viscoelasticity of PSAs can only
be controlled at the molecular level through the
density of crosslinks, entanglements and addition of a
tackifier.'*?**%2” The interest for complex coacervates lies
in the possibility of tuning, to a great extent, the viscoelas-
ticity, by the formation and control of non-covalent interac-
tions, such as electrostatic, hydrophobic, metal-ligand or
cation-n interactions.”'"*®2%2% Among the various tunable
parameters, salt concentration,*® temperature,®' polyelecto-
lyte stoichiometry,®” alcohol,?* water,** and pH** were found
suitable for generating rheological master curves via super-
position principles. That is, frequency-extended viscoelastic
spectra can be obtained by systematically changing the
above-mentioned parameters, without affecting the nature
of the relaxation modes of the systems. Temperature,
salt and pH are certainly the most investigated parameters.
Very recently, Schréder et al®’ thoroughly discussed
the time-temperature, -salt and -pH superposition principles
in complex coacervates. Their analysis revealed that
for the time-temperature superposition principle, both
Arrhenius®®*™®® and William-Landell-Ferry** %" trend for
the horizontal shift factors were found.*® This typically
depends on whether the probing temperature is well above
the glass transition temperature (Tg) (Arrhenius), or com-
prised between T, and +100 K (WLF). Activation energies
between 38 and 57 k] mol ™" were reported by the authors on
various complex coacervates systems, and attributed to ther-
mal energy needed to dissociate chain associating sites
(stickers), enabling molecular motion.?* The horizontal shift
factors in the time-salt superposition principle of complex
coacervates follow an Arrhenius trend,"*?>?°*! where typi-
cally between 100-500 mM of salt (NaCl) is needed to speed
up the dynamics (via the screening of the electrostatic inter-
actions) by one order of magnitude.*® The time-pH super-
position principle in complex coacervates, based on weak
polyelectrolytes, yields horizontal shift factors that can be
captured by a cubic function with varying pH,*’ attaining a
plateau for pH > 7. To this end, Tekaat et al.** have shown
that the dynamics of complex coacervates are particularly
sensitive in the pH range 5-7, as further increase in pH
saturates the degree of dissociation (or the charge density)
of poly(acrylic acid) (the polyanion), and the shear moduli
become pH-insensitive. The effect of controlled hydrophobi-
city in the complex coacervates on the viscoelasticity has also
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been the subject of several investigations.*®**** However,
a systematic study to test whether or not a time-
hydrophobicity superposition principle holds for complex
coacervates is less known, and therefore addressed in the
present work.

Hence, the use of molecularly controlled hydrophobic inter-
actions is here adopted to tune the viscoelasticity and thereby
the adhesive properties of complex coacervates. Whereas a few
studies successfully introduced a controlled amount of hydro-
phobic moieties in the sequence of polymer chains,*****° the
effect of well-controlled hydrophobic moieties on the rheology
of complex coacervate-based adhesives has been marginally
investigated.

Mende et al.”” pioneered the studies on the effect of hydro-
phobicity on the colloidal stability of polyelectrolyte complexes.
The polyelectrolytes consisted of maleic anhydride copolymers
that were modified to be cationic or anionic and hydrophobic
groups were varied to be ethylene, isobutylene or styrene. The
authors concluded that the complexes containing more hydro-
phobic polyelectrolytes were less swollen and more compact.
No rheological data were presented in that research. Sadman
et al.*® showed that the increase from methyl to ethyl to propyl
on quaternized poly(4-vinylpyridine) (QP4VP) complexed with
poly(styrene sulfonate) (PSS) had a significant effect on the
mechanical behaviour of the formed complex coacervate. More
salt was needed to obtain similar viscoelastic behaviour when
longer quaternizing alkyl chains were used. It was suggested
that hydrophobicity slowed down the viscoelastic response and
that swelling with water ultimately determined the viscoelastic
properties and stability. The group of Laaser investigated the
effect of hydrophobic alkyl groups with variable chain length
and charge density on the phase behaviour.*>*® When longer
alkyl chains were incorporated into both polyelectrolytes, an
increase of salt-resistance similar to Sadman et al was
observed.***® Besides the influence of the chemistry on macro-
scopic properties, several efforts have also been paid on the
microstructural understanding of complex coacervates and
largely reported in the literature.*"*"*®

In this work, we report on the use of complex coacervates
as PSAs, consisting of statistical and partially hydrophobic
copolymers based on the strong anion poly(3-sulfopropyl
methacrylate) (PSPMA) and quaternized poly(4-vinylpyridine)
(QP4VP) as polycation. As it is not possible to prepare these
statistical copolymers via conventional methods, we propose
the partial deprotection of a fully hydrophobic precursor.**>°
The hydrophobicity can be tuned by the degree of deprotec-
tion (DD), which allows for a direct correlation between
rheological response and amount of hydrophobic groups per
chain. The hydrophobic/anionic polymers were complexed
with a polycation; two different chain lengths were studied
for each polymer. Water content and salt resistance were
measured to assess the influence of hydrophobicity on the
complex coacervates. Linear shear rheology, the sticky-Rouse
molecular model and probe-tack experiments were adopted
for an in-depth analysis of the designed complex coacervates
as PSAs.

l. 44
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2. Materials and methods section
2.1 Materials

Anhydrous N,N-dimethylformamide (DMF; 99.8%), 3-sulfo-
propyl methacrylate potassium salt (K-SPMA) (98%), triethyla-
mine (TEA) (99.5%), iodomethane (Mel), deuterated solvents,
and the RAFT agent 4-cyano-4-(thiobenzoylthio)pentanoic acid
(CTP) were acquired from Sigma-Aldrich. Oxalyl chloride
(98.0%) was purchased from TCI Europe N.V. Sodium iodide
(NaI) (99.5%, anhydrous) was obtained from Acros Organics.
Azobisisobutyronitrile (AIBN) was obtained from Sigma-Aldrich
and recrystallized twice from methanol. All other analytical
grade chemicals were obtained from Boom B.V. Water was of
R.O. quality (10 uS em™*, equivalent to 10~* M NaCl). Two
lengths of poly(4-vinylpyridine) (P4VP) were synthesized via
RAFT polymerization, as described previously.”"”> The degree
of polymerization of the low molecular weight P4VP (L-P4VP)
was 119 (M, = 12.5 kg mol™", D = 1.21) and 467 for the high
molecular weight PAVP (H-P4VP) (M,, = 49.3 kg mol *, b = 1.26).
3-(Isobutoxysulfonyl)propyl methacrylate (BSPMA) was synthe-
sized and subsequently polymerized according to a previously
reported procedure (Table S1, ESIT).*® Further details can be
found in the ESL.{

