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Abstract. Poly(furfuryl methacrylate) (PFMA) brushes were crosslinked using bismaleimide 

crosslinkers via the Diels-Alder (DA) reaction at 70 °C, generating crosslinked PFMA brushes 

(PFMA brush gels). The crosslinked PFMA brushes were decrosslinked at 110 °C via the retro-

Diels-Alder (rDA) reaction, offering the temperature-responsive reversible PFMA brush gels. 

The wettability of the brush was tunable by the crosslinking and decrosslinking. The use of a 

disulfide containing bismaleimide as a crosslinker gave the S-S bond at the crosslinking point. 

The S-S bond was cleaved upon thermal or photo stimulus and regenerated through oxidative 

stimulus, offering another reversible decrosslinking/crosslinking pathway of the PFMA brush gel. 

The use of photo stimulus together with photomasks further offered patterned brushes with the 

crosslinked and decrosslinked domains. The combination of the DA/rDA reactions and the 

reversible S-S bond cleavage provided multi-stimuli-responsive brush gels for switching the 

surface properties in unique manners. The reversible crosslinking, multi-responsiveness, access 
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to patterned structures, and metal-free synthetic procedure are attractive features in the present 

approach for creating smart functional surfaces. 

KEYWORDS: polymer brush, polymerization, stimuli-responsive crosslinking and 

decrosslinking, surface patterning, functional surface 

 

INTRODUCTION 

Stimulus-responsive smart surfaces, which change the surface properties triggered by external 

thermal, acidic/basic, chemical, electrical or optical stimulus, are finding extensive applications 

on biomolecular adsorption/desorption, molecular sensing, self-cleaning, and so forth.1−4 The 

fabrication of polymer brushes on surfaces is an effective approach for surface modification.5−9 

Stimulus-responsive polymer brushes offer smart surfaces bearing switchable functions and 

morphologies upon stimulus.10,11 

Surface-initiated living (or reversible-deactivation) radical polymerization, in which the 

polymer chains grow from the initiators bound on a solid surface, is a useful method to fabricate 

well-defined polymer brushes.6,12−14 Our research group developed an organocatalyzed living 

radical polymerization, termed reversible complexation mediated polymerization (RCMP), using 

an alkyl iodide (R−I) as an initiator and an organic molecule as a catalyst.15−22  Mechanistically, 

polymer-iodide dormant species (polymer−I) is supposed to coordinate a catalyst (A+I‒) via a 

halogen bonding to form a complex (polymer−Icatalyst), which reversibly generates a 

propagating radical (polymer) (Scheme 1a). RCMP is amenable to a wide range of monomers 

and can afford concentrated polymer brushes with high graft density (σ) and surface occupancy 
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(σ* ≥ 10%).23,24 The high surface occupancy propels the polymer chains towards extension, 

leading to unique properties such as high elasticity, ultra-low friction, and super-antifouling 

against proteins and microorganisms.25 Such properties of concentrated polymer brushes are 

different from those of semi-diluted or diluted brushes prepared by conventional radical 

polymerization or grafting-to methods. 

 

Scheme 1. (a) Reversible Activation in Reversible Complexation-Mediated Polymerization 

(RCMP); (b) Reversible Diels-Alder Reaction between Furan and Maleimide Moieties. 

 

Crosslinked polymer brushes, also known as polymer brush gels, exhibit the properties of both 

polymer brushes and gels and find unique biomedical applications on interface lubrication, tissue 

engineering, and anti-fouling coating.26−31 In comparison to uncrosslinked polymer brushes, 

polymer brush gels display superior mechanical strength, solvent resistance, anti-corrosion, and 

durability, exhibiting applications on surface lubrication and interfacial catalysis.32−37 Reversibly 

crosslinked polymer brushes, which are crosslinked and decrosslinked via external stimuli, can 

offer a useful approach for controlling the mechanical, biological, and physicochemical surface 

properties and may find potential applications on electrolyte materials and biomedical interface 

engineering.38−40 Whereas reversibly crosslinked polymer brushes are interesting materials, only 

scarce examples have been reported. 
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The Diels–Alder (DA) reaction is an effective “click” reaction used in organic synthesis and 

polymer chemisty.41−45 In the DA reaction, a [4+2] cycloaddition reaction occurs between an 

electron-rich conjugated diene (e.g., furan and its derivatives) and an electron-poor alkene (e.g., 

maleimide and its derivatives) to form a six-membered ring structure (Scheme 1b). An attractive 

feature of the DA reaction is its thermal reversibility. Upon heating, the six-membered ring 

structure undergoes a retro-Diels-Alder (rDA) reaction to yield the original diene and alkene. 

