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Abstract
Adhesion in an aqueous environment is still a challenging topic. In recent years, the focus on biomimetic adhesives inspired 
by mussel proteins has greatly increased. The present paper focuses on a straightforward synthesis route for three biomimetic 
polymers with opportunity in a multi-gram scale and an overall yield of 83% over three steps. Two synthesized monomers 
combined with commercially available monomers are the basis for three different co-polymers with varying catechol content 
with nature inspired concentrations. Catechol-bearing monomers were protected prior to polymerization. Tensile tests in dry 
or wet conditions were performed with the deprotected polymers. The measured adhesion values determined via tensile tests 
increase with the amount of catechol introduced in the polymers and the highest adhesion values of 2.0 MPa for underwater 
adhesion were found for poly(phenethyl acrylamide co dopamine acrylamide) co-polymers.
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Introduction

Mussel-inspired adhesion has become more and more 
prominent in biomimetic and biological science. The fasci-
nation with these sessile animals originates in their ability 
to adhere not only to rough mineral surfaces, but also to 
smooth surfaces such as marine paint, and this in aque-
ous environments [1]. Even on shore sites, these animals 
stay adhered despite waves reaching velocities of up to 

25 m s−1 [2]. In contrast, man-made adhesives are chal-
lenged to adhere underwater with this amount of reliability 
[3]. In the last three centuries, research on unlocking the 
secret of this strong adhesion mechanism in an aqueous 
environment has grown enormously [4]. As more and more 
knowledge about the structure and composition of these 
adhesive threads excreted by the mussel is accumulated, 
imitation and clearer understanding have both increased. 
This is attributable to their ability to produce specific pro-
teins from their ventral gap, the so-called byssus threads. 
These threads are between 30 and 40 mm in length and 
their ending spreads to up to 2 mm in diameter. Depending 
on the roughness of the environment, one single mussel 
excretes between 50 and 100 of these threads which are 
radially distributed around the ventral gap [4]. The outside 
of the thread consists of a large collagen protein, and the 
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inside of the byssus, especially at the broad ending, con-
sists of various smaller proteins, which are called mussel 
foot proteins (mfp) [5].

The two proteins mfp3 and mfp5 which are located clos-
est to the surface contain the highest amount of L-3,4-di-
hydroxyphenylalanine (L-DOPA, Scheme 1) with values 
of 20% and 30%, respectively [4–6]. Ongoing research 
on how exactly this L-DOPA interacts not only with 
surfaces, but also with other amino acids such as lysine 
[7, 8] and histidine [9] are still to be intensified to really 
understand the mechanism. Although we still do not have 
a full understanding of this adhesion to surfaces under-
water, researchers have already incorporated L-DOPA, 
or at least catechol-bearing motifs, into various materials 
such as self-healing hydrogels [10–12] or surgical wound 
closure materials [13], or to enhance wet adhesion perfor-
mance [14–18]. Many reported materials are methacrylate 
based and find application primarily in the latter listed 
field [16–18]. Co-polymerization of methacrylates with 
acrylate-based monomers leads toward gradient polymers 
due to the much slower reactivity of methacrylate-based 
monomers [19]. To gain random implementation of the 
catechol-bearing monomers, only acrylate was used for a 
closer mimic of the random occurrence of L-DOPA within 
the mfp5 [4]. Furthermore, according to literature [20], 
high molecular weight polymers with a broad mass distri-
bution is beneficial for the adhesive forces.

Herein, we focused on the synthesis of three different 
catechol functionalized polyacrylamides via free radical 
polymerization (FRP) technique to obtain a broad molar 
mass distribution and a corresponding high polydisper-
sity index (PDI). Furthermore, the polymers are tested 
according to their adhesion to steel surfaces in dry and 
wet conditions.

Results and discussion

Monomer synthesis

The preparation process, from monomer to adhesive poly-
mer, should be achieved in a cost and time efficient synthesis 
pathway. Four monomers were used, where two of them were 
synthesized, and the other two purchased from standard sup-
pliers. Concerning the catechol-bearing monomer, dopamine 
hydrochloride was chosen, as it constitutes a cost-efficient 
and readily available compound. Due to its nature of being a 
radical scavenger, the catechol group has to be O-protected 
prior to polymerization and afterward released from the 
polymer (Scheme 2). In the literature, various protecting 
groups (PG) are known, such as acetonide [21], methoxy 
[22], acetic esters [23], and silyl ethers [24]. The need to pro-
tect the amine functionality before the introduction of any of 
the first three PGs, due to its higher nucleophilic character, 
reduced the choice of a PG down to the latter due to the 
oxophilicity of Si. Comparing the stability and availability in 
cost-efficient amounts, the choice inclined toward tert-butyl-
dimethylsilyl chloride (TBSCl) and trimethylsilyl chloride 
(TMSCl). However, trimethylsilyl-protected dopamine was 
found to decompose during the workup procedure. Addition-
ally, TBSCl being solid made the synthesis procedure of 
the protecting step very simple and easy, as the used base, 
imidazole, was also a solid. Hence, all three components, 
dopamine hydrochloride, TBSCl, and imidazole, could be 
weighed into the same round bottom flask and the reaction 
was initiated by the addition of the solvent. The kinetics of 
this reaction furthermore increased the comfort of this pro-
cedure, as greater than 90% of all catechol groups were pro-
tected after merely 1 h of reaction time as determined by 1H 
nuclear magnetic resonance (NMR) spectroscopy (Fig. S1, 
supplementary information). After 4 h, the reaction is quan-
titatively converted to 2-[3,4-bis[(tert-butyldimethylsilyl)
oxy]phenyl]ethan-1-aminium chloride (1) (Scheme 3). The 
conversion and final product quality are confirmed with 1H 
NMR spectroscopy (Fig. S2, supplementary information).

