European Polymer Journal 141 (2020) 110034

Contents lists available at ScienceDirect

European Polymer Journal
journal homepage: www.elsevier.com/locate/europolj

Temperature-responsive polyelectrolyte complexes for bio-inspired
underwater adhesives

T

Ilse A. van Heesa, Anton H. Hofmanb, Marco Dompéa, Jasper van der Guchta,
⁎
Marleen Kampermanb,
a
b

Physical Chemistry and Soft Matter, Wageningen University and Research, Stippeneng 4, 6708 WE Wageningen, the Netherlands
Polymer Science, Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, 9747 AG Groningen, the Netherlands

ARTICLE INFO

ABSTRACT

Keywords:
Wet adhesion
Polyelectrolyte complexation
Hydrophobicity
PNIPAM

Adhesive proteins of marine organisms contain significant amounts of hydrophobic amino acids. Therefore,
inter- and intramolecular hydrophobic interactions are expected to play an important role in both adhesion and
cohesion. Here, we mimic the hydrophobicity of adhesive proteins by using temperature-responsive polyelectrolyte complexes (TERPOCs) with a high poly(N-isopropylacrylamide) (PNIPAM) content. Upon mixing aqueous solutions of PNIPAM-b-poly(acrylic acid)-b-PNIPAM and poly(2-(dimethylamino) ethyl methacrylate)
(PDMAEMA), complexation between the oppositely charged polyelectrolytes occurs. At low temperatures,
complex coacervate core micelles (C3Ms) with a PNIPAM corona are formed, and upon a temperature increase,
the solution turns into a hydrogel by the formation of a network of hydrophobic PNIPAM domains.
Consequently, an abrupt increase in viscosity is observed upon heating which facilitates injectability of the
adhesive. The gelation temperature, Tgel, and (adhesive) strength of the TERPOC can be adjusted by altering the
salt and polymer concentration, which changes the balance between the electrostatic and hydrophobic interactions. Despite the importance of hydrophobic groups in strong underwater adhesives, we conclude that
TERPOCs with a high PNIPAM content (70 wt%) are unstable due to water release. Consequently, there is a
limited amount of hydrophobic groups that can be inserted in this type of systems. Nevertheless, TERPOCs show
promising and tunable properties for application as injectable underwater adhesives, for example in biomedical
applications.

1. Introduction
Adhesion is weakened by the presence of water, making underwater
adhesion a technical challenge [1]. Nevertheless, in nature, several
marine organisms adhere to slippery rocks or build protective shells
underwater using adhesive proteins. A close look at the amino acid
composition of the adhesive proteins used by these organisms reveals a
high degree of hydrophobic, cationic and anionic amino acids [2].
Hydrophobic moieties can be beneficial for underwater adhesion in
several ways. First, water has to be removed from the surface to enable
proper binding between the substrate and the adhesive, and therefore
increased hydrophobicity may facilitate contact formation [2]. Second,
the presence of hydrophobic domains in a material reduces the water
content and toughens the material, because the hydrophobic domains
resist large deformations to minimize their contact with water [3].
Third, in several natural systems, complexation occurs between oppositely charged proteins, resulting in phase separation and formation of a

⁎

complex coacervate [4]. This phase separation is promoted by hydrophobic groups through decreasing the solubility of the proteins in
aqueous solution [2,5,6]. However, mimicking these features in synthetic systems is challenging because large amounts of hydrophobic
moieties result in processing difficulties of water-based adhesives, i.e.
the viscosity increase compromises injectability [7,8]. For this reason,
we investigate the use of a temperature-responsive polymer, poly(Nisopropylacrylamide) (PNIPAM), to mimic the hydrophobic amino
acids of the natural adhesive proteins without sacrificing the injectability.
PNIPAM is a well-studied temperature-responsive polymer with a
lower critical solution temperature (LCST) [9]. Hence, PNIPAM is
water-soluble at room temperature, but becomes insoluble when the
LCST of approximately 32 °C is exceeded [10]. This change is induced
by the formation of intramolecular hydrogen bonds, leading to a chain
collapse and the formation of a water-insoluble material [11]. The use
of PNIPAM in underwater adhesives allows easy processing below the
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LCST and solidification above the LCST [12–14].
To enhance and control the viscoelastic properties of the material,
oppositely charged polyelectrolytes are inserted into the PNIPAM-based
adhesive, which results in complexation. By adjusting the salt concentration, the viscoelastic properties of the complex can be tuned,
which is a useful tool in the development of underwater adhesives. An
increasing salt concentration will weaken the polyelectrolyte complex
[15]. Moreover, weak polyelectrolytes have a pH-dependent degree of
ionization. At low degrees of ionization, the polymers are more hydrophobic because of the uncharged moieties, leading to more solid
complexes [3,16]. Finally, the degree of charge compensation (degree
at which the polyelectrolyte charge is neutralized by oppositely charged
polyelectrolytes) can be used to weaken or strengthen temperature-responsive polyelectrolyte complexes (TERPOCs). Excess charge can lead
to changes in the material structure which results in different material
properties.
Previous research has shown that hydrophobic surgical glues are
particularly effective in wet environments. Karp et al. developed a
hydrophobic pre-polymer (poly(glycerol sebacate acrylate) (PGSA))
which, after UV-crosslinking, showed stronger adhesion than commercially available tissue adhesives [17,18]. Others have shown that the
combination of different types of non-covalent interactions may
strongly increase adhesion [2]. For example, Waite and co-workers
designed a high-performance mussel-inspired adhesive by combining
catecholic, hydrophobic and electrostatic functional groups [19,20].
Moreover, several promising underwater adhesives were developed
based on electrostatic interactions, but these adhesives contain considerably less hydrophobic compounds than natural underwater adhesives [2,12–14,21–23]. Therefore, we investigate the importance of
hydrophobic interactions in complex coacervate-based underwater adhesives by using a PNIPAM content of 70 wt%. The adhesives are
composed of a cationic homopolymer and an anionic triblock copolymer that contain large PNIPAM outer blocks. Upon mixing aqueous
solutions of both components, the charged polymers electrostatically
self-assemble into a charge-neutral complex. The use of well-defined
linear polymers, allows us to obtain defined morphological features, as
evidenced by small angle X-ray scattering.
In this work, TERPOCs are prepared by mixing PNIPAM-b-poly(acrylic acid)-b-PNIPAM (NIPAM444-b-AA170-b-NIPAM444) and poly(2-(dimethylamino) ethyl methacrylate) (DMAEMA680), Fig. 1. At low temperatures, the polyelectrolytes form complexes and stable complex
coacervate core micelles (C3Ms) are obtained, Fig. 1C, resulting in a