The DA and rDA reactions have widely been used for the preparation and functionalization of 

polymer materials.42−44,46 Several examples have also been reported to utilize the DA reaction in 

polymer brush applications.47−52 

 

 

Figure 1. Structures of alkyl iodides, a catalyst, monomers, and dimaleimides used in this work.  
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Scheme 2. Schematic Illustration of Synthesis of PFMA Brush and Reversible Crosslinking 

and Decrosslinking of PFMA Brush via DA and rDA reactions.  

 

 

The unique reversibility of the DA and rDA reactions inspired us to create stimuli-responsive 

surfaces via crosslinking and decrosslinking of polymer brushes. In the present work, we used a 

furan-containing monomer, i.e., furfuryl methacrylate (FMA, Figure 1) and prepared 

concentrated poly(furfuryl methacrylate) (PFMA) brushes by means of surface-initiated RCMP. 

The PFMA brushes exhibited two different hydrophobicities (contact angles) switched via the 

crosslinking (DA) (70 °C) and decrosslinking (rDA) (110 °C) reactions with a bismaleimide 

crosslinker, i.e., 4,4'-bismaleimidodiphenylmethane (DIMI, Figure 1) (Scheme 2). The 

modulation of the hydrophobicity was repeatable over many cycles.  

Furthermore, in the present work, we used bis(2-maleimidoethyl) disulfide (DSMI, Figure 1) 

as a bismaleimide crosslinker to introduce disulfide (S-S) bridges between the PFMA brush 

chains. The S-S bonds can be cleaved (dissociate) upon thermal (40 °C) or photo (UV) stimulus 

and be regenerated through oxidation. Such reversible generation of the S-S bonds provides an 

alternative method to switch surface properties via crosslinking and decrosslinking. The photo-
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responsive decrosslinking enabled spatial control in the crosslinked/decrosslinked areas using 

photomasks, yielding patterned brush surfaces with dual properties. In the present work, we 

combined the DA/rDA reactions and the S-S dissociation/regeneration to demonstrate wider 

applications. The reversible crosslinking, multi-responsiveness, high graft density, and metal-

free preparation of the brush gels are attractive features in the present approach for creating 

functional surfaces. 

 

EXPERIMENTAL SECTION 

Preparation of Alkyl Iodide Initiator-Immobilized Silicon Wafer. A silicon wafer (8 mm × 

8 mm) was cleaned with acetone (with sonication for 30 min), chloroform (with sonication for 30 

min), and isopropanol (with sonication for 30 min). After drying under nitrogen flow, the wafer 

was placed in an ozone cleaner and radiated for 30 min. The wafer was immersed in a mixture of 

6-(2-iodo-2-isobutyryloxy)-hexyltriethoxysilane (IHE, Figure 1), ethanol, and aqueous ammonia 

solution (1/89/10 (w/w/w)) at room temperature in a dark condition for one day. The wafer was 

washed with ethanol, sonicated in ethanol for 30 min, and dried under nitrogen flow to give an 

IHE-immobilized silicon wafer. 