It is important to convert the amine into its hydrochlo-
ric salt 1; otherwise, the product is not bench stable for 
longer than 1 day. In contrast, the protected dopamine 

Scheme 1

Scheme 2
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hydrochloride 1 is stable over months without any hints 
of degradation or side reactions as displayed in the com-
parison of the 1H NMR spectra in Fig. S3 (supplementary 
information). After the introduction of the TBS groups 
into dopamine hydrochloride, 1 has then to be converted 
into a polymerizable monomer. This is accomplished by 
an acrylation reaction with acryloyl chloride using tri-
ethylamine (Et3N) as base, yielding the key compound 
N-[2-[3,4-bis[[(1,1-dimethylethyl)dimethylsilyl]oxy]phe-
nyl]ethyl]-2-propenamide (2) in 95% yield (Scheme 4). 
Figure S4 (supplementary information) shows the cor-
responding 1H NMR spectrum.

Choosing methanol as a solvent for this reaction facil-
itates the workup, as the formed side product methyl 
acrylate originating from an excess of acryloyl chloride 
is simultaneously removed during the solvent removal 
process under vacuum. Only triethyl ammonium chlo-
ride and product 2 remain, which can be separated by a 
simple aqueous extraction. A one-pot synthesis starting 
from dopamine hydrochloride was attempted, but choos-
ing imidazole as base during the protection step is essen-
tial to the fast and full conversion in contrast to Et3N, 
whereas during the acryloyl chloride reaction step, the 
imidazole would also react with acryloyl chloride produc-
ing N-acrylimidazole as side product requiring column 
chromatography for separation and drastically decreas-
ing the yield of 2. Thus, the key compound 2 could be 
synthesized in more than 85% after two steps, making the 
production of a monomer containing a catechol moiety 
an efficient process with an uncomplicated workup. Fur-
thermore, without the need for column chromatography, 
this convenient synthesis route is also up-scalable to a 
multi-gram scale.

Polymer synthesis

The next step was the development of a tailored polym-
erization protocol providing a polymer with a molecu-
lar mass distribution for adhesion applications. The need 
for highly pure educts and water-free solvents renders the 
anionic polymerization technique unsuitable and a radical 
based polymerization was chosen instead. Here, the two 
controlled radical polymerizations, atom transfer radical 
polymerization (ATRP) and reversible addition − fragmen-
tation chain-transfer polymerization (RAFT), or the simple 
free radical polymerization (FRP), are available. The former 
two techniques can produce polymers with a rather narrow 
PDI, whereas the latter yields a broad PDI. Imitating nature 
would mean producing polymers with highly narrow PDI, 
due to the fact that the proteins of the mussel each have 
one defined molecular weight. This was already tried in 
the group of J. Wilker [20], where anionic polymerization 
of styrene and 3,4-dimethoxystyrene was performed and 
the adhesive properties were compared between different 
molecular weights, and also a blend of their polymers with 
different sizes was examined. The result of this study was 
that the blend of small and big polymers was better due to 
the fact that the short polymer chains increase the adhe-
sive features, whereas the high molecular weight fraction 
increases cohesion within the adhesive layer. Thus, the FRP 
technique was the method of choice because it normally pro-
duced a broad PDI. Another huge benefit is the straightfor-
ward preparation. There is no need for water-free solvents, 
some FRPs even being performed in water, but oxygen has 
to be removed. The two most applied methods are on the 
one hand the freeze-thawing method and on the other hand, 
bubbling argon or nitrogen through the solvent for at least 
15 min. The requirements for the polymerization of 2 are 

Scheme 3

Scheme 4
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fulfilled by flushing the solvent with nitrogen and the FRP 
is performed under an argon atmosphere.

Acrylamide 2 was co-polymerized with butyl 
acrylate (BA) forming P(BA–TDAXX) (Fig. S5, sup-
plementary information), methyl acrylate (MA) forming 
P(MA–TDAXX) (Fig. S6), or N-(2-phenylethyl)acrylamide 
(3, PAA) forming P(PAA–TDAXX) (Fig. S7), where XX 
depicts the amount of 2 introduced in the polymers in the 
range of 1–30% (Scheme 5). Benzene and N,N-dimethyl-
formamide (DMF) were used as solvents for the synthesis 
of butyl acrylate co-polymers P(BA–TDAXX). The former 
was chosen for P(MA–TDAXX) and P(PAA–TDAXX) after 
screening for the best polymerization condition as described 
below. Benzene was chosen as an apolar solvent known to 
have a negligible effect on the polymerization of acrylates, 
implying limited interaction with the radicals formed, while 
DMF was chosen as a polar solvent for comparison [25]. 
Furthermore, toluene and 1,4-dioxane were tested as polym-
erization solvents, but afforded lower yields and higher 
residual monomer content and, therefore, the use of these 
solvents was refrained. Edeleva et al. [26] calculated that 
higher temperatures lead to higher side reactions such as 
backbiting or β-scission and that lower temperatures lead to 
rather large polymers. Furthermore, according to Ref. [20, 
27], there is a breakeven point in the range of 80 kDa for 
polymers with a low PDI to increase adhesive force. Visu-
ally observable precipitation during the polymerization in 
DMF showed a size-controlled solubility of the polymer 
that could be confirmed by gel permeation chromatography 
(GPC) measurements obtaining Mw values in the range of 

