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ABSTRACT: Plant phenolic compounds and catecholamines have been widely used to obtain 

substrate-independent precursor nanocoatings and adhesives. Nevertheless, there are downsides 

in using such phenolic compounds for surface modification such as formation of non-uniform 

coatings, need for multistep modification, and restricted possibilities for post-functionalization. 

In this study, inspired by strong binding ability of natural polyphenols found in plants, we used 

three different macrocyclic polyphenols, known as resorcin[4]arenes, to modify the surface of a 

different substrates by simple dip coating into the dilute solution of these compounds. Eight 

hydroxyl groups on the large rim of these resorcin[4]arenes provide multiple anchoring points to 

the surface, while the lower rim decorated with different appending groups introduces desired 

chemical and physical functionalities to the substrate´s surface. Deposition of a uniform and 

transparent resorcinarene layer on the surface was confirmed by several surface characterization 

techniques. Incubation of the modified substrates in different environments indicated that the 

stability of the resorcinarene layer was dependent on the type of substrate and the pH value. The 

most stable resorcinarene layer was formed on amine-functionalized substrates. The surface was 

modified with alkenyl functional groups in one step using a resorcinarene compound possessing 

four alkenyl appending groups on its small rim. Thiol-ene photoclick chemistry was used to site-

selectively post-functionalize the surface with hydrophilic and hydrophobic micropatterns that 

was confirmed by X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion 

mass spectrometry (ToF-SIMS). Thus, we demonstrate that resorcin[4]arenes extend the scope of 

applications of plant polyphenol and mussel-inspired precursors to tailor-made multifunctional 

nanocoatings, suitable for a variety of potential applications in biotechnology, biology, and 

material science.  
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 3 

1. Introduction 

Inspired by the strong solid-liquid interfacial activity of plant polyphenols, various nanocoatings 

and adhesive precursors have been derived from plant phenolic compounds1–5. Similarly, 

adhesive coatings based on catecholamines such as dopamine (DA)6–9 have been developed 

inspired by the key role of marine adhesive polyphenols present in mussel foot proteins. 

A substrate-independent coating can be formed on the surface by simple immersion of a 

substrate into a slightly basic solution of DA or polyphenols. The presence of multiple anchoring 

points to the surface plays an important role for the strong interaction of polyphenols with the 

surface via hydrogen bonds, coordination bonds, π-π stacking or hydrophobic interactions.10,11 

Such nanocoatings have been used for surface modification and development of novel materials 

for biology,12,13 material science,14 energy research,15,16 and various bio-medical applications17,18 

However, there are still challenges in the usage of the coatings derived from catecholamines and 

plant polyphenols that limit applications of such coatings. For instance, several research 

groups19–22 including ours,2 tried to reduce nanoparticle-like structure formation in the coatings 

made from DA or polyphenols. Such aggregates cause high surface roughness, inhomogeneity, 

and subsequent weakness and instability of the coating.19,21–23 Multistep post-

functionalization19,24 is required in order to introduce desired functional groups onto the DA and 

polyphenolic nanocoating precursors.25,26 Examples include post-modification of polydopamine 

(PDA) layer with hydrophobic molecules or lipid-like molecules such as organic alkanethiols 

and alkane-phosphates.27 Moreover, common choices for secondary functionalization are mainly 

limited to complexation with metal ions, boronate ester complexation, self-coupling reactions, 

and reaction with nucleophiles (including amine, imidazole, and thiol groups).28–30 
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 4 

Calixarenes represent building blocks for a complementary strategy for surface functionalization. 

Calixarenes and their derivatives have been used for sensor development,31 cancer 

chemotherapy,32 chemical separations,33 molecular recognition,34,35 transfection of DNA into 

cells,36 and other biological applications.37 The all-cis configuration on a cyclic tetramer with 

crown (cone) conformation in calix[4]arenes,  which is the thermodynamically most stable 

isomer,38–40 provides a three-dimensional structure which can be decorated with desired 

functional groups on the small or large rim.39,41 

In a classical way, surface-reactive head groups on the small rim of the calixarenes were used to 

covalently bind calixarenes onto the surface.42 Mattiuzzi et al.43–45 used rigid tetrapodant 

calix[4]arenes as building blocks to form a monolayer on the surface by electrografting of 

calix[4]arene diazonium salts on the surface from their large rim side. Multivalency of 

calixarenes could increase their binding strengths. Using this strategy, a dense and closely 

packed monolayer of calix[4]arenes was formed on the surface due to the unique macrocyclic 

structure of the calixarene skeleton which prevents the formation of disorganized multilayers.43  

Resorcinarenes are resorcinol-derived calixarenes.39 Resorcin[4]arenes can easily be obtained by 

the acid catalyzed condensation of resorcinol with various aliphatic or aromatic aldehydes, which 

occurs on refluxing the reactants in a mixture of ethanol and concentrated hydrochloric acid 