Surface-initiated Polymerization. The IHE-immobilized silicon wafer was immersed in a 

mixture of FMA (1.2 g , 7.2 mmol, 8000 mM), 2-iodo-2-methylpropionitrile (CP−I, Figure 1, 1.4 

mg, 7.2 μmol, 8 mM), and tetra-n-octylammonium iodide (ONI, Figure 1, 34 mg, 0.058 mmol, 

64 mM) in a Schlenk flask and heated at 60 °C under argon atmosphere with magnetic stirring 

for 6 h. The wafer was inclined to the wall of the Schlenk flask and the stir bar was located 

underneath the wafer. After the polymerization, the solution was cooled to room temperature. A 
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portion of the solution was diluted with tetrahydrofuran (THF) and analyzed with gel permeation 

chromatography (GPC) to determine the molecular weight of the free polymer (non-immobilized 

polymer formed from CP−I (non-immobilized alkyl iodide initiator)). It should be noted that the 

GPC was calibrated with standard poly(methyl methacrylate)s (PMMAs) and that the molecular 

weights determined with GPC were not absolute values but PMMA-calibrated values. Another 

portion of the solution was diluted with dimethyl sulfoxide-d6 (DMSO-d6) and analyzed with 

proton nuclear magnetic resonance (1H NMR) to determine the monomer conversion. The wafer 

was washed with acetone and dried under nitrogen flow. The polymer brush was scratched for 

the measurement of the height gap between the scratched and unscratched areas by using an 

atomic force microscope (AFM). The brush thickness presented in all tables was subtracted by 

the thickness of the IHE initiator layer (2 nm). The number-average molecular weight (Mn), 

polymer dispersity (Đ = Mw/Mn, where Mw is the weight-average molecular weight) of the free 

polymer, and the dry thickness (h) of the polymer brush are summarized in Table 1. For 

determining the thickness of the swollen polymer brush, we placed the wafer with the polymer 

brush in toluene for 30 min. The wet wafer (the swollen polymer brush covered with the solvent 

layer) was analyzed with AFM shortly before drying.  

General Crosslinking Procedure of PFMA Brushes. The wafer with the PFMA brush was 

immersed in a mixture of a crosslinker (1wt% for DIMI or 0.5wt% for DSMI) and DMF (1.5 g 

(99wt%) for DIMI and 1.0 g (99.5wt%) for DSMI) in a Schlenk flask and heated at 70 °C under 

argon atmosphere with magnetic stirring for 14 h. The wafer was cleaned by ultra-sonication in 

acetone for 30 min and dried under nitrogen flow. 

General Thermal Decrosslinking Procedure of Crosslinked PFMA Brushes. The wafer 

with the crosslinked PFMA brush was immersed in a mixture of a crosslinker trap (FMA (5wt%) 



 8

or 2-furyl methyl ketone (5wt%)) and DMF (1.5 g (95wt%) for FMA and 2.0 g (95wt%) for 2-

furyl methyl ketone) in a Schlenk flask and heated at 110 °C with magnetic stirring for 14 h. The 

wafer was cleaned by ultra-sonication in acetone for 30 min and dried under nitrogen flow. 

Calculation of Graft Density and Surface Occupancy.23,24 As mentioned, the Mn values 

determined with GPC were not absolute values but PMMA-calibrated values. Therefore, in the 

present work, we estimated the degree of polymerization (DP) of the polymer from the 

[monomer]0/[CP−I]0 ratio multiplied by the monomer conversion during the polymerization (DP 

= ([monomer]0/[CP−I]0)(monomer conversion)). This estimate is not strictly accurate but would 

be viewed as a good approximation.  

The graft density (σ) of the polymer brush was calculated using the estimated DP value and the 

dry thickness (h) of the polymer brush according to equation (1): 

 

ߪ ൌ
ߩ݄ ஺ܰ

DP		ሺmolecular	weight	of	monomerሻ
				ሺ1ሻ	

 

where  is the polymer density, NA is the Avogadro’s number, and DP  (molecular weight of 

monomer) is the estimated molecular weight of the polymer. The polymer density of PFMA is 

1.26 g/mL (in bulk).53 The polymer density of poly(2-hydroxyethyl methacrylate) (PHEMA) is 

1.15 g/mL (in bulk).54 

The surface occupancy (σ*) of the polymer brush was calculated using the estimated DP value 

and the h value according to equation (2): 
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0.25	nm	 ൈ 	DP	
100	ሺ%ሻ																										ሺ2ሻ	

  

where the length of a repeating unit in the polymer was assumed to be 0.25 nm. 