75–82 kDa. Figure 1 shows the GPC chromatogram of the 
produced polymers P(BA–TDA20) in benzene and DMF.

GPC revealed molecular weights Mw of 190 kDa for the 
synthesis in benzene, whereas synthesis in DMF reached 
82 kDa. Therefore, polymerizations were performed in ben-
zene, allowing to go toward higher Mw than in DMF. Addi-
tionally, in benzene more side reactions such as β-scissions 
are to be expected, leading to an increase of cohesion [26]. In 
the next step, the polymerization time has to be determined, 

Scheme 5

Fig. 1   GPC chromatogram of two synthesized polymers P(BA–
TDA20) with 20% of the catechol-bearing monomer. Reaction car-
ried out in benzene (black) with a molecular weight Mw greater than 
190 kDa. In comparison, the reaction carried out in DMF (red) with a 
molecular weight Mw of 82 kDa (Color figure online)
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after which the synthesis can be quenched. Thus, sam-
ples were drawn after 15, 30, 60, 120, 180, and 240 min 
reaction time and analyzed with GPC. Table 1 shows the 
change in molecular weight over time for P(BA–TDA20) 
polymerization.

In the first 2 h, the molecular weight changes rapidly and 
a steady broadening of the PDI can be observed. After 2 h, 
the molecular weight as well as the PDI stays rather con-
stant. The decrease in molecular weight over time can be 
explained by the occurrence of a variety of side reactions 
dominated by β-scissions according to Ref. [26]. To ensure 
a high molecular weight and a broad PDI, the reaction time 
was set to 4 h. In the next step, the control over the molecu-
lar weight via the concentration of the monomer solution 
was investigated. Thus, polymers were synthesized in four 
different concentrations. Hereby, 2 and butyl acrylate were 
placed together in a round bottom flask and dissolved in 
benzene in the total concentrations of 0.7 mmol cm−3 (c1), 
1.0 mmol cm−3 (c2), 1.5 mmol cm−3 (c3), and 2.0 mmol cm−3 
(c4). Table 2 lists the achieved GPC values for each concen-
tration for the synthesis of P(BA–TDA20) with 2 mol% of 
AIBN as the initiator with respect to the combined monomer 
amount ([2 + BA]:[AIBN] = 100:2).

The lowest two concentrations (Table 2, c1 and c2) result 
in polymers below the 80 kDa threshold for Mw [20]. Con-
centrations of 1.5 mmol cm−3 and above obtained polymers 
with suitable molecular weight and PDI for adhesive appli-
cations. Furthermore, residual free amine 1 does not inter-
fere during the polymerization process and was separated 
along with unreacted monomer 2 and co-monomer butyl 
acrylate during the precipitation process of the polymer 

in cold methanol (MeOH). For precipitation, the concen-
tration of the polymer solution is a key element. Concen-
trations greater than 2 mmol cm−3 result in droplets with 
solidified outer shell and with the insides containing still 
unpurified polymer solution, whereas a too-high dilution 
leads to a low or no precipitation of the polymer. The latter 
was also observed at the two higher diluted concentrations 
(Table 2, c1 and c2). Light fog formation during precipi-
tation was observed for concentration c2. The higher con-
centrations (Table 2, c3 and c4) both show good precipita-
tion. While polymerization concentration c3 is absolutely 
free from monomers after one single precipitation, the 
highest concentration c4 still shows some slight presence 
of monomers according to 1H NMR spectroscopy (Fig. 2). 
Therefore, the concentration for the following synthesis of 
polymers P(MA–TDAXX) and P(PAA–TDAXX) was set 
to 1.5 mmol cm−3.

Analysis with differential scanning calorimetry (DSC) 
revealed that the glass-transition temperature (Tg) for the BA 
co-polymers is situated at − 9 °C, which is expectedly higher 
than the Tg of a BA-homopolymer at − 54 °C [28]. As the 
ideal value for a polymer applied in adhesion applications 
should be at least above room temperature, the co-monomer 
was changed from butyl acrylate to methyl acrylate [29]. 
Co-polymers P(MA–TDA20) and P(MA–TDA30) pro-
duced with this monomer reached a Tg of 39 °C and 45 °C, 
respectively, which was significantly higher than the ones 
with BA, but surprisingly showed weaker adhesion force 
discussed in the tensile testing section. Looking at the differ-
ence between the Tg values of polyacrylates and polyacryla-
mides, it is expected that the incorporation of acrylamides 
leads to an increase in the Tg [30]. Therefore, co-monomer 
3 was synthesized in a single step to not only introduce 
another acrylamide, but also another aromatic moiety to 
also increase π-interactions with surfaces. Similarly to the 
synthesis of 2, phenethylamine was dissolved in methanol 
and converted into the corresponding acryl amide 3 in 89% 
yield (Scheme 6). The conversion and final product qual-
ity were confirmed with 1H NMR (Fig. S8, supplementary 
information).