(HCl) for several hours.39 Usually, the cyclotetramer crystallizes from the reaction mixture in 

reasonable to high yields in a simple one-step untemplated reaction, although for different 

aldehydes different optimal reaction conditions exist.39 In the context of surface modification, 

thiol-gold,46 ion-metal coordination,47 amine-graphene oxide,48 silane coupling,49 and platinum 

catalyzed38 binding chemistries have been used to make a layer of resorcinarenes on surfaces.  
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 5 

In this paper we present a one-step strategy for surface functionalization by deploying 

bifunctional resorcinarenes that can adhere to different substrates including polyethylene (PE), 

polymethyl methacrylate (PMMA), stainless steel (steel), aluminum (Al), zinc (Zn), amine-

functionalized porous poly(2-hydroxyethyl methacrylate)-co-(ethylene dimethacrylate) 

(poly(HEMA)), ), amine-functionalized glass, and silicon wafer using their large rim side, while 

their small rim side can be used for the post-functionalization. The produced nanocoatings 

demonstrated homogeneity and transparency.  

We used three different resorcin[4]arenes, compounds 1, 2, and 3 (Figure 1), as building blocks 

for the functionalization of different substrates. The large rim of resorcinarenes 1, 2, and 3 

consists of eight hydroxyl groups, serving as multiple anchoring points to the surface, whereas 

the small rim is decorated with four methyl, undecyl, or dec-9-enyl legs, respectively. Formation 

of uniform, aggregate-free, and transparent nanocoatings using all three compounds 1, 2, and 3 

was demonstrated by apparent water contact angle (WCA) measurement, UV-vis spectroscopy, 

XPS, and AFM analysis. By varying the choice of “legs” on the small rim, desired functional 

groups can be directly introduced to the surface. For instance, compound 3 was synthesized with 

four pendant alkenyl groups at the small rim. UV-induced thiol-ene click chemistry was used to 

site-selectively post-functionalize the 3-modified surface with hydrophilic and hydrophobic 

functional groups, in order to tune the surface wettability against liquids possessing both high 

and low surface tension. This strategy could expand the choice of multifunctional building 

blocks for this class of bioinspired nanocoatings from catecholamines and plant phenolic 

compounds to tailor-made resorcinarenes.  
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 6 

 

Figure 1. Chemical structures of C-methylresorcin[4]arene (1), C-undecylresorcin[4]arene (2), 

and designed C-dec-9-enylresorcin[4]arene (3) and their schematic representation.  

 

1 C-methylresorcin[4]arene 2 C-undecylresorcin[4]arene 3 C-decyleneresorcin[4]arene

1 R= CH3

2 R= C11H23

3 R= C10H19

3 =2 =1 =
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 7 

2. Results and Discussion 

We investigated the coating potential of resorcin[4]arenes using two commercially available 

resorcin[4]arenes, C-methylresorcin[4]arene (1) and C-undecylresorcin[4]arene (2). In addition, 

C-dec-9-enylresorcin[4]arene (3) containing four appending alkenyl groups on its small rim was 

synthesized according to our previous report (Figure S1,S2).38  

 

Scheme 1. (A) Formation of a uniform and transparent layer of multifunctional resorcin[4]arenes 

on the surface of a different of substrates by a one-step dip coating technique. (B) Modification 

of the surface with 3 and subsequent post-functionalization with hydrophilic (2-mercaptoethanol, 

ME) or hydrophobic (1H,1H,2H,2H-perfluorodecanethiol, PFDT) groups via UV-induced thiol-

ene click chemistry. 
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 8 

To investigate coating formation ability of resorcinarenes, different substrates were immersed in 

a 0.8 mg/mL solution of 1, 2, or 3 in an ethanol:tris buffer (10 mM, pH 8.5) mixture, for 24 h at 

room temperature with gentle agitation (Scheme 1A,B). Deposition of a resorcinarene layers on 

the surface of different substrates including polyethylene (PE), polymethyl methacrylate 

(PMMA), stainless steel (steel), aluminum (Al), zinc (Zn), amine-functionalized porous poly(2-

hydroxyethyl methacrylate)-co-(ethylene dimethacrylate) (poly(HEMA)), and silicon wafer was 

investigated by apparent water contact angle (WCA) measurements (Figure 2), XPS, and AFM 

analysis (Figure 3, Figure S3, S4). The term poly(HEMA) refers to amine-functionalized porous 

poly(HEMA) throughout the text and figures.  

Apparent WCA and contact angle hysteresis (CAH) on flat PE, PMMA, steel, Al, Zn, and rough 

poly(HEMA) substrates before and after functionalization with 1, 2 and 3 are shown in Table 1. 