Calculation of Surface Free Energy.55,56 The surface energy (solid-vapor surface tension) 

 of the polymer brush was obtained by measuring the water and diiodomethane contact (ୗߛ)

angles and by using Owens-Wendt (extended Fowkes’) equations (3)−(5): 

ሺ1 ൅ cos ୐ߛሻߠ ൌ 2ටߛୗ
ௗߛ୐

ௗ ൅ 2ටߛୗ
௣ߛ୐

௣          (3)  

୐ߛ                     ൌ ୐ߛ
ௗ ൅ ୐ߛ

௣                             (4)  

ୗߛ                     ൌ ୗߛ
ௗ ൅ ୗߛ

௣                             (5)  

where θ is the contact angle, ߛ୐ is the liquid-vapor surface tension,	ߛ୐
ௗ  and ߛ୐

௣  are the liquid-

vapor surface tensions of the dispersive and polar components, respectively, and ߛୗ
ௗ and ߛୗ

௣ are 

the solid-vapor surface tensions of the dispersive and polar components, respectively. The 

surface tension values of the liquids used for calculation were ߛ୐
ௗ (water) = 21.8 mJ/m2, 

୐ߛ
௣(water) = 51.0 mJ/m2, ߛ୐

ௗ(diiodomethane) = 48.5 mJ/m2, and ߛ୐
௣(diiodomethane) = 2.3 mJ/m2. 

Equation (3) is valid when there is no surface pressure. In the presence of surface pressure, the 

obtained ߛୗ value will be an apparent value.  
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RESULTS AND DISCUSSION 

DA and rDA Reactions of FMA and PFMA in Solution. Before studying the polymer 

brushes, we studied the DA reaction between the FMA monomer (0.56 M, 20 eq) and DIMI 

(0.028 M, 1 eq) in DMSO-d6 at 60 °C (in solution). After 8 h, 1H NMR spectroscopy (Supporting 

Information, Figure S2) showed the disappearance of the maleimide (DIMI) (a signal at 7.16 

ppm for CH=CH) and the generation of the DA adduct (signals at 6.55, 5.25, and 3.25−3.18 ppm 

for the [2+4] cycloaddition moiety), suggesting the successful DA reaction between FMA and 

DIMI. Instead of the FMA monomer, we also studied the PFMA polymer (Mn = 24000 and Đ = 

1.35 (PMMA-calibrated GPC values)). PFMA (49.75wt%, monomer unit = 2.8 M, 210 eq) was 

reacted with DIMI (0.5wt%, 0.013 M, 1 eq) in DMF (49.75wt%) at 70 °C (Figure 2a). PFMA 

was converted to the crosslinked PFMA gel after 14 h, confirming the occurrence of the DA 

crosslinking of PFMA with DIMI. The crosslinked PFMA gel was decrosslinked at 110 °C via a 

rDA reaction. In the decrosslinking, the FMA monomer was added to trap the released DIMI. 

The above obtained crosslinked PFMA gel swollen in DMF (50wt%), the FMA monomer 

(2.5wt%, 25 eq to DIMI), and additional DMF (47.5wt%) were heated at 110 °C for 24 h. After 

the decrosslinking, the gel was reverted to a liquid state (Figure 2a). Figure 2b shows the GPC 

chromatograms of the original PFMA (black line) and the decrosslinked PFMA (red line), 

suggesting that a large fraction of the decrosslinked PFMA was reverted to the original PFMA. A 

shoulder peak was observed on the high-molecular-weight side for the decrosslinked PFMA and 

was attributed to the remaining coupled PFMA chains, which were not able to completely be 

eliminated after heating at 110 °C for 24 h. The Mn value (28000) of the decrosslinked PFMA 

was relatively close to that (24000) of the original PFMA, suggesting, with respect to the number 

average, a large fraction of the polymer was reverted to the original PFMA. These results 
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indicate that the DA and rDA reactions between PFMA and DIMI was highly effective for the 

reversible crosslinking of PFMA. It should be noted that the full (100%) decrosslinking via the 

rDA reaction was difficult to achieve. For the polymer brushes described below, after the rDA 

reaction, the brushes might still be partially crosslinked to small degrees. In a strict sense, the 

reversible crosslinking-decrosslinking via the DA and rDA reactions described below is viewed 

as nearly reversible crosslinking-decrosslinking.  