2.2 Polymer synthesis and characterization

2.2.1 Partial deprotection of PBSPMA. The procedure for
quantitative deprotection of L-PBSPMA is given below. For all
other DDs only the quantities were adjusted accordingly, as
provided in Table S2 (ESIT). To fully deprotect L-PBSPMA, 1.00 g
(3.78 mmol) was dissolved in 20 ml DMSO in a 50 ml 2-neck
flask. 1.71 g (11.4 mmol; 3.0 eq.) Nal was added stepwise to the
solution while stirring in order to facilitate faster dissolution of
the salt. When all Nal had dissolved, the reaction mixture was
heated to 70 °C for 22 hours. After 22 hours the flask was
removed from the oil bath and the medium was diluted with
DMSO. Addition of DMSO was based on the viscosity of the
reaction mixture; too viscous samples were diluted to ensure
effective precipitation. The reaction mixture was precipitated
into 525 ml 2:1 ethanol/pentane, filtered over a glass filter
(pore size 4) and subsequently thoroughly washed with 1:1
ethanol/pentane mixture and finally with pentane, until the
filtrate did not appear yellow anymore. This procedure was
followed for all polymers, except for the lowest DD, which was
precipitated into a 1:2 ethanol/pentane mixture and washed
with pentane. The DD of the P(BSPMA-co-SPMA) statistical
copolymer was determined by 'H NMR (Fig. $2-S5, ESIY)
through comparison of methylene groups 5a and 5b. The code
names of the obtained polymers were adapted to their DD (i.e.,
percentage of charged monomers) as follows: L/100, L/87, L/74,
L/61, H/100, H/86, H/73 and H/60, with L and H denoting the
low and high molecular weight, respectively.

2.2.2 Quaternization P4VP. The two P4VP homopolymers
mentioned in the Materials section were quaternized according
to the procedure from Sadman and coworkers® (see ESI,f for
details). To obtain L-QP4VP and H-QP4VP, 2.00 g and 1.82 g of
P4VP were used, respectively. Both polymers were retrieved fully
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quaternized and with a high yield, i.e., 4.51 g (yield 96%) and
4.19 g (yield 98%) for L-QP4VP and H-QP4VP, respectively
(Fig. S6, ESIY).

2.2.3 Characterization. 'H Nuclear Magnetic Resonance
(NMR) spectra were obtained with either a Varian VXR-400 or
Agilent 400-MR spectrometer. Chemical shifts () are shown in
parts per million (ppm) relative to the residual solvent peak.

A Viscotek GPCmax system equipped with a TDA 302 triple
detector array (refractive index, viscosity, and light scattering)
and two analytical columns (Agilent Technologies PolarGel-M
and PolarGel-L, 30 cm/8 pm) was used to perform Gel Permea-
tion Chromatography (GPC). N,N-Dimethylformamide (DMF)
containing 0.01 M LiBr was used as eluent at a flow rate of
1.0 ml min~" and both columns as well as detectors were held
at 50 °C. Calibration was performed with narrow PMMA stan-
dards and samples were filtered over a 0.2 um PTFE filter prior
to injection. Molecular weights of the homopolymers were
calculated by applying conventional calibration (Table S1, ESIT)
using Viscotek OmniSEC software. M, yvr is the calculated
molecular weight based on the monomer conversion ("H-NMR)
and the theoretical maximum molecular weight (monomer/CTA
ratio).

2.3 Complex coacervate formation

Polymer stock solutions were prepared by dissolving the (par-
tially) deprotected PBSPMA/x polyanion and QP4VP polycation
in water at 0.20 M charged monomer concentration. For NaCl, a
stock solution of 5.00 M was used. The salt concentrations were
varied from 0.00 M to 1.50 M by increments of 0.25 M. For the
preparation of a complex coacervate, first water and the NacCl
solution were added and mixed together, then the QP4VP stock
and the P(BSPMA-co-SPMA) stock were successively added.
Finally, the mixture was vortexed for 30 seconds and the
samples were left to equilibrate overnight. For complexation,
the total charged monomer concentration was set to 0.10 M
with a positive to negative charge ratio of 1 to 1. The next
morning, the mixtures were centrifuged for 15 minutes at
4500 g in order to collect the complex coacervate phase at the
bottom of the tube. Complex coacervates prepared with the two
anionic polymers of different molecular weight were named cc-
L/x and cc-H/x, where cc stands for the complex coacervate that
is formed with the matching QP4PV chain length (i.e., L or H)
and x corresponds to the DD. A schematic of this procedure is
illustrated in Fig. 1.

2.4 Water content

For the determination of the water content of the complex
coacervates, the samples were dried in an oven. The complex
coacervates were made at a total volume of 2 ml and the dense
phase was dried in an oven for four hours at 120 °C - the
weights were monitored and became constant within one hour.
Before drying, most of the supernatant was removed by decant-
ing, and the remaining part was carefully removed. The relative
weight loss before and after drying was attributed to the full
evaporation of water and therefore considered as the water
content. All measurements were done in triplicate. This

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Molecular structures and schematic representation of (a) P(BSPMA-co-SPMA) and (b) QP4VP. (c) Representation of the preparation procedure of

complex coacervates.

method was found to give more consistent and reliable results
compared to thermogravimetric analysis (TGA) due the larger
sample size.

2.5 Rheology

2.5.1 Linear shear rheology. A strain-controlled Anton Paar
MCR302e rheometer was used to perform linear viscoelastic
measurements on the complex coacervates. Dynamic strain
sweeps from 0.10 to 10% at a fixed frequency of 100 rad s "
were performed to determine the linear viscoelastic regime of
each sample. Dynamic frequency sweeps were performed from
100 to 0.1 rad s~ at a fixed strain of 1%, well within the
viscoelastic regime. Exceptions were made for the lowest salt
complex coacervates (cc-H/86), where the frequency sweeps
were performed at 0.5% strain. All coacervates were measured
with a stainless steel cone-plate geometry, with cone diameter
25 mm and 1° angle (CP25-1). After loading, the sample was
allowed to relax until the normal force was around zero N. Part
of the supernatant was placed around the sample to prevent
evaporation during the experiment. When the hydrophobicity
increased, the samples at lower salt concentrations were too
stiff, and the axial force of the instrument was not able to relax
in a reasonable amount of time. Hence, those systems were not
included in the rheological study. All the experiments were
performed at 20 °C, controlled by a Peltier system with water
bath recirculation.

2.5.2 Sticky-Rouse model. It is known that the stress
relaxation dynamics of unentangled linear polymer chains,
via breaking and reformation of reversible stickers (or cross-
links), is well captured by the sticky-Rouse model.>*”** Short
neutral polymer chains can be seen as constituted by flexible
segments, referred to as Rouse segments, with size of the order
of the Kuhn monomer length, and the Rouse relaxation mod-
ulus writes as:

Ni 2
pw;RT ( tp )
Gr(t) = exp| —
0= ST S (2

p=1

1)

This journal is © The Royal Society of Chemistry 2023

where p is the polymer density, w; and M; the weight and
molecular weight of the ith chain. N; = M;/M, and t,N;* are
the number of Rouse segments per chain and the Rouse time of
the ith chain, respectively, with M, and 7, being the molecular

weight and the characteristic relaxation time of a Kuhn seg-
2

6m2kT’
the Kuhn monomer friction, b its length and kT the thermal
energy.’® When the index p is equal to one, the whole ith chain
is considered, whereas when p = N, the elementary Rouse
segment is intended. Eqn (1) indicates that the Rouse modulus
is the sum of Rouse contributions from fraction of chains with
different M;, with each fraction containing N; segments.