All flat surfaces modified with the same compounds showed similar WCAs indicating successful 

functionalization and homogeneous coatings. The difference in WCAs in the case of the 

poly(HEMA) reflects its porous rough surface, which leads to either decrease or increase of the 

apparent WCA after the modification with either slightly hydrophilic 1 or hydrophobic 2 and 3, 

respectively (Figure 2A,B).  

Deposition kinetics of the resorcinarenes on the surface was monitored by measuring apparent 

water contact angle of poly(HEMA) substrate at different time intervals up to 36 h after 

immersing in the coating solution of 1, 2, and 3 (Figure 2C). Apparent contact angle reached a 

constant value of 16°±3, 138°±3, 137°±4 after 24 h of incubation in the coating solution of 1, 2, 

and 3, respectively (Figure 2C). 
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 9 

Table 1. Apparent water contact angles (θ) and contact angle hysteresis (Δθ) of different 

substrates before and after modification with 1, 2, and 3. 

Substrate Bare  +1 +2 +3 

 θ Δθ θ Δθ θ Δθ θ Δθ 

PE 86±2.1 ~57 73±4.2 ~60 107±4.3 ~52 105±3.2 ~51 

PMMA 70±2.2 ~46 67±4.3 ~39 100±3.4 ~37 103±4.6 ~44 

Steel 69±1.9 ~33 64±3.9 ~35 105±3.8 ~39 102±.3.9 ~34 

Al 74±2.2 ~42 65±3.6 ~38 109±2.9 ~36 107±3.8 ~34 

Zn 75±2.4 ~54 64±4.5 ~48 108±3.8 ~58 106±3.5 ~55 

Poly(HEMA) 2±1.1 - 15±2.5 ~10 138±2.6 ~40 137±2.3 ~43 
 

Stability of the coated layer was investigated by monitoring apparent WCA of PE, steel, and 

poly(HEMA) substrates coated with 1, 2, and 3, at different time intervals after immersing or 

sonicating the substrates into a 1:1 ethanol:water mixture for 24 h (Figure 2D for 3, Figure S5 for 

compound 1,2). Apparent WCA of substrates coated with 1, 2, and 3 remained constant after 

immersing in a 1:1 ethanol:water mixture over 24 h, indicating deposition of a relatively stable 

resorcinarene layer on the surface at the mentioned environment. Sonication of the solution led 

to decrease of apparent WCA of the substrates modified with 3 from 105° and 102° of the bare 

PE and steel substrates to 85° and 70°, respectively, indicating detachment of the resorcinarene 

layer from the surface within the first 6 h of sonication (Figure 2D). Detachment of the 

resorcinarene from the surface could be due to relatively weak and reversible non-covalent 

interaction of the polyphenols with the surface.50 However, 1, 2, and 3 formed a much more 

stable layer on the amine-functionalized porous poly(HEMA), confirmed by no change in 

apparent WCA even after sonication for 24 h, possibly due to covalent attachment of the 
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 10 

phenolic groups of the resorcinarenes to the amino groups on the surface50 via Michael addition-

type reaction or Schiff base formation.28–30  

We investigated the adhesive strength of the resorcinarene layer of 3 deposited on the steel, PE 

and (amine-functionalized) glass substrates by monitoring the apparent WCA of the substrates 

after immersing in aqueous buffer solutions at acidic (pH 3), neutral (pH 7), and basic pH (pH 9) 

for different time intervals (Figure S6). Apparent WCA of the substrates incubate at neutral pH 

didn’t change after 48 h. However, apparent WCA decreased significantly after 12 h incubation 

in a basic (steel and PE) or in an acidic solution (amine-functionalized glass) (Figure S6). 

Significantly higher binding energy of bidentate hydrogen bonds in polyphenols than the binding 

energy of mono hydrogen bonds has been confirmed theoretically and experimentally.51 

Hydrogen bonds could be formed between the hydroxyl groups (as hydrogen donors) on 

resorcinarene and the oxygen atoms (as hydrogen acceptors) on the (oxidized) PE and steel 

substrates.52 Generation of other types of interaction with the surface in addition to hydrogen 

bonds could be the reason of the stability of the resorcinarene layer on PE and steel substrates at 

pH 3, and pH 7 (Figure S6A,B).52 However, in basic environment (pH 9) resorcinarene layer 

detached from the surface of PE and steel substrates possibility due to deprotonation of majority 

of the hydroxyl groups and their oxidation to quinone moieties53 that leads to a weaker 

interaction with the PE and steel substrates (Figure S6A,B).  