low viscosity polymer solution [24,25]. The insoluble polyelectrolyte
core is stabilized by the long PNIPAM chains in the corona. Upon increasing the temperature, PNIPAM becomes insoluble resulting in gelation, and a TERPOC is formed, Fig. 1D. Gelation of the polymers
provides cohesive strength to the TERPOC which is one of the main
requirements for adhesive performance. This specific combination of
polymers was chosen for several reasons. First, block copolymers are
required to connect the PNIPAM and complex coacervate phases, which
is expected to be important for the homogeneity of the TERPOC. The
short anionic block was selected to maintain good control over the
RAFT polymerization. At last, the large polycation was chosen to enable
entanglement formation in the complex coacervate phase to enhance
the strength of the TERPOC. The gelation temperature (Tgel), morphology, and adhesive strength of the TERPOC can be changed by altering the NaCl and polymer concentrations, as is observed by SAXS,
rheology, and probe tack testing, respectively. Moreover, it is shown
that charge neutralization is required for obtaining strong gels.
2. Experimental
2.1. Materials
Triethylamine (TEA) ( 99%), propanethiol (99%), carbon disulphide ( 99%), magnesium sulphate, 1,4-dioxane (99.8%), azobisisobutyronitrile (AIBN) (98%), tert-butyl acrylate (tBA) (98%) and aluminium oxide (neutral, Brockmann I) were purchased from Sigma
Aldrich and used as received. N-isopropylacrylamide (NIPAM) (97%)
was purchased from TCI. 1,4-bis(chloromethyl) benzene (BCMB)
(98%), sodium chloride (> 99.5%) and hydrochloric acid (37%) were
obtained from Acros Organics. Methanol (HPLC grade), 1,1,1,3,3,3hexafluoro-2-propanol (HFIP) (AR), n-hexane (HPLC grade), dichloromethane (DCM) (AR), and diethylether (AR), were purchased
from Biosolve and used as received. Sodium hydroxide solution
(TitriPUR, 0.1 M) and hydrochloric acid (TitriPUR, 1 M) were bought
from Merck chemicals. AIBN and NIPAM were recrystallized twice from
methanol and n-hexane, respectively, and kept refrigerated before use.
Furthermore, tBA was passed over a basic alumina column to remove
inhibitor and used immediately.
DMAEMA680 (Mn 107 kDa, Ð 1.26) was purchased from Polymer
Source, Fig. S1.
Fig. 1. Chemical structure and schematic representation of A PNIPAM-b-PAA-b-PNIPAM and B
PDMAEMA. The morphology of the polymers is
shown: C below Tgel where C3Ms are found, and D
above Tgel where a gel-like morphology is found.
The green blocks represent PNIPAM, the blue
blocks PAA, and the red blocks PDMAEMA. (For
interpretation of the references to color in this
figure legend, the reader is referred to the web
version of this article.)
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2.1.1. Synthesis of divalent RAFT agent CDP
The chain transfer agent C,C’-[1,4-phenylenebis(methylene)] C,C’dipropyl ester carbonotrithioic acid (CDP) was synthesized using an
adapted method previously described by Bivigou-Koumba et al. [26]
2.6 g (34 mmol) carbon disulphide and 2.5 g (33 mmol) propanethiol
were added to 10 mL chloroform and purged with nitrogen for 30 min.
Subsequently, 3.5 g (35 mmol) TEA was added dropwise to the solution,
resulting in a dark orange/yellow solution that evolved heat. The solution was left to stir for 30 min and subsequently 2.8 g (16 mmol)
BCMB was added under nitrogen flow, again resulting in a warm solution. The solution was stirred overnight and subsequently diluted
with 10 mL of chloroform, transferred to a separation funnel and washed thrice with 50 mL water. The organic layer was dried over magnesium sulphate and concentrated under reduced pressure. The resulting product was purified by recrystallization from DCM twice, and
yielded a dark yellow solid, 5.8 g (90 %). 1H NMR (400 MHz, CDCl3,
Fig. S2): (ppm) 1.03 (t, 6H, CH3 propyl), 1.74 (sext, 4H, CH2 propyl),
3.54 (t, 4H, CH2 propyl), 4.60 (s, 4H, CH2 methyl), 7.29 (s, 4H, benzyl)
ppm. 13C NMR (400 MHz, CDCl3, Fig. S3): 13 (CH3), 22 (CH2 propyl),
39 (CH2 thiol), 40 (CH2 aryl), 130 (CH aryl), and 135 (C aryl) ppm.