Aqueous workup renders the monomer 3 directly insert-
able to polymerization and, comparably to polymerizations 
with 2, the unreacted free amine precursor is separated dur-
ing the precipitation step of the polymer P(PAA–TDAXX). 
This co-polymer reaches a Tg value of 85 °C as depicted in 
Fig. 3 (black line).

Deprotection and preparation for tensile testing

All polymers were deprotected directly before adhesion 
measurements due to the nature of the catechol moiety 
to oxidize under air, yielding a highly reactive o-chi-
none which shows cross-linking ability [31–33]. O-TBS 

Table 1   Change in molecular weight during the reaction process of a 
P(BA–TDA20) sample

Time/min Mw/kDa Mn/kDa PDI

15 241.860 105.800 2.28
30 215.450 83.200 2.58
60 204.700 66.500 3.07
120 194.970 54.800 3.55
180 199.500 54.900 3.63
240 191.800 49.400 3.88

Table 2   Molecular weights and PDI for P(BA–TDA20) synthesized 
in different monomer concentrations

Concentration Mw/kDa Mn/kDa PDI

c1 49.500 25.700 1.93
c2 69.200 34.600 2.00
c3 113.660 34.800 3.27
c4 191.040 49.300 3.88
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cleavage is achieved with the addition of a tetrabutyl-
ammonium fluoride (TBAF) solution in tetrahydrofuran 
(THF) [34]. Due to Si being highly fluorophilic, the depro-
tection is completed in just 30 min of reaction time at 
room temperature. The excess of TBAF as well as the by-
products are separated from the polymer by precipitation 

in a cold MeOH/water (2:1) mixture, which is acidified 
with HCl to a pH below 3 to prevent the oxidation of the 
catechol moiety to the corresponding catecho-o-quinone. 
Figure 3 shows that the deprotection even increases the Tg 
value of P(PAA–TDA20) from 85 °C to 94 °C.

Furthermore, two polymers without the catechol 
moiety were synthesized for reference adhesion val-
ues. On the one hand, a co-polymer consisting of butyl 
acrylate and 20 mol% 3, P(BA-PAA20), as an equivalent 
to P(BA–TDA20), and on the other hand, a homopoly-
mer of 3, P(PAA) were synthesized for comparison with 
P(PAA–TDAXX) polymers. 1H NMR spectra for depro-
tected and catechol-free polymers are found in the sup-
plementary information (Fig. S9–S13).

Fig. 2   1H NMR spectra of 
P(BA–TDA20) for determi-
nation of the concentration-
dependent degree of purifica-
tion. Samples were precipitated 
in cold MeOH. 1H NMR spec-
trum of P(BA–TDA20) with 
highlight on the zoomed-in area 
and the corresponding hydro-
gens marked on the molecule 
scheme (a). Zoomed-in area for 
concentration c3 showing no 
residual monomer signals after 
a single precipitation step (b) 
and concentration c4 highlight-
ing defined signals of unreacted 
monomer 2 (red circle) and 
signals of unseparated 1 (blue 
circles) (c) (Color figure online)

Scheme 6
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Tensile testing

For the preparation of tensile tests, a stamp set of two dif-
ferent sized stamps was used. One stamp had a diameter of 
30 mm and the other a diameter of 20 mm. This design ena-
bles an easy application, even under water, of the polymer 
solution onto the bigger stamp and comprehensive adhesive 
coating of the thereafter applied smaller stamp. The adhesive 
force is calculated for the diameter of the smaller stamp.

Prior to the application of the polymer solution, all stamps 
were cleaned and degreased, twice in THF, twice in acetone, 
and twice in 2-propanol (iPrOH) in an ultrasonic bath for 
15 min each. All polymers were dissolved in a mixture of 
chloroform (CHCl3) and MeOH (9:1) in a concentration of 
300 mg cm−3 [35]. Via an Eppendorf syringe, 100 mm3 of 
polymer solution is applied onto the bigger stamp in a circle, 
which was roughly the size of the smaller stamp (Fig. 4). 
The reason for choosing CHCl3 as the main component in 
the solvent mixture was for the underwater application of the 
polymer solution. The stamp was already immersed in artifi-
cial seawater, the solution was applied under water, and with 
the higher density of CHCl3 the film remained underwater. 
Methanol was added as a solubilizer, allowing the polymer 
to solidify and fully precipitate underwater in the course of 
24 h. Figure 4 shows the applied film underwater in a top 
view (Fig. 4a), side view (Fig. 4b), and with the applied 
smaller stamp (Fig. 4c).