On the other hand, oxidation of hydroxyl groups to quinone moieties at basic pH, could enable 

covalent binding of the polyphenols to the amine-functionalized surfaces.50 Apparent contact 

angle of the 3-modified (amine-functionalized) glass substrate did not change significantly in 

natural (pH 7) and basic condition (pH 9), possibly due to covalent interaction with the surface 

(Figure S6C). However, in acidic environment (pH 3), quinone structure is favored over 
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 11 

hydroxyl in polyphenols.53 Therefore, weak surface interaction between the resorcinarene layer 

and amine-functionalized surface observed in acidic pH (Figure S6C) could be due to the shift in 

the chemical equilibria of hydroxyl-quinone toward quinone structure.50 

Dependency of the adhesion strength and the stability of the substrate-independent polyphenolic 

nanocoatings on the substrate type, pH of the environment, and phenolic precursor was reported 

in the literature.50,52,54 

 

Figure 2. Deposition of resorcinarenes (1,2,3) on different substrates. (A) Water droplets formed 

on the surface of PE, PMMA, steel, Al, Zn, and amine-functionalized porous poly(HEMA) 

substrates before and after modification with 1, 2, and 3 and corresponding apparent WCA. (B) 

(C) Deposition kinetics of 1, 2, and 3 on the poly(HEMA) substrate monitored by measuring 

apparent water contact angle measurements after immersing the substrate in the corresponding 

coating solutions for different time intervals. (D) Apparent WCA of PE, steel, and poly(HEMA) 

substrates modified with 3 after immersion or sonication in ethanol:water 1:1 mixture for 24 h.  
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Deposition of a resorcinarene on the surface was investigated by XPS analysis of the substrates 

modified with 3. The strong decrease of the intensity of the characteristic substrate signals 

proves the modification of the substrate with 3 (Figure 3A,B and Figure S3). In the case of 

PMMA, C 1s at 288.9 eV attributed to O=C-O group was chosen as a marker. For further metal 

substrates, peaks stemming from the metal itself were observed, namely Fe 2p, Al 2p, and Zn 2p 

doublets for steel, Al, and Zn substrates, respectively. A decrease of at least 75% of the initial 

intensity for the bare substrates was observed for all the mentioned peaks, which points out the 

presence of a new layer on the surface. Furthermore, the carbon concentration increased and 

more importantly the contribution of the component at 285.0 eV (C-C, C-H) in the C 1s spectra 

increased after surface modification. This observation supports the deposition of 3 on the surface 

since this compound contains long alkyl chains.  

Surface topography and thickness of the resorcinarene layer deposited on a silicon wafer was 

analyzed using AFM. A layer free from nanoparticle-like structures was observed on the silicon 

surface with an average thickness of 1.0±0.15, 2.1±0.24, and 1.9±0.18 nm and mean square 

roughness (RMS) of 0.4, 0.6, 0.5 nm by immersion of the substrate into a coating solution of 1, 

2, and 3, respectively (Figure 3C,D, Figure S4). The average thickness of the resorcinarene layer 

was calculated by subtracting the average height of the scratched area from the average height of 

the unscratched area. Roughness values were similar to that of the bare substrates (RMSbare Si=0.3 

nm, RMS of Si substrates before modification with 1, 2, and 3 were 0.3 nm, 0.4 nm, 0.4 nm, 

respectively) indicating the deposition of a uniform layer on the whole surface. These results 

agree well with the theoretical height values (estimated from MM2 energy minimization using 

Chem3D software) of ca. 0.8, 1.9, and 1.7 nm for 1, 2, and 3, respectively. AFM analysis of a 

smaller area (5 µm2 squares) of the bare and modified silicon substrates with 1, 2, and 3 
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indicated that a compact uniform layer of resorcinarenes, free from nanoparticle-like structure, 

formed on the surface (Figure S4). The thickness values measured by AFM were in agreement 

with the thickness values measured by ellipsometry, 0.9±0.12, 2.3±0.19, and 2.2±0.21 nm for the 

silicon substrate coated with 1, 2, and 3 respectively. 

 

Figure 3. Surface modification using resorcinarenes (1,2,3). (A) Detailed C 1s and (B) Fe 2p XP 

spectra of PMMA and steel substrates before and after modification with 3. (C) AFM height 

image of bare silicon, silicon after modification with 1, 2, and 3 after gentle scratching (on the 

left side of each sample). (D) Corresponding height profile along the lines.  
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UV-induced thiol-ene click chemistry to modify dec-9-enyl pendant groups on the small rim of 3 

with 2-mercaptoethanol (ME) and 1H,1H,2H,2H-perfluorodecanethiol (PFDT) (Scheme 1C, 

Figure 4). Hydrophobic PFDT and hydrophilic ME were clicked on the 3-modified surface by 1 
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 14 

min UV irradiation of PFDT and ME solutions. Apparent WCA measurements of 3-modified 

poly(HEMA) and 3-modified amine-functionalized glass substrates after post-functionalization 

indicated a high wettability contrast between PFDT- and ME-functionalized surface for liquids 

possessing both high and low surface tension (Figure 4A,B). The term glass refers to the amine-

functionalized glass throughout the text and figures.  