For associating polymers, the Rouse modes persist until the
chains feel the presence of the associating sites (stickers). For
length scales larger than the distance between two consecutive
stickers, the motion of the chain is controlled by the sticker
association lifetime 7. The breaking and reformation of such
reversible stickers are still Rouse-like, and the modes from p =1
and p = Ny are delayed by the presence of the stickers. N ; = M,/
M is the number of Rouse strands between stickers in the ith
chain, with My being the number-average molecular weight
between two consecutive stickers. That is, the relaxation of the
whole chain can be expressed as a combination of high order
Rouse modes with Ny ; +1 < p < Nj;, controlled by the monomer
time 14, and low order sticky-Rouse modes with 1 < p < N,
delayed by the association time 7. The stress relaxation mod-
ulus of a Rouse chain with stickers then writes as:

Ny lp2
) ! ;exp( Tst,fz)

exp (_To
(2)

ment. The latter can be expressed as 79 = with { being

Ni 02
S5 (-2,

pwiRT
Gr(1) =
Z Mi p=N;s i+1

Note that, if the Rouse time of the chain between consecutive
stickers, to(Ni/N;,;)?, is equal to the association time g, eqn (2)
equals eqn (1). Hence, 7, must be larger than to(N/N;,)* in
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order to have a delay of the chain relaxation dynamics, due to
chain associations.

As it will be shown later in the text, the sticky-Rouse model is
here adopted to capture the slowdown of the relaxation
dynamics of the complex coacervates, with decreasing DD.

2.5.3 Time-salt and time-salt-hydrophobicity superposi-
tion principles. The applicability of the time-salt superposition
(TsS), for all different DD and both molecular weight series
(L and H), was corroborated via the van Gurp-Palmen repre-
sentation (phase shift J as a function of the absolute value of
the complex modulus |G*|);>” a frequency-independent plot,
powerful for checking rheological complexities in polymeric
systems.’® The horizontal shift factors (a,) were obtained by
shifting the loss factor (tan(d)) onto the reference data at
0.75 M, both for low (L) and high (H) molecular weight samples.

To validate the time-salt-hydrophobicity superposition prin-
ciple (TSHS), van Gurp-Palmen plots were used as well. The
horizontal shift factors (a,) were determined by shifting the
loss factor onto the reference data, cc-X/100.

2.6 Probe tack experiments

The probe tack measurements were performed on an Anton
Paar MCR302e rheometer in ‘tack penetration’ mode, inspired
by the procedure reported by Vahdati et al.'* The probe con-
sisted of a flat stainless steel sand-blasted plate with a diameter
d = 10 mm (PP10/S) connected to transducer of the rheometer.
All the samples were placed on the flat and smooth stainless
steel bottom-plate of the rheometer that was maintained at
20 °C. The samples were placed on the bottom plate either with
a pipette or with a spatula, depending on the viscosity of the
system. For all the measurements, the probe was lowered to an
initial gap of 150 um (%,) at a speed of 100 um s *. After a
contact time of one minute the probe was retracted at a speed
of ¥ = 100 pm s~ ' (nominal strain rate is 0.67 s ') and the
normal force (Fy) was recorded as a function of the displace-
ment (4). Multiple measurements were performed on different
aliquots of the same coacervate sample.

Stress-strain curves were obtained by converting the displa-
cement into strain (&) using eqn (3) and converting the normal
force into stress (o) using eqn (4).

h— hy
o=V (4)

where A is the area of the probe. The work of adhesion per unit
of surface area, Waqn (J m~?), which is the energy required to
obtain full debonding of the two surfaces, was calculated from
the integration of the stress-strain curve by using eqn (5).

Emax

Wadn = hoJ ode (5)

0

The maximum strain was set when the normal force reached
zero (+0.06 N).
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3. Results and discussion
3.1 Polyelectrolyte synthesis

Both strong polyelectrolytes used in this work were obtained via
Reversible Addition-Fragmentation chain Transfer (RAFT) poly-
merization of uncharged monomers in organic solvent. Next,
charges to ensure full water solubility were introduced through
either deprotection or post-modification (Materials and Meth-
ods section, Fig. 1a, b and Fig. S1-S5, ESIt).*® More precisely,
the strong polycation QP4VP was obtained by first polymerizing
4-vinylpyridine to obtain poly(4-vinylpyridine) (P4VP) chains
with a DP of 119 and 469 monomers, named L-P4VP and H-
P4VP, respectively, with a narrow molecular weight distribu-
tion. Further details are listed in Table 1. Then, both molecular
weight P4VP chains were quaternized through complete methy-
lation of the tertiary amine moieties using methyl iodide (MeI)
(Fig. S6, ESIT) to obtain L-QP4VP and H-QP4VP.*’

For the anionic polymer, first the protected monomer 3-(iso-
butoxysulfonyl)propyl methacrylate (BSPMA) was synthesized,
which was subsequently polymerized to give two poly(3-(iso-
butoxysulfonyl)propyl methacrylate) (PBSPMA) homopolymers
of varying molecular weight (Table 1). The obtained chains had
a degree of polymerization (DP) of 110 and 514 and are further
named as L/x and H/x, respectively (x being the DD). To
(partially) deprotect PBSPMA, the only parameter that was
varied was the amount of Nal. The temperature, reaction time
and polymer concentration were all kept constant. The depro-
tection is a facile method for obtaining strong anionic copo-
lyelectrolytes (P(BSPMA-co-SPMA)) with varying numbers of
hydrophobic groups. The removal of the protecting groups is
expected to occur randomly, since both the protected and
deprotected forms of PBSPMA are soluble in the reaction
medium (DMSO). This approach thus resulted in polyanions
where the charged and hydrophobic groups are homogeneously
distributed along the chain, which is supported by the full
solubility of even the least deprotected polymer in (deuterated)
water (40% hydrophobic groups). Furthermore, correct integra-
tion of the hydrophobic groups in 'H NMR (D,O) further
confirmed that the polymers were dissolved as unimers in
water. The deprotection degrees that were obtained were
100%, 87%, 74% and 61% for L/x and 100%, 86%, 73% and
60% for H/x. The control over the deprotection is reproducible,
as both L/x and H/x yielded nearly similar DD for the same Nal
equivalents (Table S2, ESIt). Table 1 reports the molecular
characteristics of all polymers utilized in this work.