Samples were prepared by mixing the polycation with the NaCl solution, followed by the addition of the polyanion. The solution was vortexed and left refrigerated to equilibrate. Then, the pH was checked and
adjusted to 6.5 ± 0.2 using 1 M NaOH or HCl. Finally, water was
added to obtain the desired concentration, and the samples were kept
refrigerated until further use. The order of mixing the polyelectrolytes
is important as it determines the degree of coacervation. Moreover, the
polymers were mixed in such a ratio that a charge-neutral complex was
obtained and complexaxtion was maximized. Charge stoichiometry was
verified by zeta potential measurements that should give values of
about 0 mV. While being dependent on both the salt concentration and
pH, the ionization degree of both polyelectrolytes is estimated to be
higher than 90% [6]. The samples are prepared below the critical salt
concentration (cs,cr) of this polyelectrolyte pair, Fig. S12.
2.2.2. SAXS
Small-angle X-ray scattering (SAXS) measurements were carried out
at the Dutch-Belgian Beamline (DUBBLE) station BM26B of the
European Synchrotron Radiation Facility (ESRF) in Grenoble, France
[28,29]. The sample-to-detector distance (Dectris Pilatus 1 M) was ca.
2.5 m. The scattering vector q is defined as q = 4 / sin( ) with 2
being the scattering angle and the wavelength of the X-rays (1.03 Å).
Silver behenate was used to calibrate the q-range, which covered
6.05 * 10−2 to 3.66 nm−1. Two-dimensional images were radially
averaged around the centre of the primary beam to obtain the isotropic
SAXS profiles. The data was corrected for absorption and background
scattering of the salt solutions. The samples were placed in a 2 mm
quartz capillary and heated from 10 to 50 °C taking steps of 2–5 °C, with
the temperature kept constant after each step for five or ten minutes,
Table S1. The acquisition time was 30 s per frame. Every second-last
frame of each temperature step was taken for analysis.

2.1.2. Synthesis of PtBA from CDP
A round-bottom flask was loaded with 4.6 mg (0.028 mmol) AIBN,
230 mg (0.57 mmol) CDP, 15.5 g (121 mmol) tBA, and 44 mL dioxane
(i:R:m as 0.05:1:210, [m] 2 M). The clear yellow solution was purged
with nitrogen for 60 min. The polymerization took place for 5 h at
70 °C, and a conversion of 80% was reached. The reaction was quenched by exposure to air and rapid cooling. The polymer was purified by
precipitation into a cold 3/1 (v/v) methanol/water mixture three times.
The product was obtained as a yellow powder by drying in a vacuum
oven and yielded 10 g (83%). 1H NMR (400 MHz, CDCl3): 1.4 (s, 9H,
(CH3)3 tert-butyl), 1.6–2.3 (m, backbone) ppm, Mn 21.5 kDa. GPC
(HFIP): Mn 22.0 kDa, Ð 1.25.

2.2.3. Rheology
Rheological measurements were performed on an Anton Paar MCR
301 rheometer equipped with a 25 mm cone-plate geometry. The
temperature was controlled using a Peltier element. After making
contact with the cone, the sample was immersed in tetradecane oil to
avoid evaporation of water from the sample. First, the samples were
equilibrated for 1 h at 10 °C, then the temperature was increased from
10 to 50 °C with 0.13 °C/min, followed by another equilibration for 2 h
at 50 °C. During these steps the sample was measured using an oscillatory shear with 1% strain, and an angular frequency of 1 rad/s. After
temperature increase, either shear start-up experiments were performed
using a rotation with a fixed shear rate of 0.1 s−1, or frequency sweeps
were measured using an oscillation with 1% strain, and angular frequencies of 0.1 to 100 rad/s.

2.1.3. Synthesis of PNIPAM-b-PtBA-b-PNIPAM from CDP-functionalized
PtBA
In a round-bottom flask 1.6 mg (0.0097 mmol) AIBN from a stock
solution, 4.0 g (0.18 mmol) PtBA and 28.1 g (248 mmol) NIPAM were
dissolved in 100 mL dioxane (i:R:m as 0.05:1:1250, [m] 2 M). The reactants were dissolved and the mixture was purged with nitrogen for
150 min. The polymerization was allowed to run for 6 h at 70 °C, till a
conversion of 65% was reached. Subsequently, the reaction was quenched by cooling the reaction mixture rapidly and exposing it to air. The
resulting polymer was purified by precipitation into a 4/1 (v/v) nhexane/diethyl ether mixture for five times. The final product was dried
in a vacuum oven to yield 17 g white powder. 1H NMR (400 MHz,
MeOD): 1.17 (s, 6H, (CH2)2 isopropyl), 1.49 (s, 9H, (CH3)3 tert-butyl),
1.55–2.3 (m, backbone), 3.98 (s, 1H, CH isopropyl) ppm, Mn 92.0 kDa,
81 mol% PNIPAM. GPC (HFIP): Mn 61.6 kDa and Ð 1.61.

2.2.4. Probe tack testing
Adhesion tests were performed by using the probe tack method
using an Instron 5333 materials testing system equipped with a 10 N
load cell. A parallel contact and detachment between glass and the
TERPOCs was made. In detail: A stainless steel probe, with a glass slide
attached, was fixed onto the load cell. The polymer solution was pipetted onto a glass slide which subsequently was fastened to the bottom
of the chamber using plastic screws. Contact between the clean glass
slide and the polymer solution was made at 20 °C until a thickness of
0.5 mm was reached. Then, a 50 °C aqueous NaCl solution, with the
same salt concentration as the polymer solution, was poured into the
chamber and kept at this temperature. Thereafter, the probe was kept at
a fixed distance from the glass surface for 1 min, followed by detachment at a fixed strain rate of 0.2 s−1. Raw data of force and displacement were converted into stress and strain values to obtain the work of
adhesion. The strain was obtained by normalizing the displacement by
the initial thickness of the sample (t0). The normalized stress
was
obtained by dividing the force by the contact area. The work of adhesion Wadh was calculated using Eq. 1