 

Figure 2. (a) Schematic illustration and images of the uncrosslinked, crosslinked, and 

decrosslinked PFMA. (b) GPC chromatograms of original (uncrosslinked) PFMA (black line) 

and decrosslinked PFMA (red line).  
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Table 1. Synthesis of Concentrated PFMA and Copolymer Brushes.a 

Entry M1
b M2

c 
[M1]0/[M2]0/[CP−I]0

/[ONI]0 (mM)d 
Conv of 

M1/M2 (%)e Mn
f (Mn,theo

g) Đf DPh 
h 

(nm) 

σ 
(chains
/nm2) 

σ* 

(%)

1 FMA ̶ 8000/0/8/64 13/ ̶ 21000 (21000) 1.35 130 10    0.35 31 

2 FMA PFPMA 4000/4000/8/64 7/14 21000 (21000) 1.41 105   7    0.25i 27 

3 FMA HEMA 4000/4000/8/64 6/9 23000 (11000) 1.49   75   5    0.16 27 

aPolymerizations were perform at 60 °C for 6 h (entry 1), 8 h (entry 2) and 24 h (entry 3). bFMA monomer. 
cComonomer. dThe target DP at a full (100%) monomer conversion was 1000. eMonomer conversion determined 
with 1H NMR. fPMMA-calibrated THF-GPC values of the free polymers for entries 1 and 2. PMMA-calibrated 
DMF-GPC value of the free polymer for entry 3. 

gTheoretical Mn calculated with [M1]0, [M2]0, [CP−I]0, and 
monomer conversion. hEstimated DP values according to DP = ([monomer]0/[CP−I]0)(monomer conversion). 
iAssuming the density of PFPMA (polymer) is the same as that of PFMA (monomer) (= 1.26 g/mL). 

 

Synthesis of Polymer Brushes. Table 1 (entry 1) shows the synthetic result of the homo-

PFMA brush. An alkyl iodide initiator IHE (Figure 1) was immobilized on a silicon-wafer 

(Scheme 2). The IHE-immobilized wafer was heated in a mixture of FMA (8000 mM, 1000 eq), 

CP−I (Figure 1, 8 mM, 1 eq) as a non-immobilized (free) alkyl iodide initiator, and ONI (Figure 

1, 64 mM, 8 eq) as a catalyst at 60 °C for 6 h, yielding the PFMA brush (Scheme 2). The free 

initiator (CP−I) was added because its addition can improve the control over Mn and dispersity, 

and the Mn and Đ values of the free polymer generated from the free initiator are in good 

agreement with those of the graft polymer in many cases. The obtained free PFMA had Mn = 

21000 and Đ = 1.35 (PMMA-calibrated GPC values). The dry thickness (h) of the PFMA brush 

was 10 nm. Because the Mn value determined with GPC was not an absolute value, we estimated 

the DP of the polymer from the [monomer]0/[CP−I]0 ratio multiplied by the monomer conversion 

(DP = ([monomer]0/[CP−I]0)(monomer conversion)). Using this DP value and assuming an 

identical Mn value for the graft and free polymers, the σ and σ* values were calculated to 0.35 

chains/nm2 and 31%, respectively.  
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Random copolymerizations of FMA with hydrophobic 2,2,3,3,3-pentafluoropropyl 

methacrylate (PFPMA) and hydrophilic 2-hydroxyethyl methacrylate (HEMA) yielded PFMA-r-

PPFPMA and PFMA-r-PHEMA random copolymer brushes with higher hydrophobicity and 

higher hydrophilicity, respectively (Table 1, entries 2 and 3), where PPFPMA is poly(2,2,3,3,3-

pentafluoropropyl methacrylate) and PHEMA is poly(2-hydroxyethyl methacrylate). The Mn and 

Đ values of the obtained free copolymers were 21000−23000 and 1.41−1.49, respectively 

(PMMA-calibrated GPC values). The graft densities were high (σ = 0.16−0.25 chains/nm2 and σ* 