Table1 Characteristics of the polymers that are used in this work. M, ymr
is calculated based on the reaction concentrations and the monomer
conversion, and M, gpc is based on conventional calibration with GPC
(PMMA standards). DP is based on M,,ymr and the polydispersity £ was
obtained by GPC

Polymer My amr/(kg mol™) My gpe/(kgmol™’)  DP D

L-PBSPMA 29.1 36.4 110 1.11
H-PBSPMA 135.8 121.8 514 1.36
L-QP4VP 12.5 13.5 119 1.21
H-QP4VP 49.3 52.7 467 1.26

This journal is © The Royal Society of Chemistry 2023
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3.2 Complex coacervate formation

Complex coacervates were prepared in water with a 1 to 1
positive to negative charge ratio of the charged monomeric
units of the strong polyelectrolytes, which remain fully charged
irrespective of the pH. The polyelectrolyte stocks were mixed
with aqueous solutions containing different concentrations of
salt (NaCl) (Fig. 2). It should be noted that the counterions were
not included in the total salt concentration; properties are
investigated and reported as a function of added salt (NaCl).
The short L-QP4VP was combined with L/100, L/87, L/74 and
L61 resulting in the following complex coacervate samples: cc-
L/100, cc-L/87, cc-L/74 and cc-L/61. Similarly, the long H-QP4VP
was combined with H/100, H/86, H/73 and H/60 resulting in the
following complex coacervate samples, respectively: cc-H/100,
cc-H/86, cc-H/73 and cc-H/60.

One of the most important parameters that determines the
adhesive performance of a water-based material is the water
content.”® For this reason, we first measured the water content
of the different formulations by drying the samples in an oven
at 120 °C for 1 hour. As a general trend, when the salt
concentration was increased, the water content increased as
well regardless of the DD. For example, for cc-L/100 the water
content increased from 52 to 68 wt% by increasing the salt
concentration from 0.25 M to 1.25 M NaCl (Fig. 2). This effect of
salt is commonly reported for complex coacervates: the
increased salt concentration decreases the driving force for
polyelectrolyte association - a combination of Coulombic
attraction and entropic gain through counterion release -
which results in a higher water content."**>®® In parallel,
decreasing the DD (i.e. more hydrophobic groups) leads to a
decrease in the water content regardless of the salt concen-
tration. At higher salt concentrations (NaCl > 1 M), this effect
is more pronounced, where the difference in water content for
both molecular weights is 18 wt% between the highest and
lowest DD (Fig. 2). The electrostatic interactions are more
screened at high salt concentrations, which renders the effect
of hydrophobic interactions more prominent concerning the
water content. The presence of the hydrophobic isobutyl groups
seems to inhibit the water uptake at higher salt concentrations,
resulting in a more constant (and lower) water content.'>'* For

View Article Online
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example, the water content only increased from 47 wt% to
56 wt% for cc-L/61 between 0.25 M and 1.0 M NaCl. Similar
results, with reduced swelling in complex coacervates that
contained a more hydrophobic propyl-functionalized QP4PV,
have been reported before.*

The salt resistance is directly related to the water content.
When the salt concentration is increased, the water content in
the complex coacervates increases until phase separation is no
longer observed. The salt resistance of the formulated coacer-
vates was visually assessed, and a series of photographs of cc-L/
74 prepared at different NaCl concentrations is provided in
Fig. S7 (ESIt). The salt resistance gradually increased for both
cc-L/x and cc-H/x with decreasing DD, where cc-H/x consis-
tently had a higher salt resistance for a given hydrophobicity
degree compared to the cc-L/x samples. It has been widely
reported for complex coacervates that when the chain length
increases, the salt resistance increases as well.»**%17% This is
related to the smaller entropy loss when long chains are
incorporated in the complex coacervate phase.®* Usually, repla-
cing charges with neutral water-soluble (inert) moieties reduces
the salt resistance due to a lower charge density on the
polyelectrolytes.*>®> However, here, the opposite trend was
observed. This indicates that hydrophobicity can be regarded
as an additional driving force for complex coacervation."**®

Several research groups have investigated the influence of
hydrophobicity on salt resistance, although not all of them
came to the same conclusion.’>*>**® sadman et al*® and
Huang et al.*® found, similar to our work, that the salt resis-
tance increased with increasing hydrophobicity. Huang et al.
showed an increase in salt resistance for the longest alkyl
chains (6 to 12 carbons).*® However, shorter alkyl chains (1 to
4 carbons) first had a decreasing salt resistance at high charge
densities and a turnover point where the salt resistance would
increase again when the charge density was further decreased.
Similarly, Liu et al. found that changing the backbone from an
acrylate to a methacrylate increased the salt resistance and
broadened the phase diagram.”” On the other end, the group of
Schlenoff reported that QP4VP-PAA coacervates became more
salt unstable when QP4VP’s alkyl chain length was increased
from one to four.** Notably, while in Schlenoff’'s QP4VPs, all

4 100 b 100 ¢ 1.7
B 100 coUx B 100 coHix ' N YY"
[ 87 [ 86 __16¢} ® cc-Hix
80H |74 1 8073 S
£ (e g 3 [ =15t ]
B o { T eof1 8 14l ]
g - ; i g 8 :
8 40} 1 8 40} 213 ° -
© © o I
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D4t I
0 0 ol
025M 05M 075M 10M 025M 0O5M 0.75M 10M 125M 60 70 80 90 100

NaCl concentration / (M)

NaCl concentration / (M)

Degree of deprotection / (%)

Fig. 2 Water content (wt%) of complex coacervates at different salt concentrations and with varying degree of deprotection (DD) of P(BSPMA-co-SPMA)
for (a) cc-L/x and (b) cc-H/x and (c) salt resistance of cc-L/x (open symbols) and cc-H/x (closed symbols).
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units remain fully charged, our PSPMA copolymers contain true
hydrophobic monomer units. When considering two weak
natural polyelectrolytes, Es Sayed et al.*® shown that a decrease
in ionization of chitosan resulted in completely different beha-
viour due to the formation of hydrogen bonds. Since complex
coacervate systems can be made with an infinite number of
combinations of polyelectrolytes and hydrophobic groups,
comparing specific systems is difficult. However, the general
trend that an increase in hydrophobicity causes a decrease in
water content and a higher salt resistance is evident in most
studies.

3.3 Rheology

3.3.1 Effect of added salt. Small amplitude oscillatory
shear experiments at varying salt concentrations and DD of
the investigated complex coacervates are presented in Fig. 3
and 4, for cc-L/x and cc-H/x, respectively. As generally observed
in complex coacervates, when the salt concentration (and the
water content) increases, the moduli decrease and the
dynamics speed up. The effect of the screening of chain-chain
electrostatic interactions via salt addition has been reported
elsewhere.'?3%67:68

All the samples show a viscoelastic liquid-like behaviour,
with the loss modulus (G”) being larger than the storage
modulus (G'), or overlapping at most, over the full frequency
range probed by the experiments (panels a, d, g, j of Fig. 3 and
4).>%%% The absence of a rubbery plateau excludes the presence
of entanglements in the systems, suggesting a Rouse-like stress
relaxation dynamics, as was reported in a previous work on
complex coacervates,®” and clarified later in the text.

The effect of salt on the dynamics of the complex coacervates
called for the applicability of the time-salt superposition prin-
ciple, for each degree of hydrophobicity. The loss factor,
tan(6) = G"/G’', curves were shifted with respect to the 0.75 M
NaCl samples, regardless the molecular weight, to form a
master curve (see Fig. 3 and 4, panels c, f, i, 1, and Fig. S8 in
the ESI,t in terms of loss factor).