2.1.4. Deprotection of PNIPAM-b-PtBA-b-PNIPAM
The resulting block copolymer was deprotected by dissolving 6 g in
140 mL HFIP, containing 0.1 M hydrochloric acid (1.8 equivalent) and
the mixture was left to stir for 5 h at room temperature [27]. The
sample was dried using rotary evaporation, redissolved in water and
neutralized by using 1 M sodium hydroxide solution. The final product
was obtained after freeze drying. 1H NMR (400 MHz, MeOD): 1.16 (s,
6H, (CH3)2 isopropyl), 1.55–2.3 (m, backbone), 3.97 (s, 1H, CH isopropyl).
2.2. Methods
2.2.1. Sample preparation
The polymers were dissolved in water as stock solutions with a
concentration of max. 12.5 wt% and the pH was adjusted to 6.5±0.2 to
obtain an equal charge density for both PAA and PDMAEMA [6].
3
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Scheme 1. Reaction scheme for the synthesis of
PNIPAM-b-PAA-b-PNIPAM from RAFT-agent CDP.
At first the PtBA macro-CTA is synthesized, followed by the copolymerization with NIPAM to
yield PNIPAM-b-PtBA-b-PNIPAM. Subsequently the
tert-butyl groups are removed under acidic conditions to yield PNIPAM-b-PAA-b-PNIPAM.

Wadh = t0

max

0

d

the tert-butyl groups in HFIP under acidic conditions at room temperature. The more commonly used and slower TFA/DCM method results in incomplete deprotection of PNIPAM-b-PtBA-b-PNIPAM, i.e.
yields polymers that still contain small amounts of tBA, as was reported
by Filippov et al. [27]. These small amounts of hydrophobic tBA were
found to significantly affect the viscosity of PNIPAM-b-PAA-b-PNIPAM
in water. As our triblock copolymers are prepared for application in
aqueous solution, the tBA groups should be removed quantitatively, as
is confirmed by the complete disappearance of the tert-butyl peaks,
Fig. 3.

(1)

Two or three replicates were conducted for every experiment to ensure
data reproducibility, and the work of adhesion is calculated using two
measurements.
3. Results and discussion
3.1. Polymer synthesis
The PNIPAM-b-PAA-b-PNIPAM copolymer was synthesized using
the divergent RAFT agent CDP, Scheme 1. First, the PtBA macro-CTA
was synthesized, followed by a copolymerization with NIPAM to obtain
the BAB triblock copolymer. The GPC traces of the macro-CTA and the
block copolymer are shown in Fig. 2A and B, and are measured in HFIP.
It can be seen that the peak of the PtBA is narrow and highly symmetric
(Ð 1.25) and similar Mn values are obtained from NMR. These observations indicate that CDP provided good control over the polymerization of tBA and that termination was negligible. The signal of the
PNIPAM-b-PtBA-b-PNIPAM copolymer shifted to lower retention volumes and broadened, with a Ð of 1.61. The GPC-peak has a small
shoulder at higher retention volumes, indicating the presence of a
minor amount of shorter chains. As the shoulder does not overlap with
the PtBA macro-CTA, it can be concluded that all PtBA chains are extended. The smaller polymers can therefore be terminated block copolymers, or PNIPAM homopolymers, which can be caused by the high
degree of polymerization of NIPAM. From GPC, an Mn of 17.6 kDa (DP
134) was measured for PtBA. From the integrals in the NMR, Fig. 2C, a
NIPAM degree of polymerization of 610 is calculated, leading to a Mn of
86.8 kDa for the PNIPAM-b-PtBA-b-PNIPAM. As a result, the polymer
has 82 mol% NIPAM over tBA.
After successful synthesis of PNIPAM-b-PtBA-b-PNIPAM, the block
copolymer was converted into PNIPAM-b-PAA-b-PNIPAM by cleaving

3.2. SAXS
SAXS experiments are performed to determine the morphology of
the polymers both in solution and in the TERPOC at various salt and
polymer concentrations (Figs. S4 and S5). First, the scattering curves of
all samples at 10 °C will be discussed. Subsequently, the changes induced by increasing the temperature from 10 to 50 °C are explained,
and, finally, the scattering curves at 50 °C are compared.
At 10 °C, PNIPAM is soluble, while the polyelectrolytes can form
complex coacervates. In previous work we have shown that under these
conditions C3Ms with a polyelectrolyte core and PNIPAM corona are
formed [24]. Therefore, scattering peaks in the SAXS profiles are most
likely caused by the complex coacervate cores. At low salt concentrations, two or three peaks can be observed, while at high salt concentration only a broad peak is detected, Fig. 4A [30]. The two peaks at
low q values are assigned to be structure peaks, and are used to determine the morphology. For 0.3 M NaCl, the two structure peaks are
located at 0.16 nm−1 and 0.26 nm−1, and the ratio between these q
values is 1.63 which is close in value to 8/3 and 3 . Generally,
spheres in a face-centred cubic (fcc) lattice display a second order peak
at 4/3 q* and a more intense third order peak at 8/3 q* [31,32].
Therefore, it can be that the peak at 0.26 nm−1 is a third order peak of
4
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Fig. 2. HFIP GPC traces from A the light scattering and B the RI signal. The intensities of the GPC curves are normalized to the maximum detector response. C 1H
NMR in CDCl3 of the PtBA macro-CTA (I), and PNIPAM-b-PtBA-b-PNIPAM (II).