Apparent WCA of poly(HEMA) substrate increased from 2° to 137°, 152°, and 87° after 

modification with 3, and post-functionalization with PFDT and ME respectively (Figure 4A). 

Due to the combined micro- and nanoporosity of the poly(HEMA),55 apparent WCA reached 

152° after post-functionalization with PFDT. Water droplets rolled off the PFDT-functionalized 

surface (tilting angle 8°), while water droplets were pinned onto the ME-functionalized surface 

(Movie S1). 3-modified poly(HEMA) substrate post-functionalized with PFDT was able to repel 

liquids with lower surface tension such as ethylene glycol (surface tension 47.7 mN/m) and 

cyclohexanol (surface tension 34.4 mN/m). However, surfaces post-functionalized with ME 

became again completely wettable for ethylene glycol and cyclohexanol (Figure 4A).  

Apparent WCA of glass substrate increased from 47° to 72°, 86°, and 61° after modification with 

3, and post-functionalization with PFDT and ME respectively (Figure 4B). 3-modified glass after 

post-functionalization with PFDT was able to repel liquids with lower surface tension than water 

(surface tension=72.8 mN/m) including ethylene glycol (surface tension 47.7 mN/m), 

cyclohexanol (surface tension=34.4 mN/m), and n-hexane (surface tension 18.4 mN/m) (Figure 

4B). By post-functionalization of the 3-modified glass surface with ME, the contact angle of 

water, ethylene glycol, cyclohexanol, and n-hexane decreased from 72°, 55°, 19°, and 15° for the 

3-modified glass to 61°, 43°, 15°, and 6° for ME-functionalized surface. Small differences 

observed in the contact angles after post-functionalization with PFDT and ME (Figure 4A,B) 
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 15 

could be due to the chemical structure of compound 3, which contains a large relatively 

hydrophobic macrocycle (of four benzene rings) with four hydrophobic long alkenyl chains. 

Thus, post-functionalization of 3 with hydrophilic hydroxy groups (from ME) leads to a decrease 

of the surface energy but not a drastic one. 

Apparent WCA measurements, on one hand, confirmed post-functionalization of the substrates 

modified with 3 via thiol-ene click reaction, and on the other hand, demonstrated the ability to 

tune the surface wettability for a variety of liquids.  

We investigated transparency of resorcinarene layer formed on the glass surface by measuring 

UV-vis spectra before and after modification of the surface with 3 and post-functionalization 

with PFDT and ME. UV-vis spectra indicated that glass remains transparent after deposition of 

the resorcinarene layer and the subsequent post-functionalization (Figure 4C). 

Stability of resorcinarene layer of 3 was investigated by measuring apparent WCA at different 

time intervals after sonication in a 1:1 ethanol:water mixture for 24 h. Apparent WCA of 3-

modified substrates remained constant before and after post-functionalization via thiol-ene 

photoclick reaction further confirming deposition of a more stable resorcinarene layer on the 

surface (Figure 4D).   
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Figure 4. Tuning surface wettability by post-functionalization of 3 via UV-induced thiol-ene 

click chemistry. Droplets of solvents with different surface tensions formed on the surface of 

poly(HEMA) (A) and glass (B) after modification with 1, 2, and 3, and after post-

functionalization of 3-modified surface with 1H,1H,2H,2H-perfluorodecanethiol (PFDT) and 2-

mercaptoethanol (ME) via UV-induced thiol-ene click chemistry. Corresponding apparent 

contact angles are shown in the graphs. (C) Transparency (%) of bare glass, 3-modified glass, 

and after clicking PFDT and ME. (D) Apparent WCA of 3-modified porous poly(HEMA) and 

glass substrates before and after thiol-ene reaction after sonication in ethanol:water 1:1 mixture 

for 24 h. 

  
Thiol-ene photo-click chemistry is a versatile one-step procedure for spatial and temporal 

controlled coupling of thiol and alkene-functionalized compounds and has been used widely in 

materials science.56 A layer of 3 contains alkenyl groups formed on the glass surface by 

immersing the substrate into the coating solution of 3 (0.8 mg/mL, in a 1:1 ethanol:tris buffer (10 

mM, pH 8.5)). By UV irradiating through a photomask in the presence of PFDT and ME, we 

were able to control the post-functionalization of alkenyl groups spatially (Figure 5A). For 

instance, to make a micropattern of hydrophilic spots within hydrophobic borders on the 3-
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 17 

modified substrate, a solution of PFDT was filled in between the surface and a photomask 

followed by 1 min UV irradiation through a photomask, followed by washing and drying. 

Finally, a solution of ME was filled into the setup and irradiated with UV light for 1 min to 

introduce hydroxyl groups on the alkenyl chains of 3, followed by washing and drying (Figure 

5A).  