The validity of the superposition principle was verified
through the van Gurp-Palmen representation which shows
that, for each hydrophobicity degree, a reasonably good overlap
of the data is attained (panels b, e, h, k of Fig. 3 and 4). This
suggests that the nature of the internal relaxation modes
remains unaffected by the addition of salt, as shown by other
investigators on complex coacervates.>**’

For both cc-L/x and cc-H/x samples, the terminal regime,
indicating full relaxation of the system, is attained, as indicated
by a slope of 1 and 2 for G” and G’, respectively (see Fig. 3
and 4)."*%%7° A slope of 0.5 at higher frequencies for both G’
and G’ suggests that the stress relaxation of these complex
systems occurs via Rouse dynamics.*® Specifically, a slope of 0.5
refers to ideal chains and 0.46 to real chains in good solvent.>®
However, as suggested by Spruijt et al.»®” the polymer content
in complex coacervates is rather high, and the hydrodynamic
interactions are screened by segments of other polymer chains.
Nevertheless, at length scales smaller than the hydrodynamic
screening length, approximately equal to the static correlation

8838 | Soft Matter, 2023,19, 8832-8848
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length, Zimm modes govern the polymer dynamics. This is
reflected by the high-frequency regions of the viscoelastic
spectra, showing power-law behavior with exponent equal to
0.57 (in good solvent). While the limited high-frequency data
reported in Fig. 4i and 1 suggest a slope larger than 0.5,
indication of Zimm dynamics, we refrain from drawing con-
clusions on the nature of the relaxation modes. However, it can
be noted that the increase in hydrophobicity tends to reduce
the water content in the complex coacervates, therefore further
diminishing the effect of the hydrodynamic interactions (Zimm
modes). The horizontal, as, and vertical, b, shift factors are
reported in Fig. 5 as a function of salt concentration, for both
cc-L/x and cc-H/x. The sensitivity of ag, or in other words the
variation of the relaxation dynamics to salt concentration, is in
agreement with other works on complex coacervates.'*3>39741
The amount of salt needed to vary log(as) by one unit is around
300 mM (see Fig. 5a and c). Several investigators reported
similar values on diverse complex coacervates: Schroder
et al® 100 mM for chitosan/gum arabic, Sadman and co-
workers*® 150 mM for quaternized poly(4-vinylpyridine)/poly-
styrene sulfonate, Sun et al.>® 200 mM for chitosan/hyaluronic
acid, Vahdati et al'® 300 mM for poly(2-acrylamido-2-
methylpropanesulfonic acid)/poly(N,N-[(dimethylamino) pro-
pyllmethacrylamide), and Marciel et al.*' 500 mM for poly(i-
lysine)/poly(glutamic acid). Note that the sensitivity of the
relaxation dynamics to salt concentration significantly depends
on the nature of the salt, and the strength of the electrostatic
interactions between the oppositely charged polyelectrolytes.
On the other hand, the vertical shift factors are close to the unit
value for most of the salt concentration range (< 1.0 M), as also
observed in other works on complex coacervates.*****! Devia-
tions from one are observed for high salt content, where clear
rheological complexities were observed in the van Gurp-Pal-
men plots. This is tentatively attributed to the fact that at this
high salt content, the polymer density in the complex coacer-
vates may be significantly affected.

3.3.2 Effect of hydrophobicity. The obtained time-salt mas-
ter curves are shown altogether in Fig. 6 (panels a and b for cc-L
and cc-H, respectively) as a function of the degree of deprotec-
tion. It can be observed that, as the degree of deprotection
reduces, the dynamics of the complex coacervates became
much slower, as an effect of increasing hydrophobic chain-
chain interactions in the systems. Due to the clear effect of the
degree of deprotection on the relaxation dynamics of such
systems, a time-salt-hydrophobicity superposition principle
was attempted. Van Gurp-Palmen plots in Fig. 6 (panels ¢
and d for cc-L/x and cc-H/x, respectively) show that, while
for the shortest chains no rheological complexities were
observed, with a clear overlap of the observed data, this is not
always the case for the cc-H samples. Indeed, some rheological
complexities and failure of the superposition principle mani-
fest as the DD becomes smaller than 83%, and the salt content
below 0.5 M, suggesting that the presence of a substantial
number of hydrophobic stickers, in addition to non-negligible
electrostatic interactions, significantly affects the relaxation
modes of the system. The obtained master curves via the

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sm01114c

Paper

G', G"/ (Pa)

G, G"/ (Pa)

(]

10°

10*

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

102

G, G"/ (Pa)

10°

Open Access Article. Published on 07 November 2023. Downloaded on 7/14/2025 12:22:55 AM.

(cc)

—

T cutoo

r °o°]
0° e

r 000 80’1
o 8" o9

[ 0% 03% 0%.1
oo° °o°o°° 8°

r °°° .eo 02. o]
& 8 . .-

[ggggo 0... .o..]

!’o°°° o* .o:. 1

10" 10° 10" 10?
o / (rad/s)

10" 10° 10" 102
o / (rad/s)

10" 10° 10" 102

o / (rad/s)
r ‘oLt 51
RN
r ‘A“ 2% 7
[ o0 1
0ot 1
ro- 1
r 1

10" 10° 10" 107
o/ (rad/s)

90

5/ (())

80

90

80

S/ (())

70

60

90

80

0)

=70

S

60

50

3
.
L]
.
L]
L]
* 0.00M
e 025M .
* 050M
e 075M
1 1 1* 3 1 5
b |G*| / (Pa)
L
-
-
L]
L ]
-
= 0.00M "
= 025M -
= 050M ]
= 075M
(0} 1p3 10°
b,|G*| / (Pa)
o«*“.‘on»»}X
3
3
?
E
1
+ 000M pd
s 025M .
+ 050M .
+ 075M %
BRI
L 1‘.03 10°
b|G*| / (Pa)
a
s
.
2
4 050M >
4 075M A
1.00 M
1.25M
1 3 5
b,|G*| / (Pa)

VO RPRIES SR SR [DPIat ERWEEr (s o |

102

10" 10" 10°

oa, / (rad/s)

VRt S [t [ TP S L JPPvec )

1
1
1
10° 10" 10" 10°
oa, / (rad/s)
YN ﬁo}ﬁi
1
1
1
1
1
1
10° 10" 10" 10°
wa, / (rad/s)
O eelBl 1
L5
/d} 1
'y 1

10°

10" 10" 10°

wag / (rad/s)

View Article Online

Soft Matter

Fig. 3 Frequency sweeps at different salt concentrations for (a) cc-L100 (purple circles), (d) cc-L/87 (orange squares), (g) cc-L74 (green diamonds), (j)
cc-L/61 (blue triangles). Closed symbols represent G’ values and open symbols G” values. The second column in the middle (b), (e), (h) and (k) are van
Gurp—-Palmen representations for the validation of the time-salt superposition principle. The last column on the right (c), (f), (i) and (1) are the time-salt
superposition master curves.
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the dynamics of the systems to salt (see text).

time-salt-hydrophobicity superposition principle are shown in
Fig. 6 (panels e and f for cc-L/x and cc-H/x, respectively),
selecting the samples with 100% DD as a reference for the
horizontal shift.