= 27%) and located in a concentrated brush regime (σ* ≥ 10%). In the present work, we 

intentionally stopped the polymerizations at low monomer conversions (6−13%) of FMA to 

prevent the self-crosslinking reaction of the FMA units.57 
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Figure 3. (a) Reversible crosslinking (70 oC) and decrosslinking (110 oC) of PFMA brush via 
DA and rDA reactions using DIMI crosslinker and WCA analysis. The WCA analysis (76o) for 
PFMA brush (left) is not for the original PFMA brush but for the decrosslinked PFMA brush 
generated from the crosslinked PFMA brush. (b) XPS survey and high resolution N 1s spectra of 
PFMA brushes. (c) Change in WCA by crosslinking and decrosslinking of PFMA brush in a 
cycled manner. 
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Reversible Thermal Crosslinking and Decrosslinking of PFMA Brushes. The obtained 

brushes were crosslinked with DIMI via the DA reaction (Figure 3a). The wafer with the homo-

PFMA brush (Table 1, entry 1) was immersed in a DMF solution with DIMI (1wt%) and heated 

at 70 °C to crosslink the brush chains. Figures 3b shows the X-ray photoelectron spectroscopy 

(XPS) analysis of the uncrosslinked PFMA and crosslinked PFMA brushes. In the spectrum of 

the crosslinked PFMA brush, the nitrogen 1s electron signal (399 eV) originated from DIMI was 

clearly observed, while no nitrogen signal was detected for the uncrosslinked PFMA brush. We 

also investigated the swelling behaviors of the uncrosslinked and crosslinked PFMA brushes. In 

the dry state, the uncrosslinked and crosslinked brushes similarly had 10 nm in thickness. If all 

FMA units are crosslinked through DIMI (crosslinker), the dry thickness should increase from 10 

nm (no crosslinking) to 21 nm (full crosslinking), considering the molecular weights of FMA 

and DIMI. The observed similar thickness (10  1 nm) suggests that the extent of crosslinking is 

< 9% (= 1 nm/(21–10 nm)). This relatively small value (< 9%) would be reasonable because the 

studied polymer brush is a concentrated one (σ* = 31%) and the conformation of the polymer 

chains (hence the gel thickness) is fixed at even a small extent of crosslinking. After swelling in 

toluene, the thicknesses of the uncrosslinked and crosslinked brushes increased to 19 nm and 12 

nm, respectively. The smaller increase for the crosslinked brush is reasonable, because the brush 

chains can not freely extend due to the crosslinking among the chains. Thus, the XPS and 

swelling analyses show the occurrence of the crosslinking DA reaction between the PFMA brush 

chains and DIMI. 
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Table 2. Contact Angles (CA) and Apparent Solid-Vapor Surface Tensions (γS) of Polymer 
Brushes. 

Entry Polymer Brusha 
Uncrosslinked Crosslinked 

CA (°) 
(Water) 

CA(°) 
(CH2I2)

γS  
(mJ/m2)

CA (°) 
(Water) 

CA(°) 
(CH2I2) 

γS  
(mJ/m2)

1 PFMA 77 31 44.4 70 16 50.0 

2 PFMA-r-PPFPMA 90 53 32.7 85 43 38.2 

3 PFMA-r-PHEMA 65 34 46.8 54 27 53.6 
aThe synthetic conditions and characterization of the polymer brushes are given in Table 1.  

The static water contact angle (WCA) of the uncrosslinked PFMA brush was 77° and that of 

the crosslinked PFMA brush was 70° (Figure 3a and Table 2, entry 1). In the field of polymer 

brushes, a decreased WCA by crosslinking was first experimentally observed in 

poly(acrylamide) brush systems by Schönherr and Spencer58 and later on in other systems.27 A 

brush polymer anchors on the solid substrate at one chain end and can bridge to the liquid-vapor 

interface at the other chain end during the WCA analysis. Leermakers et al. suggested that the 

bridging of the polymer chain to the liquid-vapor interface can generate surface pressure 

(internal pressure inside the brush) and hence increase the WCA.59 Schönherr and Spencer 

suggested that the lateral cross-linking of polymer brush chains can decrease the chain 

conformational freedom, hence inhibiting the bridging effect and decreasing the WCA.58 We 

observed the decrease in the WCA after the DA reaction (Figure 3a and Table 2, entry 1), which 

supports the formation of the crosslinked polymer brush. However, it should be noted that DIMI 

(used as a crosslinker) is slightly more hydrophilic (due to the presence of imide) than PFMA 

and that the incorporation of DIMI in the brush layer might also contribute to the decrease in the 

WCA.  