In literature, adhesion values are often gained using alu-
minum or sanded steel via leap shear force measurements 
making it harder to really compare these values with those 
gained in this work. Nevertheless, the values presented 

here are obtained under harder conditions, as the steel 
is not sanded but polished reducing the surface area and 
gaps the adherent is applied onto. Furthermore, the pull-
off tests performed in this work represent the worst case 
for the adhesion layer as the force is normal to the layer 
in contrast to the leap shear force analysis where the force 
is along the adhesion layer. Having this in mind, values 
found in the literature range from 2.6 MPa and 1.0 MPa 
in dry and wet conditions, respectively, after additional 
cross-linking via IO4

− oxidation [36] and 1.1 MPa under 
wet and dry conditions on aluminum surfaces [37]. The 
addition of a phosphate motif increases the adhesion 

Fig. 3   DSC thermogram of the protected co-polymer P(PAA–
TDA20) (black line) and unprotected P(PAA–DA20) (red line). 
Deprotection leads to a Tg-increase of about 10  °C (Color figure 
online)

Fig. 4   Picture of the applied polymer layer P(BA–DA20) on a stamp 
already immersed in artificial seawater top view (a) and from the side 
(b). A side view after covering the polymer layer with the smaller 
stamp to let it cure overnight at room temperature while kept under 
water (c)
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values to around 2.5 MPa after IO4
− crosslinking in dry 

conditions and 0.5 MPa in wet conditions [38].
For all different polymers, the tensile test results are listed 

in Table 3. Dry adhesion values were obtained after dry-
ing at room temperature for 24 h, or after drying for 1 h 
at room temperature, then putting the stamps into a drying 
oven at 60 °C for 22 h, and removing them 1 h prior to ten-
sile testing. This temperature was chosen as it was slightly 
underneath both boiling points of the solvents used for the 
application of the polymers on the stamps. Wet adhesion 
values were obtained after drying underwater for 24 h and 
subsequent removal from the aqueous medium just before 
the tensile tests.

Tensile testing revealed that the adhesion force correlates 
with the amount of catechol introduced into the polymer for 
all biomimetic co-polymers except for P(BA–DA30). The 
generally low adhesion forces for P(BA–DA30) are attrib-
uted to wetting problems during the application of the adhe-
sive layer. Furthermore, the BA-co-polymers P(BA–DAXX) 
are honey-like at room temperature, leading to thread for-
mation and weak adhesion forces during tensile testing 
(Fig. S14, supplementary information). As expected, both 
polymers without the catechol moiety (P(BA-PAA20) and 
P(PAA), Table 3) showed lower adhesion forces compared 
to the corresponding biomimetic polymers, except for the 
homopolymer P(PAA) after curing at 60 °C. A possible 
reason is seen in the combination of a lower Tg (79 °C) and 
especially the broader PDI (3.72 vs. 3.03), resulting in a 
higher content of short polymer chains providing a better 
surface wetting during the curing process. There is also a 
significant increase in adhesion force when the curing tem-
perature is increased to 60 °C. This is attributed to the faster 
and better withdrawal of the solvent mixture and therefore 
a better surface wetting of P(BA–DAXX). P(PAA–DA10) 
and P(PAA–DA20) show no significant increase in adhesion 

force when cured at 60 °C, most probably due to no change 
in 3D polymer structure as their Tg values of 84 °C and 
94 °C, respectively, are not exceeded. Underwater tests 
showed a similar trend. With an increased amount of cat-
echol higher adhesion forces are obtained. Despite very low 
adhesion forces for P(MA–DAXX) polymers, this trend still 
is observable. In contrast, P(PAA–DAXX) polymers showed 
the best underwater adhesion forces affording 2 MPa at 20% 
catechol content and therefore more than doubled the adhe-
sion force compared to the corresponding homopolymer 
P(PAA). Additionally, P(PAA–DAXX) shows an increase 
in adhesion force when immersed and cured in an aqueous 
environment compared to dry adhesion.

Conclusion

Herein, we present a straightforward synthesis proce-
dure for the bioinspired catechol-containing co-polymers 
P(BA–TDAXX), P(MA–TDAXX), and P(PAA–TDAXX), 
and their monomers 2 and 3. Monomer synthesis is per-
formed in two steps and with high conversion in both steps 
(90% for the first and 95% for the second), making it an 
attractive route with an 85% overall yield of isolated prod-
uct. The developed syntheses allow a multi-gram scale 
production of the final polymers. Additional advantages 
are the use of low-cost chemicals with high-volume avail-
ability and convenient purification processes with no need 
for column chromatography. All polymers showed adhesive 
properties for curing under dry conditions. Outstandingly, 
P(PAA–DAXX) showed increased adhesion forces under 
aqueous conditions compared to values measured under 
dry conditions, especially in relation to values found in 
literature [36–38]. All synthesized polymers containing a 
catechol moiety showed an increase in adhesion force com-
pared to their corresponding polymer without the catechol 
moiety, confirming the impact of this structure in adhesion 
mechanism.

Experimental

All reagents and solvents were purchased from commercial 
suppliers (Sigma-Aldrich, VWR, TCI) and were used with-
out further purification. Unless stated otherwise, all reac-
tions were carried out under an argon atmosphere. Artificial 
seawater was produced according to Ref. [39].