Unlike the time-salt superposition principle, the horizontal
shift factors ay as a function of the degree of the deprotection
were found to follow a William-Landel-Ferry (WLF)"" trend (see
Fig. 7), similar to what other investigators have found in
complex coacervates with temperature variations.>® The deter-
mined WLF constants,”" C; and C,, are respectively 1.5 and
66% (degree of deprotection), regardless of the chain length.

Note that the observed trend for the horizontal shift factors
could have been captured by other mathematical functions, but
the WLF choice was supported by the widespread knowledge of
this function in the soft matter community, rendering the
comparison of results straightforward. It is also important here
to note that both cc-L/x and cc-H/x do not exhibit a rubbery
plateau, a signature of chain—chain entanglements. Therefore,
the WLF constants can have predictability utilization only in
the unentangled regime.

As expected, the molecular weight of the chains dictates the
relaxation dynamics and the elastic character of the resulting

This journal is © The Royal Society of Chemistry 2023

complex coacervates (see Fig. 6, panels e and f). Indeed, chains
with higher degree of polymerization give birth to slower
dynamics and higher elasticity. Remarkably, the time-salt-
hydrophobicity superposition principle enables the prediction
of the dynamics of P(SPMA-co-BSPMA)/QP4VP complex coacer-
vates with varying salt concentration and/or hydrophobicity of
the polyanion. The obtained frequency-extended viscoelastic
spectra can then be used to assess the adhesion properties of
viscoelastic materials.>

It is important to highlight two competing effects of the
deprotection strategy to modify the rheology of such complex
coacervates. First, by only partially deprotecting the polyanion,
the charge density decreases, resulting into a speed up of the
dynamics in the system, without influencing the underlying
relaxation mechanisms.***> Secondly, these protected mono-
mers are not just inert spacers, but hydrophobic isobutyl
moieties. As a consequence, they can be considered as addi-
tional stickers that slow down the overall dynamics of the
chains. As we discussed before, we expected an extra sticker
interaction from the hydrophobic groups, which was observed
in the slowed down dynamics with increasing hydrophobicity
(Fig. 6, panels a and b). This effect on the dynamics is also

Soft Matter, 2023,19, 8832-8848 | 8841
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Fig. 6 Time-salt superposition (TSS) master curves for (a) cc-L/x and (b) cc-H/x samples, at various deprotection degrees (see legend), respectively. Van
Gurp—Palmen plots for (c) cc-L/x and (d) cc-H/x samples, respectively. Time-salt-hydrophobicity superposition (TSHS) master curves for (e) cc-L/x and (f)
cc-H/x samples, respectively. Closed and open symbols represent G’ and G” values, respectively.

favoured by a slight decrease in water content with decreasing
DD (see Fig. 2), as also observed in the literature.**%7>73
Hence, by repelling water, the interactions between hydropho-
bic groups on different chains might even be stronger. An
explanation of the preserved nature of the relaxation mechan-
isms, and therefore validity of the time-salt-hydrophobicity
superposition principle, might be found in the homogenous
distribution of charges and hydrophobic groups in the anionic
polymer. Indeed, the presence of a homogeneous distribution
of hydrophobic groups prevents the formation of hydrophobic

8842 | Soft Matter, 2023, 19, 8832-8848

clusters, rendering the dynamics of the system controlled by
the same relaxation modes at different length scales. In that
sense, only a more organized charged-hydrophobic block copo-
lymer could be able to form hydrophobic clusters inside the
complex coacervate and have a more pronounced influence on
the viscoelastic behaviour.

Similar to our results, it has been observed that strongly
hydrophobic complex coacervates need more salt to obtain a fluid
coacervate.”” Huang and coworkers published two papers on
their method of functionalizing poly(N-acryloxy succinimide).*>*®

This journal is © The Royal Society of Chemistry 2023
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respectively. The solid black line represents the fit of the observed data to the William—-Landel-Ferry (WLF) equation, log(an) = —

Cl (DD - DDrcf)
C; + (DD — DDy)’

with C; and C, being constants, DD the degree of deprotection, and DD, the reference at O degree of hydrophobicity. The dashed line through the

vertical shift factors is a guide for the eye.

Using this method, the charge density with hydrophilic or hydro-
phobic groups and the length of the hydrophobic chain was
changed. However, rheology was not performed to characterize
the influence of the chain length on the coacervate.

The effect of hydrophobicity also manifests in the polymer-
solvent interactions. The latter tend to decrease when more
hydrophobic side groups or a hydrophobic backbone are pre-
sent, even though the polymer is still water-soluble.®* Li et al.®®
looked at this effect by using polymers with either a hydrophilic
peptide backbone or an aliphatic all-carbon hydrophobic back-
bone. A higher water content and lower salt resistance were
observed for the hydrophilic peptide polyelectrolytes compared
to the aliphatic hydrophobic polyelectrolytes. The polymer-
solvent interactions can also be changed by introducing a
cosolvent, as shown by Sun et al. in a recent publication.*® In
their work, alcohols (methanol or ethanol) were used as a
cosolvent, resulting in higher salt resistance and higher rheo-
logical moduli. These cosolvents have a lower dielectric con-
stant and therefore reduce the solvency conditions, especially
compared to water. The effect of cosolvents was also studied for
a polyelectrolyte pair where both polymers were synthesized
from permanently charged styrenic monomers.”* Because these
polymers were more hydrophobic due to the aromatic moieties,
the opposite was observed when introducing cosolvents: both
ethylene glycol and ethanol lowered the salt resistance of the
complexes. In this particular situation the cosolvents were
actually a better solvent than water. Overall, the effect of
hydrophobicity on the relaxation times is dependent on the
polymer-solvent interactions in terms of enhancing or redu-
cing phase separation and dynamics.

3.3.3 Sticky-Rouse model. In order to highlight the effect of
the DD on the relaxation dynamics of the complex coacervates,
we adopted the sticky-Rouse model. Fig. 8 depicts the stress
relaxation modulus as a function of time for cc-H/x at 0.75 M,
with varying DD, or similarly, number of stickers per chain

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Stress relaxation modulus as a function of time for the cc-H/x
samples with varying DD (see legend). Symbols represent observed data,
the dashed line the Rouse model (egn (1)) and the solid line the sticky-
Rouse model (eqn (2)). The stress relaxation moduli were obtained by
converting the dynamic moduli reported in Fig. 4 at 0.75 M.