the polymer concentration, Fig. 4B. For higher polymer concentrations,
q* moves to higher q values, as is seen for 7.5 and 10 wt% polymer. As
reported before, the interdomain spacing depends on the polymer
concentration, and decreases with increasing concentration [35]. For 4
wt% polymer, however, only a broad peak can be observed which is
caused by loss of order which occurs at low polymer concentrations
when micelles are too far apart to pack in a regular arrangement [31].
Upon increasing the temperature, several changes can be observed,
Fig. 4C. First, the structure peak shifts to higher q values, indicating a
decrease in the interdomain distance, which is a result of the shrinking
PNIPAM corona and changing morphology [33,34]. Second, the structure peaks broaden which is clearly seen when comparing the scattering
curves of 10 and 24 °C. Peak broadening indicates loss of contrast between core and corona, or loss of long range order due to a changing
morphology [36]. Finally, the slope of the scattering curves at low q
values increases from 26 °C onwards, which indicates the formation of
aggregates in the samples, illustrating the gelation of the material [37].
This is in agreement with previously published work where it was
shown that the LCST of PNIPAM decreases with increasing salt and
polymer concentration [38,39].
At 50 °C, a broad shoulder can be observed for the samples with 7.5
wt% polymer, Fig. 5A. With increasing concentrations of NaCl, it can be
seen that the width of the shoulder decreases, and the onset of the
shoulder shifts to higher q values. This shift can again be explained by
salt-induced deswelling of the PNIPAM, leading to lower interdomain
spacing [33,34]. At 0.3 M NaCl and 10 wt% polymer, Fig. 5B, no broad
shoulder, but two small peaks are observed. No distinct pattern can be
discovered in the peak positions at low q and the indicated peaks.
Therefore, we conclude that the material is most likely in a disordered
state.

Fig. 3. 1H NMR in MeOD of A PNIPAM-b-PtBA-b-PNIPAM and B PNIPAM-bPAA-b-PNIPAM.

an fcc lattice with a spacing of 40 nm, while the second order peak is
not visible. However, a body-centred cubic (bcc) lattice, is characterised by a second order peak at 3 . Moreover, also non-crystalline
samples can show a second order peak. Consequently, it remains unclear if ordering is present due to the broadness of the second structure
peak.
Upon increasing the salt concentration, the structure peaks shift to
higher q, indicating smaller domain spacing. This can be explained by
the fact that the solubility of PNIPAM decreases with increasing salt
concentration which results in a smaller occupied volume, thereby
decreasing the distance between the complex coacervate domains
[33,34]. Moreover, the peaks broaden with increased salt concentration
which can be caused by either loss of contrast or loss of order. At higher
salt concentrations, the complex coacervate core swells, while the
PNIPAM corona shrinks, which reduces the contrast between the two
phases. In addition, the lower mobility of the PNIPAM chains at higher
salt may hinder equilibration and reduce the order in the sample,
leading to peak broadening. The structure peaks also shift as function of
5
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Fig. 4. A Scattering profiles with varying NaCl
concentration (M) and 7.5 wt% polymer at 10 °C.
The structure peaks are indicated with the arrows,
and the form factor peak is indicated with P. B
Scattering profiles with varying polymer concentration (wt%) and 0.3 M NaCl at 10 °C. C
Scattering profiles of 0.3 M NaCl and 7.5 wt%
polymer with increasing temperature (°C) (from
bottom to top), for clarity temperatures at which
no changes occurred have been left out. The curves
are shifted over the y-axis for a better visibility.

3.3. Rheology

temperatures for higher salt concentrations. Affirmingly, it is known
that the LCST of PNIPAM decreases linearly with increasing NaCl
concentrations, which decreases Tgel [11,24,39]. Hysteresis between the
moduli is observed, Fig. S7, upon measuring a temperature loop in
which a temperature decrease follows upon a temperature increase.
This hysteresis indicates a slow equilibration of the TERPOCs, as is
discussed in the supplementary information [47–50]. Moreover, samples with less than 0.3 M NaCl show a cross-over of the moduli when
increasing the temperature, but the increase of the moduli is unstable,
Fig. S8 A. This instability results from wall-slip caused by the expulsion
of water upon gelation. Expulsion of water and phase separation are
undesired processes for underwater adhesives as contact with the substrate will be lost. For this reason, the separate components of the
TERPOC (PNIPAM or polylectrolyte complexes) are unsuitable as adhesives by themselves, because phase separation occurs upon heating
and at low salt concentrations respectively, Figs. S8 B and S12.
Fig. 6B indicates that the storage modulus at 50 °C, decreases
slightly with increasing salt concentration. This is the result of the
counteracting influence of salt on the electrostatic and hydrophobic
interactions. Increasing salt concentrations lower the strength of the
electrostatic interactions, thereby decreasing G’ [6,16]. However, increasing salt concentrations lower the solvent quality of PNIPAM,
leading to stronger intermolecular interactions. As a result, the contribution of PNIPAM to G’ increases. Consequently, only a minor decrease in G’ is observed, which clearly shows that the properties of
TERPOCs are based on a balance between the electrostatic and

Rheology is used to determine the mechanical properties of the
polyelectrolyte complexes and to study the gelation of the micellar
solution. Here, it is discussed how the linear rheology (Fig. S7), as
characterized by Tgel, G’, G”, tan , and the non-linear rheology are
affected by different NaCl, polymer, and PNIPAM concentrations, as
well as different degrees of charge neutralization.
3.3.1. Salt dependence
In this section, the temperature-dependent behaviour of 7.5 wt%
polymer solutions at three different salt concentrations is presented.
The polymer concentration is varied in a later stage.
Temperature sweep. Fig. 6A shows the gelation of the micelle solution
while increasing the temperature. At low temperatures, G” exceeds G’
indicating fluid-like materials. Moreover, at these temperatures, the
viscosity is so low that G’ and G” are close to the detection limit of the
rheometer. When the temperature increases, the moduli increase and a
cross-over between G’ and G” is observed at Tgel. This cross-over indicates the gelation of the polymer solution which is induced by the
LCST of PNIPAM. Following the cross-over, a further increase of G’ and
G” is observed, and finally plateau moduli are found at 50 °C. From this
pattern, it becomes evident that the temperature response is an abrupt
transition from fluid to solid, which is an important feature for the
injectability of adhesives. Furthermore, in Fig. 6, it is seen that the
temperature-induced changes in the moduli occur at lower