1H and 13C NMR spectra were recorded using a Bruker 
300 MHz Avance III spectrometer. Chemical shifts (δ) 
are reported relative to tetramethylsilane (TMS) and were 
referenced to the residual signal of the deuterated solvent 
(CDCl3: 7.26 ppm for 1H and 77.16 ppm for 13C NMR; 

Table 3   Adhesion forces F measured for all synthesized co-polymers

Frt stands for drying at room temperature, F60 for drying at 60 °C, and 
Fwet for drying under water
a Adhesion layer failed during insertion into the sample mounting

Co-polymer Dry, Frt/MPa Dry, F60/MPa Wet, Fwet/MPa

P(BA–DA1) 6.4 × 10–3 1.0 0.60
P(BA–DA10) 0.10 2.4 0.85
P(BA–DA20) 0.65 3.2 0.95
P(BA–DA30) 0.40 3.4 0.45
P(MA–DA20) 1.2 –a 7.3 × 10–3

P(MA–DA30) 2.4 –a 0.02
P(PAA–DA10) 1.2 1.3 1.8
P(PAA–DA20) 1.5 1.5 2.0
P(BA–PAA20) 0.33 1.1 0.55
P(PAA) 0.43 2.3 0.9
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DMSO-d6: 2.50 ppm for 1H and 39.52 ppm for 13C). The 
following abbreviations are used to describe observed multi-
plicity: s = singlet, sbr = broad singlet, d = doublet, t = triplet, 
and m = multiplet.

HPLC–MS analysis was performed by reversed-phase 
chromatography using a Surveyor HPLC (Thermo Fisher 
Scientific) equipped with a Zorbax SB-C18 column 
(150 mm × 2.1 mm i.d., 5 μm particle size; Agilent). The 
column temperature was set to 40 °C and the injection vol-
ume was 1 mm3. Analytes were separated by gradient elution 
with mobile phase A containing 0.1% formic acid (FA) in 
water and mobile phase B containing 0.1% FA in acetonitrile 
at a flow rate of 0.2 cm3 min−1. The elution gradient starting 
conditions were 90% A and 10% B. After 1 min the propor-
tion of B was increased to 95% at 25 min, where it was held 
for further 35 min.

High-resolution mass spectra were obtained using an LTQ 
Orbitrap Velios (Thermo Fisher Scientifc) with an APCI 
source operated in positive ionization mode. The resolution 
was set to 30.000 and diisooctylphthalate (m/z = 391.2843) 
was used as internal standard for mass calibration. Spectra 
were collected from 80 to 1.000 m/z and data were ana-
lyzed using Xcalibur (Thermo Fisher Scientific; version 2.2 
SP1.48).

Molceular weights of the polymers were determined by 
GPC using an Agilent Technologies 1200 connected to an 
Agilent 1200 binary pump, three Phenogel columns (5 µm, 
105 Å, 104 Å, 103 Å), a PL-ELS 1000 detector, and a Waters 
410 Differential Refractometer detector. Polystyrene stand-
ards were purchased from Agilent and used for calibration.

DSC measurements were performed on a Mettler Toledo 
DSC 3 + STAR System with a heat–cool–heat run (− 40 °C 
to 140 °C at 10 °C min−1) under constant nitrogen flow 
of 20 cm3 min−1. Glass-transition temperatures (Tg) were 
obtained from the second run of each sample.

All stamps, except for two stamp sets, were each sanded 
for 2 min first with a 220-grade paper, then with a 1000-
grade paper, followed by a 2500-grade paper and finally 
polished with a 4000-grade paper. Tensile tests were per-
formed with a Zwick Roell Type 8406 with a maximum 
force of 50 kN according to DIN EN ISO 4524. Test speed 
was 10 mm min−1 and the area used for calculation was 
fixed at 20 mm in diameter. Polymers were dissolved in 
CHCl3:MeOH (9:1) in a concentration of 300 g dm−3 and 
100 mm3 were applied on each big stamp prior to being 
covered with the small stamp after 30 s of pre-drying time. 
Stamp sets were then dried 24 h in either wet conditions 
under artificial seawater, or 24 h under dry conditions at 
room temperature, or at room temperature for 1 h, then put 
in a drying oven at 60 °C for 22 h and removed 1 h prior to 
measurement to cool to room temperature again.