Micropatterning of the 3-modified surface with PFDT and ME was confirmed by XPS and ToF-

SIMS (Figure 5B,C). XPS chemical mapping war first conducted in order to identify the position 

of the chemically different areas (Figure S7). Afterward, high energy resolution spectra could be 

recorded at well-defined locations evidenced by the mapping (Figure 5B). Two peaks at 291.9 

eV and 294.1 eV in the C 1s spectrum and the corresponding F 1s signal at 689.0 eV proved57 

the presence of -CF2 and -CF3 functional groups in the PFDT-functionalized regions next to ME-

functionalized regions. In another micropatterning experiment, ToF-SIMS analysis confirmed 

the presence of the mass fragments corresponding to F2
- and CF3

- in the regions modified with 

PFDT (Figure 5C).  
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 18 

 

Figure 5. Photopatterning of the glass surface modified with 3 and formation of droplet 

microarray. (A) Schematic representation of site-selective functionalization of 3-modified glass 

surface with PFDT or ME via UV-induced thiol-ene click chemistry. (B) C 1s XP spectra of the 

3-modified surface after post-functionalization with PFDT (top) and ME (bottom), indicating the 

formation of -CF2 and -CF3 functional groups on the surface after functionalization with PFDT. 

(C) ToF-SIMS F2
- and CF2

- ion intensity maps of 3-modified surface post-functionalized with 

PFDT (squares) and ME (borders). (D) Droplet microarray of dyed water, ethylene glycol, and 

cyclohexanol formed on 3-modified glass slide after the micropatterning. 

 

In order to investigate the dynamic wetting behavior of the surface, advancing and receding 

contact angles of water, ethylene glycol, and cyclohexanol on glass substrate were measured 
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 19 

before and after modification with 3, and post-functionalization with PFDT and ME (Figure 6). 

The results of static and dynamic contact angle measurements indicated that although static 

apparent contact angles did not change a lot after the post-functionalization with PFDT or ME, 

the contact angle hysteresis values showed much larger difference confirming a successful post-

functionalization (Figure 6). These observations further confirmed the hypotheses that a 

resorcinarene layer containing bulk hydrophobic groups was deposited on all the surfaces.  

Due to the high contrast of wettability between PFDT- and ME-functionalized regions (Figure 

4A,B, Figure 6), droplet microarrays could be spontaneously formed on the transparent 

micropatterned surface by rolling a droplet of liquid, including water, ethylene glycol, or 

cyclohexanol on the micropatterned surface.58   
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 20 

Figure 6. Apparent static, advancing, and receding contact angles of (A) water, (B) ethylene 

glycol, (C) cyclohexanol on (amine-functionalized) glass, before and after modification with 3, 

and after post-functionalization with PTFE or ME. 
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3. Conclusion 

Inspired by strong adhesive properties of natural polyphenols found in plant polyphenols, we 

developed a new strategy to use resorcinarenes as building blocks for surface functionalization. 

Resorcinarenes can be synthesized in a simple one-step reaction and provide eight hydroxyl 

groups on the large rim that serve as multiple anchor points to PE, PMMA, steel, Al, Zn, (amine-

functionalized) poly(HEMA), (amine-functionalized) glass, and silicon wafer  substrates, while 

the small rim can be decorated with desired functional groups. 

We used three resorcin[4]arenes, compound 1, 2, and 3, to make transparent uniform layers on 

the surface of plastic, metals, and silicon oxides by a single-step dip coating of the substrates in 

the corresponding solutions of resorcinarenes. Investigation of the stability of the resorcinarene 

layer on the surface indicated that the extent of stability of the resorcinarene layer on the surface 

was dependent on the substrate type and the pH values. Variation of the stability may be 

attributed to the different interaction mechanism of the polyphenols with different substrates. 

The most stable layer of resorcinarene was formed on amine-functionalized substrates possibly 

due to covalent attachment of resorcinarene to the surface.  

Compound 3 decorated with alkenyl appendages on the small rim enabled post-functionalization 

of the surface via thiol-ene photo click chemistry. The 3-modified glass was post-functionalized 

with hydrophobic or hydrophilic functional groups by UV irradiating the substrate through a 

photomask for 1 min in the presence of PFDT or ME. Droplet microarray of liquids with either 

high or low surface tension was formed on the surface of the micropatterned glass substrate by 

rolling a drop of the liquid over the surface.  
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This strategy could expand the choice of building blocks for this class of bioinspired 

nanocoatings from catecholamines and plant phenolic compounds to tailor-made multifunctional 

resorcinarenes with a wide range of potential applications in chemistry, biology, and material 

science. 
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4. Experimental Section  

Materials 

C-methylcalix[4]resorcinarene (1) and C-undecylcalix[4]resorcinarene monohydrate (2) 

resorcinol, 10-undecenal were purchased from Sigma-Aldrich (China, Switzerland, Germany, 

India, respectively). 2-Hydroxyethyl methacrylate (HEMA) and ethylene dimethacrylate 

(EDMA) were purchased from Sigma-Aldrich (Germany) and purified through a short column 

filled with basic aluminum oxide to get rid of the inhibitors. All the other chemicals were 

purchased from Sigma-Aldrich (Germany) and used without further purification. Formate (pH 

3), phosphate (pH 7), and carbonate-bicarbonate (pH 9) buffers were prepared at 100 mM 

concentration.  