Fig. 5. A Scattering profiles with changing NaCl concentration (M) at 7.5 wt% polymer at 50 °C. B Scattering profiles with changing polymer concentration (wt%) at
0.3 M NaCl and 50 °C.
6
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dependence of electrostatic interactions on the salt concentration.
During deformation, electrostatic bonds break, but may also reform.
The relaxation time of the electrostatic bonds decreases with increasing
salt, therefore, at 0.3 M NaCl, the ruptured bonds may not be restored
timely and the stress-strain peak is observed at lower strain. At 0.6 M
NaCl, on the other hand, shorter relaxation times lead to a faster reformation of the electrostatic interactions which increases the peak
strain. At 0.75 M NaCl, the strain decreases again because the increased
salt concentration limits the solubility and thus the mobility of the
PNIPAM chains. Consequently, PNIPAM node formation is hindered,
which leads to a lower peak strain. Again, it is shown that the properties
are a result of the balance between the electrostatic and hydrophobic
interactions, which can be tuned with the salt concentration.
Frequency sweep. Fig. 7C shows the frequency dependence of the
storage and loss modulus in which different behaviours are observed.
The sample with 0.3 M NaCl shows frequency-dependent behaviour
indicating viscoelasticity. At 0.6 M NaCl, a critical gel seems to be
found, which is an intermediate state between liquid and solid. Critical
gels are characterized by a power law relation with scaling n between
the moduli and frequency, and by a constant tan which is determined
as tan(n /2) (Fig. S9) [42]. The sample at 0.6 M NaCl is highly physically cross-linked, as indicated by the low n
0.09. Finally, the
sample at 0.75 M NaCl, behaves like an elastic solid, which is characterized by a constant modulus with changing frequency [35]. At
0.75 M, the NaCl concentration has severely reduced the contribution
of the complex coacervates. Consequently, the frequency-independent
behaviour is mainly caused by the PNIPAM interactions, while the
frequency dependence is mainly caused by the electrostatic interactions.

Fig. 6. A Storage and loss moduli at 1 rad/s as a function of temperature, for
varying NaCl concentrations (M) at 7.5 wt% polymer. B G’ as obtained at 50 °C
before equilibration, and Tgel as determined from the cross-over temperature,
are shown as function of NaCl concentration. The standard deviations are indicated by error bars. Except for 0.0 and 0.1 M NaCl, all samples have been
measured multiple times. The temperature sweeps of 0.0 and 0.1 M NaCl can be
found in Fig. S8.

3.3.2. Effects of charge compensation
The amount of PDMAEMA is lowered to investigate the effect of
incomplete charge neutralization of the PAA at 0.3 M NaCl. When
PDMAEMA is absent, the material hardly strengthens, Fig. 8A, and the
final material is so weak that the torque, 2 nNm to 7 nNm, does not
exceed the detection limit. Therefore, either complexation with a
polycation or a higher polymer concentration is required to obtain
stable gels with PNIPAM-b-PAA-b-PNIPAM at pH 6.5.
Stable gelation occurred when half of the anionic charges were
compensated by PDMAEMA, Fig. 8B. Nevertheless, the moduli at 50 °C
are an order of magnitude lower compared to charge-neutral samples.
This effect may be caused by a slightly lower polymer concentration,
and by fewer electrostatic interactions with the same amount of salt,
leading to shorter relaxation times of the electrostatic interactions.
Nevertheless, at 0.3 M NaCl, more charge compensation than 50% is
needed to reach an optimum amount of crosslinks. Furthermore, the
stress-strain curves look slightly different and the peak strain is somewhat higher when only half of the charges are neutralised, Fig. 8C. This
may be explained by a higher chance to reform ruptured bonds, as
anionic charges are always available. Moreover, the frequency-dependent behaviour is comparable, Fig. 8D, while tan is lowered for the
charged TERPOC. A lower tan value can be caused by a higher relative PNIPAM content which results in a slightly more elastic material.
Overall, charge compensation is required to obtain strong gels at this
salt concentration, and can be used to adjust the properties of TERPOCs.

Table 1
Tan as determined from the ratio between the loss (G'') and storage
modulus (G'). All samples contained 7.5 wt% polymer and were measured
at 50 °C.
[NaCl] (M)

0.3
0.6
0.75

tan

(–)

min

max

0.19
0.12
0.08

0.34
0.15
0.11

hydrophobic interactions. The tangent of the phase angle, tan = G”/
G’, Table 1, decreases with increasing salt and shows that more elastic
materials are obtained with increasing salt concentration [40]. The
TERPOCs can be compared to gels of NIPAM455-b-DMA210-b-NIPAM455
or NIPAM320-b-HEMA80-b-NIPAM320 which contain hydrophilic centre
blocks instead of a polyelectrolyte block which is complexed with an
oppositely charged polymer. Higher G’ are observed for TERPOCs at
50 °C, while lower polymer concentrations are used, compared to the
uncomplexed gels [38,41]. Consequently, polyelectrolyte complexes
contribute to the stiffness of temperature-responsive polymer gels by
creating additional electrostatic cross-links.
Shear start-up. At 50 °C, shear start-up experiments are performed to
determine the non-linear rheological behaviour of the gel. Initially, the
stress increases and subsequently drops sharply, indicating fracture of
the gel, Fig. 7A. Comparison of the peak stresses shows no significant
difference between the samples. However, a small trend can be observed when the peak strains are compared and an optimum is observed
at 0.6 M NaCl, Fig. 7B. This optimum may be explained by the