2‑[3,4‑Bis[(tert‑butyldimethylsilyl)oxy]phenyl]ethan‑1‑amin‑
ium chloride (1, C20H40ClNO2Si2)  Modified from Ref. [24]. 
Dopamine hydrochloride (10 g, 52.73 mmol), imidazole 
(4.0 eq., 210.92 mmol), and tert-butylchlorodimethylsilane 
(2.1 eq., 110.73 mmol) were weighed in a three-necked 
round bottom flask. 120 cm3 of dichloromethane (DCM) 
were added to the reaction and the suspension was stirred at 
room temperature. After 4 h, the formed precipitation was 
filtered off and the filtrate was extracted two times with 10% 
sodium carbonate solution followed by twice extraction with 
1% hydrochloric acid solution forming the hydrochloride 
salt of the amine and finally extracting once with brine. The 
organic layer was dried over sodium sulfate, the solvent was 
evaporated and the pale-yellow, almost white solid was used 
in the next step without further purification. Yield: 21.2 g 
of crude product (94% purity =  > 90.3% yield of 1); HRMS: 
m/z calculated for [C20H40NO2Si2]+ ([M + H]+) 382.2592, 
found 382.2592; 1H NMR (300 MHz, CDCl3): δ = 8.35 (3H, 
s, NH3), 6.79–6.63 (3H, m, Ar–H), 3.17 (2H, sbr, Ar–CH2–
CH2–NH3), 2.98 (2H, dd, J = 10.3, 6.0 Hz, Ar–CH2–CH2–
NH3), 0.96 (18H, d, J = 0.9 Hz, Si–C–(CH3)3), 0.17 (12H, 
s, Si–(CH3)2) ppm; 13C NMR (75 MHz, CDCl3): δ = 146.7, 
145.3, 132.5, 121.7, 120.9, 43.4, 38.8, 25.9, 25.7, 18.4, 
− 3.5, − 4.1 ppm.

N‑[2‑[3,4‑Bis[[(1,1‑dimethylethyl)dimethylsilyl]oxy]phe‑
nyl]ethyl]‑2‑propenamide (2, C23H41NO3Si2) 1  (10  g, 
21.5 mmol) were weighed in a three-necked round bottom 
flask, triethylamine (1.2 eq., 25.82 mmol) was added and 
the mixture was fully dissolved in methanol (1 mmol cm−3 
of the combined molecules). The solution was stirred and 
cooled to 0 °C in an ice bath. Consequently, acryloyl chlo-
ride (2 eq., 43.04 mmol) was dissolved in tetrahydrofuran 
(2 mmol cm−3), triethylamine (1.2 eq. to acryloyl chloride, 
51.65 mmol) were dissolved in methanol (4 mmol cm−3) 
and simultaneously added dropwise to the cold solution. 
The reaction was slowly allowed to warm up to room tem-
perature and the solvent was removed under vacuum. The 
residue was taken up in dichloromethane and extracted 
twice with 1% hydrochloric solution and once with brine. 
The organic layer was dried over sodium sulfate, the solvent 
was removed under reduced pressure and the product was 
used for polymerization without further purification. Yield: 
9.97 g of light orange solid (90% purity =  > 95.4% yield of 
2); HRMS: m/z calculated for [C23H42NO3Si2]+ ([M + H]+) 
436.2698, found 436.2697; 1H NMR (300 MHz, CDCl3): 
δ = 6.76 (1H, d, J = 7.9, Ar–H), 6.68–6.55 (2H, m, Ar–H), 
6.24 (1H, dd, J = 17.0, 1.6 Hz, NH–(C = O)–CH–CH2), 6.01 
(1H, dd, J = 17.0, 10.2 Hz, NH–(C = O)–CH–H2), 5.60 (1H, 
dd, J = 10.2, 1.6 Hz, NH–(C = O)–CH–CH2), 3.53 (2H, q, 
Ar–CH2–CH2–NH), 2.72 (2H, t, J = 6.9 Hz, Ar–CH2–CH2–
NH), 0.98 (18H, br, Si–C–(CH3)3), 0.18 (12H, d, J = 1.7 Hz, 
Si–(CH3)2) ppm; 13C NMR (75 MHz, CDCl3): δ = 165.4, 
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146.8, 145.6, 131.7, 130.9, 126.3, 121.6, 121.5, 121.1, 40.7, 
34.8, 25.9, 18.4, − 4.0, − 4.1 ppm.

N‑(2‑Phenylethyl)acrylamide (3, C11H13NO)  In analogy to the 
synthesis of 2. Phenethylamine (10 g, 82.5 mmol) and trieth-
ylamine (1.2 eq.; 99.02 mmol) were dissolved in methanol 
(1 mmol cm−3 of the combined molecules). The solution 
was stirred and cooled to 0 °C in an ice bath. Consequently, 
acryloyl chloride (2 eq., 165.04 mmol) was dissolved in 
tetrahydrofuran (2 mmol cm−3), triethylamine (1.2 eq. to 
acryloyl chloride, 198.05 mmol) were dissolved in metha-
nol (4 mmol cm−3) and simultaneously added dropwise to 
the cold solution. The reaction was slowly allowed to warm 
up to room temperature and the solvent was removed under 
vacuum. The residue was taken up in dichloromethane and 
extracted twice with 1% hydrochloric solution and once with 
brine. The organic layer was dried over sodium sulfate, the 
solvent was removed under reduced pressure and the product 
was used for polymerization without further purification. 
Yield: 14.22 g of light yellow oil (90% purity =  > 88.5% 
yield of 3); 1H NMR (300 MHz, CDCl3): δ = 7.38–7.13 (5H, 
m, Ar–H), 6.24 (1H, dd, J = 17.0, 1.6 Hz, NH–(C = O)–CH–
CH2), 6.06 (1H, dd, J = 17.0, 10.1 Hz, NH–(C = O)–CH–
CH2), 5.60 (1H, dd, J = 10.2, 1.7 Hz, NH–(C = O)–CH–
CH2), 3.58 (2H, q, J = 5.9 Hz, Ar–CH2–CH2–NH), 2.85 (2H, 
t, J = 7.1 Hz, Ar–CH2–CH2–NH) ppm.