o

(see Table 2 below). The relatively high salt concentration
significantly reduces the electrostatic interactions between
chains, making the inter-chain hydrophobic associations the
most relevant for the stress relaxation dynamics. The sample
with the highest DD (100%) represents the system of reference,
and the Rouse model (eqn (1)) is used to fit the data, using 7, as
a fitting parameter (1 x 10~ s). The latter was kept constant for
all the other systems, assuming that the monomer-monomer
friction does not vary substantially among the various DD
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samples. Subsequently, the sticky-Rouse model (eqn (2)) was
used to fit the experimental data observed for the samples with
progressive decrease in DD, yielding an average sticker lifetime,
15, of about 1 x 10™* s. The Rouse time of the chain between
stickers, 74(Ni/Ns,)?, takes values of 4 x 10 °s,1 x 10 °s 5 x
1077 s, for the samples with DD 86%, 73%, and 60%, respec-
tively, fulfilling the requirement t4 > 14(Ny/Ns,;), to have a delay
of the terminal relaxation. Such a simple yet effective model, is
able to capture the slowdown in the relaxation dynamics, due to
the progressive increase of stickers with decreasing DD, with no
additional fitting parameters. To better quantify the differences
between experiments and model, we calculated the shear
viscosity as 5(t) = [(G(t)dt, finding that the model yielded a
viscosity value at most twice as high as the experimental one.
For instance, for the cc-H/60 sample, the experimental value of
the viscosity is 29.9 kPa s against 49.4 kPa s yielded by the
model. This result indicates that the sticky-Rouse model can be
adopted, to a large extent, to predict the linear shear rheology of
complex coacervate systems with varying DD, in addition to the
already explored effect of salt concentration and molecular
weight (Spruijt et al>*>®”). While our approach demonstrated
the potential of the sticky-Rouse model to predict the dynamics
of hydrophobically modified complex coacervates, some
assumptions were made and a few remarks follow in order.
We considered a monodisperse system, although the stress
relaxation moduli reported in Fig. 8 show broader relaxation
dynamics, compared to the monodisperse model. By imple-
menting the molecular weight distribution of the polymers, a
much more accurate fit is expected.”> We are also assuming
that all the stickers can be described by an average sticker
lifetime, but it could also be that a distribution is present
instead. As shown in Fig. 2, the increase in hydrophobicity
reduces the amount of water in the complex coacervate. By
looking at the cc-H/x sample at 0.75 M (Fig. 2 - panel b), a
decrease in water content of about 10% occurs when the DD
decreases from 100% to 60%. This would naturally suggest that
an effect of concentration is also contributing to the slowdown
of the stress relaxation dynamics. However, the water content
between 73% and 60% is nearly the same, though, the stress
relaxation modulus of the cc-H/60 decays significantly slower
(see Fig. 8). This result suggests that the relaxation dynamics
are indeed controlled by the hydrophobicity degree imparted to
the system. Rigorously, glassy and fast Rouse modes should
have been included in the model. However, their contribution
to the long-time dynamics would have been negligible, and in
the absence of experimental data to compare with, less useful.
The sticky-Rouse model also assumes dimeric associations, and
this may not always be the case in the presence of many
hydrophobic groups, that could drive local phase separation
and thereby affect material functions, such as the relaxation
time and modulus.”®”® Table 2 reports the molecular para-
meters used in the model. For instance, the mol% of charged
groups based on NMR was used to calculate the average
monomer molar mass M,. The molecular weight of the pro-
tected and deprotected monomer was then used to calculate
the average monomer molar mass for the different DD. For
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Table 2 Parameters used for fitting the sticky Rouse model for the high

molecular weight complex coacervate (cc-H/x). See ESI for more details
on such these quantities

Polymer N; Mo/(g mol ™)
H100 0 230.2
HS86 72 235.0
H73 139 239.4
H60 206 243.9

example H/86 is calculated as follows: (230.2 x 0.86 + 264.3 X
0.14) g mol ™" = 235.0 g mol .

3.4 Adhesion performance

Assessing the adhesion properties of soft materials requires
various experimental tests, and a rigorous protocol has not
been defined yet,”> due to the complexity of the adhesion
phenomenon. It is known that PSAs should be characterized
by significant energy dissipation during the peeling process
(typical property of viscous liquids), and being resistant to
shear creep (typical for elastic solids).>® The balance between
those two contributions is key to design high-performance
PSAs. The combination of small amplitude oscillatory shear
and probe tack tests are acknowledged as powerful techniques
to infer about the adhesive properties of soft materials.>®> We
adopted such methodology to test the adhesive properties of
the complex coacervates reported in this work.

Fig. 9 shows the nominal stress-strain curves obtained for
cc-L/74 (panel b) and cc-H/73 (panel e) at various salt concen-
trations, along with some exemplary pictures taken during the
experiments (panels a and d). The calculated work of adhesion
(Waan) is reported in panels ¢ and f of the same fig., for cc-L/74
and cc-H/73, respectively. Stress—strain curves for the remain-
ing samples can be found in the ESIt (Fig. S9). The probe-tack
results display three regimes of debonding, as proposed by
Verdier et al.”®

At low salt concentrations (0.25 M), low molecular weight
and any degree of deprotection, samples reached a high peak
stress value (>200 kPa), but the strain dropped rapidly to low
values (< 0.2) before debonding occurred (e.g:, cc-L/74 at 0.25 M
NaCl in Fig. 9b). The shape of the curve indicates a mode of
failure directed by interfacial crack propagation, where the high
elasticity of the material prevents the dissipation of energy
upon debonding.?® This typically results in low adhesion ener-
gies, Waan < 4 ] m 2 The brittle adhesive failure of the
corresponding complex coacervates samples can be confirmed
in most cases by direct observation (see Movies S1-54, ESIT).
Conversely, the high-M,, sample, at low salt concentrations,
yielded an adhesion energy Woan, ~ 10 ] m~>, without introdu-
cing any hydrophobicity (see histogram in Fig. 9f). Higher salt
concentrations (between 0.5 and 0.75 M), promote a stronger
viscous contribution to the overall rheological response of the
complex coacervates, and a cohesive failure via a single capil-
lary bridge was observed (Fig. 9a, d and Movie S1-S4, ESIY).
These samples show weaker peak stress, compared to the law-
salt regime, but a much-extended shoulder towards larger

This journal is © The Royal Society of Chemistry 2023
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deformations is present. A shoulder in nominal stress-strain
curves implies fibril formation in the material, suggesting
better adhesion properties.>® This was confirmed by visual
inspection of the debonding of the complex coacervate adhe-
sives (Movies S1-S4, ESIt), where multiple fibrils cover the
probe area and are extended over a large distance before
cohesive failure occurred. Note that for low-M,, samples, lower
degrees of deprotection are needed to attain W,qy, values in the
range 5-10 ] m~>.

On the contrary, high-M,, samples display W,q, around
10 J m~? only at higher deprotection degrees. This reflects
the fact that the elasticity imparted by the hydrophobic mod-
ification of the chains is pivotal only for short chains, to
increase the elastic contribution to the overall material
response. For high salt concentrations (1 M) the peak stress
vanishes, stress levels are lower, although the extended
shoulder towards larger strains is still present in most cases.
The adhesion energy seems to drop for all the coacervate
systems, except for the cc-H/60 samples, where the significant
screening of the electrostatic interactions compensates for the
elasticity imparted by the large number of hydrophobic inter-
actions. However, due to the large standard deviation observed
in such a system, we refrain from drawing a strong conclusion
out of it.