3.3.3. Polymer concentration dependence
The effects of the polymer concentration on the properties of the
TERPOCs was investigated at 0.3 M NaCl, Fig. 9A. In accordance with
literature, a decreasing Tgel with increasing polymer concentration is
observed. This effect can be ascribed to a higher probability of polymers
to entangle when the concentration increases, which causes a lower
LCST and thus a lower Tgel [37,43–45,38]. An increase in storage
modulus is found when the polymer concentration is increased from 4
to 7.5 wt%. This trend can be explained by an increasing number of
(PNIPAM) nodes because of the higher polymer concentration, resulting
7
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Fig. 7. A Shear stress as function of strain, B overview of average peak stress and strain, and C storage and loss modulus as function of angular frequency, for varying
NaCl concentrations (M) at 7.5 wt% polymer and 50 °C. The error bars depicted in B show the standard deviations. For 0.3 M NaCl three samples were measured,
whereas for 0.6 and 0.75 M NaCl two samples were measured. Quantitative data is provided in Table S2.

in a higher storage modulus. Also, the dissipation of energy increases
when polymers get closer, causing a higher loss modulus. However, a
surprisingly small difference is observed between 7.5 and 10 wt%
polymer. The approximately equal moduli indicate that the number of
nodes did not increase with the polymer concentration. A possible explanation can be that the higher PNIPAM concentration causes a faster
gelation. Therefore, equilibration of the sample is hindered and node
formation may be obstructed.
In the shear start-up experiments, Fig. 9B, the peak strain and stress
increase strongly with concentration. Previously, it has been found that
the relation between the polymer concentration and material strength
shows an optimum [21]. An increasing polymer concentration causes
improved stiffness and energy dissipation at first, which increases the
peak strain and stress. However, when the optimum is passed, the

viscoelastic properties turn into elastic behaviour, which lowers the
resistance to interfacial crack propagation and therewith the peak
strain. Since we have not observed an optimum, the optimal polymer
concentration for this TERPOC is expected to be 10 wt% or more.
Furthermore, the frequency dependence of the moduli, Fig. 9C, is similar for all polymer concentrations, because of the constant salt concentration. In addition, tan becomes less frequency-dependent upon
increasing the polymer concentration, Fig. S9B, which shows that the
material becomes more elastic at higher concentrations.
3.3.4. Optimal conditions
Both the sample with 0.6 M NaCl and 7.5 wt%, and the sample with
0.3 M NaCl and 10 wt% showed an optimum performance in the stressstrain curves. To determine whether the material properties can be

Fig. 8. A Storage and loss moduli are shown as a function of temperature for 6 wt% PNIPAM-b-PAA-b-PNIPAM at 0.3 M NaCl (no PDMAEMA). The torque increased
from 2 nNm till 7 nNm, which is in any case below the detection limit. B Storage and loss moduli are shown as a function of temperature for 0.3 M NaCl and
PDMAEMA to compensate half (50) (cpol 6.75 wt%) or all (100) (cpol 7.5 wt%) of the anionic charges. C The shear stress as function of rotational strain and D the
frequency-dependent behaviour of the moduli and tan , for the same samples. The results of the E temperature sweep and F stress-strain curves have been averaged
for two measurements and are depicted with the standard deviations. For the sample without PDMAEMA only one sample was measured.
8
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Fig. 9. A Storage and loss moduli as function of temperature for 0.3 M NaCl and varying polymer concentrations (wt%). B Shear stress as function of strain, and C
storage and loss modulus as function of angular frequency, at 50 °C, are shown for the same samples. D Average Tgel and storage modulus, as obtained at 50 °C before
equilibration, as function of polymer concentration, cpol. E Overview of average peak stress and strain, at varying polymer concentrations. The error bars indicate the
standard deviation. For 7.5 wt% three samples were measured, whereas for 4 and 10 wt% two samples were measured.

further enhanced, a sample with 0.6 M NaCl and 10 wt% polymer is
investigated. For this sample, Tgel decreases even further while G’ increases and G” is hardly affected, Fig. 10A. The decreasing Tgel can be
explained by a lower LCST and a higher probability of cross-linking
through the increased polymer concentration. Moreover, a higher salt
concentration reduces Tgel as well. Furthermore, an increased polymer
concentration may lead to a higher number of nodes, causing a higher
G’. This change in G’ is observed at 0.6 M NaCl, but at 0.3 M NaCl no
effects are observed. This difference can be explained by the amount of
salt that is needed to create sufficient mobility of the polyelectrolyte
chains to equilibrate the TERPOC and create an optimal number of
nodes, leading to a higher G’. Moreover, the sample with 0.75 M NaCl
and 10 wt% polymer, shows a higher peak stress in the stress-strain
curve, Fig. 10B, while the strain for this sample is not further increased.
Therefore, we can conclude that increasing both the salt and polymer
concentration creates a stronger material. Also, the sample at 0.6 M
NaCl and 7.5 wt% looks like a critical gel as the moduli increase with
frequency, while tan remains constant, Fig. S10. This confirms that
the salt concentration alters the frequency response, while the polymer
concentration does not.
Dompé et al. recently investigated comparable TERPOCs of PAA and
poly(dimethylaminopropyl acrylamide) grafted with 30% PNIPAM in
NaCl solutions. Compared to their work, this system shows a lower
cross-over temperature, and the moduli are an order of magnitude
higher [12]. Both of these observations can be explained by the higher
polymer concentration and also by the higher PNIPAM content of 70
wt%. A higher polymer concentration is known to decrease the LCST of
PNIPAM. Moreover, higher PNIPAM concentrations enhance the formation of hydrophobic interactions, which lowers the LCST and increases the cross-linking density in the solid PNIPAM phase. The values
found for tan , and the dependence of the moduli on the angular frequency are similar, which suggests comparable elasticity of the materials. However, the peak stress in materials with 70 wt% PNIPAM has
increased tremendously, while the peak strain has decreased. This
shows that the material with 70 wt% PNIPAM can withstand higher
loads, but is less extensible as it breaks at lower deformations.