Polymer synthesis

Unless stated otherwise, all polymers were synthesized in 
benzene at reflux temperature under argon atmosphere. The 
solvent was bubbled with nitrogen for at least 20 min. prior 
to use to remove radical-quenching oxygen. As initiator, 
2 mol% in relation to all combined co-monomers of AIBN 
were used and if not defined differently, the reactions were 
quenched by removing from heat after 4 h.

Butyl acrylate co‑polymers (P(BA–TDAXX))

Acrylamide 2 was weighed in a two-necked round bottom 
flask, AIBN was added in dry state and both molecules 
were consequently dissolved in the solvent. The two-necked 
round bottom flask was connected to a reflux cooler, sol-
vent was added and the whole setup was flushed with argon 
gas. Butyl acrylate was added via a septum and the mix-
ture was homogenized for 5 min. prior to heating to 80 °C. 
After 4 h the mixture was further concentrated, taken up in 
a syringe and precipitated in cold methanol twice. Polymers 
with 1, 10, 20, and 30% amount of 2 were produced and 
are named P(BA–TDA1), P(BA–TDA10), P(BA–TDA20), 
and P(BA–TDA30), respectively. Yield ranged between 50% 
and up to 92% of colorless/light yellow polymer. Depend-
ing on the amount of butyl acrylate, polymers were more 

(higher amount) or less (lower amount) oily. P(BA–TDA20): 
1H NMR (300 MHz, CDCl3): δ = 6.74–6.65 (0.3H), 4.03 
(2H), 3.35 (0.2H), 2.64 (0.2H), 2.28 (1H), 1.59 (2.6H), 1.36 
(2.1H), 1.00–0.87 (4.6H), 0.17 (1H) ppm; Tg = − 35 °C 
(P(BA–TDA1)), −  27  °C (P(BA–TDA10)), −  14  °C 
(P(BA–TDA20)), 3 °C (P(BA–TDA30)).

Methyl acrylate co‑polymers (P(MA–TDAXX))

The procedure was performed similarly to butyl acrylate-
based polymers. Polymers with 20 and 30% amount of 
2 were produced, and are named P(MA–TDA20) and 
P(MA–TDA30), respectively. Yield ranged between 64% and 
up to 92% of light yellow solid material. P(MA–TDA30): 
1H NMR (300 MHz, CDCl3): δ = 6.74–6.66 (0.9H), 6.03 
(0.2H), 3.65 (3H), 3.38 (1.3H), 2.65 (0.8H), 2.31 (1.9H), 
1.93 (1.5H), 1.62 (1.7H), 1.49 (1.7H), 1.25 (0.2H), 0.97 
(5.4H), 0.18 (2.3H) ppm.

Co‑polymers of 2 and 3 (P(PAA–TDAXX))

The procedure was performed similarly to butyl acrylate-
based polymers. Polymers with 10 and 20% of 2 were pro-
duced and are named P(PAA–TDA10) and P(PAA–TDA20), 
respectively. Yield ranged from 80 to 92% of light yellow 
solid material. P(PAA–TDA10): 1H NMR (300  MHz, 
CDCl3): δ = 7.13 (5.5H), 6.62 (1.5H), 3.35 (4H), 2.72 
(4H), 1.77 (1.2H), 1.63 (7.2H), 1.25 (0.4H), 0.94 (5.1H), 
0.15 (2.5H) ppm; Tg = 85  °C (P(PAA–TDA10)), 95  °C 
(P(PAA–TDA20)).

Butyl acrylate co‑polymers without the catechol 
moiety (P(BA‑PAA20))

Procedure was performed similarly to butyl acrylate-based 
polymers. Yield ranged from 60 to 80% of white honey-like 
material. 1H NMR (300 MHz, CDCl3): δ = 7.34–7.16 (1H), 
4.02 (2H), 3.45 (0.5H), 2.79 (0.4H), 2.28 (1H), 1.90 (0.5H), 
1.59 (0.9H), 1.36 (2.2H), 0.93 (2.6H) ppm; Tg = − 23 °C.

Homopolymer of 3 (P(PAA))

Procedure was performed similarly to butyl acrylate-based pol-
ymers. Yield ranged from 80 to 90% of light yellow solid. 1H 
NMR (300 MHz, CDCl3): δ = 7.13 (5H), 5.99 (1H), 3.36 (3H), 
2.72 (3H), 2.40 (0.7H), 1.90–1.26 (3.6H) ppm; Tg = 80 °C.

Deprotection of TBS‑protecting groups

All deprotections were performed in THF at a concentration 
of 250 mg cm−3. TBAF was added as a 1 M solution under 
argon atmosphere and the mixture was stirred for 30 min 
at room temperature. After the reaction is finished, the 
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solution is taken up in a syringe and precipitated in a cold 
MeOH:H2O (2:1) mixture which was acidified to pH < 2. 
Yields were between 80 and 90%. All polymer lost the T in 
the nomenclature, indicating the loss of the protecting group 
(P(BA–TDAXX)—> P(BA–DAXX) and so on).
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