The obtained adhesion energies resonate well with similar
systems reported in the literature.

Vahdati et al'® reported one complex coacervate
adhesive system composed of electrostatically interacting weak

This journal is © The Royal Society of Chemistry 2023

polyelectrolytes with a W,qp, of approximately 16 ] m ™2, Similar
values were previously reported by Dompé et al.'? for their
complex coacervate-based adhesive.

Probe-tack tests suggest that the introduction of hydropho-
bic groups to the polyanion is essential for the short chains
to obtain good adhesive properties. This, in addition to
partial screening of the electrostatic interactions (salt range
0.5-0.75 M). Note that in many cases, salt has a nonmonotonic
effect on the adhesion energy, reflecting the fact that a balance
between elasticity due to the hydrophobic interactions, and
enhanced viscous dissipation due to salt addition, is necessary
to obtain optimized adhesion performances.

To better link the linear viscoelastic data of our complex
coacervates to their adhesion properties, the two-criterium
method proposed by Deplace et al.>> was adopted. The first
requirement, as the Dahlquist criterion,® is that the storage
modulus G’ should not exceed 10° Pa at the frequency at which
the contact between surface and adhesive is established
(inverse of the contact time). Otherwise, the adhesive might
not have enough time to establish good contact with the sur-
face. In this work, we apply a relatively long contact time of
approximately 60 seconds (0.17 rad s™'), and at this condition
the first requirement was always fulfilled. The second criterion
involves two critical physical parameters for the bonding/
debonding of a PSA. One is related to the resistance to crack
propagation between the interface of the probe and the adhe-
sive (viscous effect), and the other is related to the bulk (elastic)
properties of the adhesive. Deplace et al.>® combined the effect
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of these independent components into the tan(0)/G’ ratio,
which can be easily determined from small amplitude oscilla-
tory shear experiments. Note that, if the geometry and surface
of the substrate are constant, as in the present case, the ratio
tan(0)/G’ is inversely proportional to the Young’s modulus of
the material.>

In Fig. 10 we plotted the value of tan(d)/G’ as a function of
the salt concentration for a frequency of 3.98 rad s ™.

The latter was close to the debonding frequency (4.19 rad

s~ 1), calculated as per Deplace et al.:>

= ZTEVdeb (6)
ho

where vqep, is the debonding speed and 7, the initial gap. For
each point that was measured in the probe tack test, we
indicated respectively, with green plus signs and red crosses,
whether or not fibrillation was observed (Fig. 10, Movies S1-54,
ESIY).

It appears that there is an upper and lower boundary for
these systems to achieve the maximum amount of work of
adhesion. At the lower boundary the material was too elastic
and, in most cases, adhesive failure was observed, as also
described in the probe tack results. At the upper boundary
the coacervate started to become too liquid, which resulted in a
capillary bridge that broke at small gap distances. The most
evident difference between the two chain lengths was the
number of suitable samples for high adhesion performance.
For cc-L/x samples, only two combinations displayed fibrilla-
tion; those that relate to low degree of deprotection and
medium salt content (0.5-0.75 M). On the other hand, six
combinations of the cc-H/x samples displayed fibrillation,
and therefore yielded good adhesion performances. Remark-
ably, the best adhesion properties for both cc-L/x and cc-H/x
samples were found at different tan(6)/G’ values (0.1 and
0.001 Pa ' for cc-L/x and cc-H/x, respectively), rendering the
method weakly rigorous. Two reasons were identified for such a
discrepancy: (i) as nonlinear deformations occur in the bulk,
this linear viscoelastic method may not be very accurate, (ii)
limiting the study to a single frequency can be misleading.

8846 | Soft Matter, 2023,19, 8832-8848

Indeed, Vahdati et al."® observed that complex coacervates with
nearly equal storage and loss moduli over a large range of
frequencies (tan(0) ~ 1), showed the best adhesion perfor-
mance, as a result of a balance between viscous dissipation and
elastic response. Here, the cc-H/x samples cover a broader
range where the two moduli are close (see Fig. 3 and 4),
compared to the cc-L/x samples, which is certainly caused by
the longer chain length, in addition to a strong effect of
hydrophobic interactions as the degree of deprotection
decreases. While the Deplace approach, combined with non-
linear viscoelastic tests, is very powerful in generating a map to
identify the best adhesion properties, a universal value for
tan(6)/G’ cannot be identified. Nevertheless, by combining
small amplitude oscillatory shear rheology and probe tack tests
it is possible to infer that: (1) hydrophobic modification of the
polyanion are pivotal to make adhesives out of cc-L/x samples,
in addition to balancing the electrostatic interactions with salt,
and (2) high molecular weight complex coacervates offer
remarkable adhesive properties with no or low degree of
hydrophobicity imparted to the system.

4. Conclusion

We have studied the influence of hydrophobicity on the proper-
ties of complex coacervates properties via an elegant protection/
deprotection method of a strong anionic polymer, while keep-
ing its chain length constant. The homogeneously deprotected
polymers were used to make complex coacervates. The water
content, rheological behaviour and adhesion performance were
assessed, using the molecular weight, salt concentration and
degree of deprotection as varying parameters. A time-salt-
hydrophobicity superposition principle was found applicable,
and this feature can be employed as a predictive means to
design complex coacervates with desired rheological behavior.
The slowdown of the dynamics due to the increased number of
hydrophobic groups (i.e., lower degree of deprotection) at a
given salt concentration, can be captured by the sticky-Rouse
model, using the fully deprotected sample as a reference to
estimate the monomer relaxation time 1.

This journal is © The Royal Society of Chemistry 2023
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The monomer friction was considered unvaried with degree
of deprotection, and only one average sticker lifetime was
assumed. Despite these assumptions, the sticky Rouse model
appears to be a powerful tool to predict the relaxation dynamics
of complex coacervates, treating the hydrophobic groups as
stickers.

Finally, the combination of small amplitude oscillatory
rheology and probe tack tests enabled the identification of
the best design parameters for PSAs. For low molecular weight
systems (cc-L/x), the hydrophobic modification of the polya-
nion is essential to provide an elastic character to the material,
and confer good adhesive properties. For cc-H/x samples, a
high degree or even full deprotection suffice to generate good
adhesion properties. Salt enables tuning (screening) of the
electrostatic interactions, thereby giving birth to a nonmono-
tonic behaviour of the adhesion properties of both cc-L/x and
cc-H—x samples, suggesting that there is a balance between
hydrophobic and electrostatic interactions that ensures opti-
mized adhesive properties. The complexity of such systems
certainly calls for more investigations on the effect of the intra
and intermolecular associations on the chain conformation
and macroscopic structure at various concentration regimes
and length scales. Future studies will be conducted along this
direction.

Nevertheless, the results presented in this work offer new
pathways for tuning the rheological properties of complex
coacervates via simple hydrophobic modification of the poly-
anion. The simultaneous presence of electrostatic and hydro-
phobic interactions provides a unique strategy to obtain
complex coacervates with superior mechanical properties, mak-
ing them ideally suitable for pressure-sensitive adhesives.
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