Nexterion B glass slides were obtained from Schott AG (Mainz, Germany) and silicon wafers 

(CZ-Si-wafer 4 inch) from MicroChem GmbH (Berlin, Germany) were used. Polyethylene (PE), 

polymethyl methacrylate (PMMA), stainless steel (steel), aluminum (Al), zinc copper alloy (Zn) 

substrates were kindly provided by Institute of Toxicology and Genetics (ITG) at the KIT. Bare 

glass slides and silicon wafer substrates were cleaned by sonication for 10 min in, deionized (DI) 

water, 2-propanol, and acetone and dried with nitrogen gas. DI water, 2-propanol, and ethanol 

were used to clean other substrates by 10 min sonication followed by drying with nitrogen gas. 

High-purity DI water with a resistivity of 18.2 MΩ cm was obtained from an inline Millipore 

water purification system. Acetone and the other solvents were obtained from Merck KGaA 

(Germany). Tris buffers were made at 10 mM concentration at pH 8.5. The final pH value 

adjusted by using a Mettler Toledo digital pH meter (China).  

Characterization 
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Mass spectrometry was performed using an ESI-MS (Bruker ESI-TOF, Institute of 

Nanotechnology (INT), KIT) in positive mode. 1H NMR spectra were recorded on a DRX-500 

(500 MHz) (Bruker, Germany), and chemical shifts were reported in ppm using residual solvent 

peaks as internal standards. The UV−vis absorbance (200−900 nm) of the bare and coated glass 

slides was measured using a Lambda 35 UV−vis spectrometer (PerkinElmer, Germany). 

Apparent contact angle of different liquids (∼4 µL) on bare and modified substrates was 

measured using a Drop Shape Analyzer model DSA25S (Krüss, Hamburg, Germany). 

Advancing contact angles were obtained by measuring the contact angle while the liquid was 

slowly added (at a rate of 0.1 μL/s) from a ∼4 μL droplet to 12 μL in contact with the sample and 

a micrometer syringe. Receding contact angles were obtained with liquid slowly retracting (at a 

rate of 0.1 μL/s) from a ∼12 μL droplet to 4 μL. Atomic force microscopy (AFM) was 

performed on a Dimension Icon AFM (Bruker, Karlsruhe, Germany) in standard tapping mode in 

air (INT, KIT). Cantilevers used were of type HQ:NSC15/AI BS (MikroMasch) with a nominal 

force constant of 40 N m-1 and a resonance frequency of 325 kHz. The thickness of the 

resorcinarene layer on silicon substrates was measured using spectroscopic ellipsometry in dry 

state (M44, Woollam Co., Inc., Lincoln NE, USA). The ellipsometry measurements were 

performed at an angle of incidence of 75° in the spectral region of 370–900 nm. Ellipsometric 

parameters were fitted using a Cauchy model. ToF-SIMS experiments were performed on a 

TOF-SIMS 5 machine (ION-TOF GmbH, Münster, Germany) at the Institute of Functional 

Interfaces, KIT. XPS measurements were performed using a K-Alpha+ XPS spectrometer 

(ThermoFisher Scientific, East Grinstead, UK), IAM, KIT. Data acquisition and processing using 

the Thermo Advantage software is described elsewhere.59 All coatings were analyzed using a 

micro-focused, monochromated Al Kα X-ray source (400 µm spot size). The K-Alpha+ charge 
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compensation system was employed during analysis, using electrons of 8 eV energy, and low-

energy argon ions to prevent any localized charge build-up. The spectra were fitted with one or 

more Voigt profiles (BE uncertainty: +0.2eV) and Scofield sensitivity factors were applied for 

quantification.60 All spectra were referenced to the C 1s peak (C-C, C-H) at 285.0 eV binding 

energy controlled by means of the well-known photoelectron peaks of metallic Cu, Ag, and Au, 

respectively. The K-alpha+ snapmap option was used to image an area of 3×3 mm with an X-ray 

spot of 50 µm. (8 iterations were run in order to reach a better statistic). 