Fig. 10. A Storage and loss moduli as function of temperature, for different
NaCl (M) and polymer (wt%) concentrations. B Shear stress as function of strain
at 50 °C for the same samples.
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Fig. 11. A Work of adhesion for four different samples containing 71 wt% PNIPAM and varying NaCl (M) and polymer concentrations (wt%) at 50 °C. Average peak B
stress and C strain values with their standard deviations as calculated from two representative measurements. Typical stress-strain curves for varying NaCl concentrations and D 10 wt% or E 7.5 wt% polymer.

3.4. Probe tack testing

3.5. Sample stability

Probe tack experiments are performed to determine the adhesive
strength of the TERPOCs. The samples are applied onto a glass slide and
contact was made, followed by a sudden increase in temperature till
50 °C, by pouring a heated salt solution into the chamber. The salt
concentration of the solution is equal to the salt concentration of the
sample, to investigate the temperature-responsive curing only.
Moreover, adhesive performance depends on the type of substrate and
glass was selected as a proof of principle.
Two clear trends can be observed in the data, Fig. 11A. First, higher
polymer concentrations lead to a higher work of adhesion, Wadh. This
can be explained by an increased amount of adhesive and cohesive
bonds that have to be broken, before rupture of the adhesive occurs.
Secondly, lower salt concentrations lead to an increased Wadh. This can
be caused by the improved strength of the electrostatic interactions. It is
was shown that curing of the adhesive caused by a salt-switch leads to
an improved Wadh. Therefrom it can be concluded that lower salt concentrations lead to a better Wadh, which is also observed in this work
[13].
An optimal work of adhesion (Wadh) of 2.2 J/m2 was obtained for
PNIPAM-rich TERPOCs submerged in saline solutions. However, a
higher Wadh of 3.8 J/m2 was previously found for grafted polyelectrolytes that contained a smaller amount of PNIPAM, likely due to the
lower brittleness and lower water content. More specifically, extrusion
was shown to be an effective method for increasing the Wadh and would
also be an interesting method to further improve the adhesion of the
TERPOCs described in this work [21]. Nevertheless, the maximum
observed Wadh is significantly stronger than the negligible adhesive
strength reported for commonly used pressure-sensitive adhesives
(PSA), where only one drop of seawater was present [46]. Furthermore,
for other biomimetic underwater adhesives, values between 0.003 and
75 J/m2 are reported [46,12]. Most of these materials are based on
catechol chemistry, or require a chemical reaction to solidify, while
TERPOCs set easily and safely by simply changing the temperature.
Therefore, TERPOCs are a suitable and simple material for developing
underwater adhesives.

The distinct temperature treatment in rheology and probe tack
testing leads to different observations when the data is compared. With
the probe tack test, a higher peak strain is observed for 0.3 M NaCl than
for 0.6 M NaCl at 10 wt%, while the opposite is found with rheology,
Fig. 11B and Fig. 10B. A first explanation is the Tgel of 0.6 M NaCl,
which is about 21 °C. Consequently, in probe tack testing, gelation can
occur before making contact with the glass substrate. While in
rheology, the sample is cooled to 10 °C which ensures a liquid state at
the start of the measurement. The different phases of the TERPOCs at
the beginning of the measurement result in the contradicting tendencies
and underline the importance of sample history. Moreover, a second
explanation can be found in the speed of the temperature change. In
rheology, the temperature increases slowly, which allows sufficient
time for the TERPOC to equilibrate and a obtain a stable hydrogel. In
the probe tack test, however, the sample is heated suddenly, which
causes a different polymer morphology and the sample cracked within a
few minutes. This instability coincides with observations from a preliminary experiment in which samples with 0.5 M NaCl and different
polymer concentrations (1, 3, 5, 7.5 and 10 wt%) were placed in an
oven at 50 °C. All samples showed syneresis, i.e. they expelled water,
and the 10 wt% sample fractured spontaneously after multiple hours.
These observations show that the amount of PNIPAM is too high to
embed the water inside the polyelectrolyte domains of the TERPOC,
leading to unstable samples. Therefore, it would be interesting to investigate whether lowering the water content improves the stability of
the TERPOC and thus creates materials closer to equilibrium. Reducing
the amount of water by extrusion, for example, enhances the adhesive
performance as was recently shown by Dompé et al. [21]. On top of
that, lowering the PNIPAM content will also increase the amount of
water in the sample, which will improve the stability. This adjustment
requires the synthesis of new block copolymers, as is shown in the
supplementary information, Fig. S11. Overall, we believe that TERPOCs
are promising materials for the development of underwater adhesives.
4. Conclusion
Temperature-responsive polyelectrolytes were used to prepare
10
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PNIPAM-rich TERPOCs for underwater adhesion. Upon heating, the
C3M solution forms a gel, resulting in strong, but somewhat brittle
TERPOCs because of the high PNIPAM content. Moreover, the polyelectrolytes enhance gelation and improve the strength of the gel. In
addition, charge neutralization by PDMAEMA is required to obtain
strong gels. However, excess charge seems to result in a slightly better
extensibility. Furthermore, the properties of the TERPOCs could be
tuned by varying the salt and polymer concentration. Less salt increases
Tgel which alters the morphology of the TERPOC and reduces its water
content, leading to better adhesion. Nevertheless, the amount of
PNIPAM in these TERPOCs leads to unstable hydrogels due to water
release. Therefore, further research is needed to find the optimal
PNIPAM content to fully exploit the suitability and simplicity of
TERPOCs as underwater adhesives.
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