Methods 

Synthesis of C-dec-9-enylresorcin[4]arene (3): Compound 3 was synthesized by the acid 

catalyzed condensation of resorcinol with 10-undecenal by heating the reactants to reflux in a 

mixture of ethanol at 60°C for 16 hours according to our previous report.38 Briefly, 12 N 

hydrochloric acid (32 mL was added to a solution of 10-undecenal (33.6 g, 0.2 mol) and 

resorcinol (22.0 g, 0.2 mol) in ethanol (200 mL) over 10 min at 0°C. The red oil that formed after 

stirring the mixture for 16 h at 60°C was poured into well-stirred deionized water (600 mL). The 

orange precipitate was filtered off and washed thoroughly with hot deionized water followed by 

drying. The solid product was dissolved in acetonitrile (ACN) at 40°C and kept at room 

temperature for 3 h. By decanting the solution, the precipitated dark oil was removed. The 

yellow resulting solution was concentrated around by one-third and cooled to 0°C. The solvent 

was decanted after precipitation of another part of the dark oil. This procedure was repeated until 

no more dark precipitation was formed. The solvent was removed under reduced pressure to 

afford about 10 g (22%) of 3. Nuclear magnetic resonance (NMR) and mass spectrometry (ESI-

MS) analysis were used to characterize compound 3. 1H NMR (500 MHz, CDCl3) of 3 is shown 
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in Figure S1. ESI-MS (positive mode, m/z): [M+Na]+
theor.=1063.6991, [M+Na]+

exp.=1063.7035 

(Figure S2). 

Deposition of the resorcinarene layer on the surface: Cleaned substrates were immersed in a 

0.8 mg/mL solution of 1, 2, or 3 in a 1:1, 3:1, or 1:1 ethanol:tris buffer (10 mM, pH 8.5) mixture, 

respectively, for 24 h at room temperature with a gentle agitation. Resorcinarene modified 

samples were then rinsed thoroughly with DI water and ethanol and dried with nitrogen gas. 

Preparation of amine-functionalized surfaces: Cleaned glass-plates were immersed in 1 M 

NaOH for 1 h and afterward washed with deionized water followed by immersing them in 1 M 

HCl for 30 min, washing with deionized water and drying with a nitrogen gun. Bare glass plates 

were immersed into 50 mL of ethanol containing 20 %vol. (3-aminopropyl)triethoxysilane. 

Then, the solution was stirred at RT for 5 min. The substrates were washed with ethanol and 

dried with nitrogen gas. Details of the preparation of amine-functionalized micro- and 

nanoporous poly(HEMA) could be found in our reports.55,61 

Post-functionalization of C-dec-9-enylresorcin[4]arene (3) via thiol-ene photoclick 

chemistry: Amine-functionalized glass or amine-functionalized porous poly(HEMA) substrates 

were modified with 3 according to the deposition process described above. 3-modified substrates 

were wetted with ethyl acetate solution of 20 vol% of 1H,1H,2H,2H-perfluorodecanethiol 

(PFDT), covered by a quartz slide, and irradiated by 5.0 mW.cm-² 260 nm UV light for 1 min. 

After removing the quartz slide, the glass was washed with ethanol and dried with nitrogen gas. 

For post-functionalization with 2-mercaptoethanol (ME), the 3-modified substrates were wetted 

with ethanol-water (1:1) solution containing 10 wt% of ME, covered by a quartz slide, and 

irradiated by UV light for 1 min. The substrates was washed extensively with ethanol and dried. 
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Photopatterning on the 3-modified surface: The same procedure as used for post-

functionalization was employed for photopatterning, however, instead of quartz slide a quartz 

chromium photomask was used to UV irradiate PFDT solution for 1 min. After removing the 

photomask, the substrate was washed with ethanol and dried. The resulting substrate was wetted 

again with ethanol-water (1:1) solution containing 10 wt% of ME, covered by a quartz slide, and 

irradiated by UV light for 1 min. The substrate was washed extensively with ethanol and dried. 

For ToF-SIMS analysis, the 3-modified glass was first post-functionalized with ME by UV 

irradiating the ME solution through a photomask, followed by washing and subsequent post-

functionalization with PFDT as described above. A droplet microarray formed on the 

micropatterned surface spontaneously by rolling a colored droplet of the liquid on the surface. 

Food dyes were used to give color to the liquids forming droplet microarray. 
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The following files are available free of charge. 

Tuning the wettability of the 3-modified poly(HEMA) after post-functionalization with PFDT 
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functionalization with PFDT and ME  (PDF) 
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SYNOPSIS 

Inspired by the adhesive role of natural polyphenols found in plant phenolic compounds, we 

developed a new strategy to use multifunctional resorcinarenes as building blocks for surface 

nanocoatings via a single-step dip-coating. Functionalization of the surface with a resorcinarene 

decorated with peripheral alkenyl groups enables facile surface post-functionalization and 

patterning via the UV-induced thiol-ene reaction. 

KEYWORDS: surface functionalization, resorcinarene, phenolic compounds, thiol-ene 

photochemistry, wettability 
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