Exploiting the reversibility of the DA reaction, the crosslinked PFMA brush was 

decrosslinked with the addition of the FMA monomer (as a trap of DIMI) at 110 °C via the rDA 
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reaction. After the rDA reaction, the WCA was restored to 76° (Figure 3a). The XPS spectrum of 

the decrosslinked PFMA brush showed no nitrogen 1s signal of DIMI (Figure 3b), meaning the 

successful decrosslinking. 2-Furyl methyl ketone, which is a furan derivative obtainable from 

plant biomass, was also able to use as a trap of DIMI in the rDA reaction. The DA and rDA 

reactions of PFMA and DIMI were reversible and repeatable for several cycles. Figure 3c shows 

that the WCA was consistently sustained at approximate 77° and 70° for the decrosslinked and 

crosslinked PFMA brushes, respectively.  

The PFMA-r-PPFPMA and PFMA-r-PHEMA brushes are more hydrophobic and more 

hydrophilic than the PFMA brush and showed the WCA values of 90° and 65°, respectively 

(Table 2, entries 2 and 3). After the crosslinking with DIMI, the WCA value decreased to 85° 

and 54°, respectively (Table 2, entries 2 and 3). The change in the cosine of WCA tended to 

increase in the order of the most hydrophobic PFMA-r-PPFPMA brush (cos(85°) – cos(90°) = 

0.087), pure PFMA brush (cos(70°) – cos(77°) = 0.117), and the most hydrophilic PFMA-r-

PHEMA brush (cos(54°) – cos(65°) = 0.165). This result suggests that the change in the surface 

pressure by the crosslinking became more significant in this order. A hydrophobic brush is not 

much swollen with water and would not effectively bridge to the liquid-vapor interface even in 

the non-crosslinked state. Therefore, the inhibition of the bridging effect by the crosslinking 

would be marginal.27 In contrast, a hydrophilic brush is swollen with water and would effectively 

bridge to the liquid-vapor interface without the crosslinking. The crosslinking would 

significantly inhibit the bridging effect and give a smaller WCA. The decrosslinking of the 

crosslinked PFMA-r-PPFPMA and PFMA-r-PHEMA brushes was also achieved at 110 °C. 

These results demonstrate that the DA and rDA reactions are applicable for PFMA-based 

brushes with different comonomers (different hydrophobicity).   
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   In addition, the apparent solid-vapor surface tension (γS) was determined for the uncrosslinked 

and crosslinked brushes by measuring the contact angles using water and diiodomethane (CH2I2) 

droplets and by using equations (3)–(5). The results are summarized in Table 2. The γS value 

increased by the crosslinking from 44.4 mJ/m2 to 50.0 mJ/m2 for PFMA, from 32.7 mJ/m2 to 

38.2 mJ/m2 for PFMA-r-PPFPMA, and from 46.8 mJ/m2 to 53.6 mJ/m2 for PFMA-r-PHEMA. 

Thus, the surface wettability was able to be modulated via the crosslinking and decrosslinking of 

the brushes and the use of hydrophilic and hydrophobic comonomers. 

 

Figure 4. (a) S-S crosslinked PFMA brush, decrosslinked PFMA-SH brush generated via 

thermal- or photo-stimuli, and S-S recrosslinked brush generated via oxidative SH coupling. (b) 

WCA analysis of S-S crosslinked PFMA brush, decrosslinked PFMA-SH brush, and S-S 

recrosslinked brush.  



 19

Photo- and Redox-Responsive Polymer Brushes. Instead of DIMI, DSMI was used as a 

functional crosslinker with a disulfide (S-S) bond. The PFMA brush was crosslinked with DSMI 

via the DA reaction at 70 °C to give a disulfide-bond crosslinked PFMA (S-S crosslinked 

PFMA) brush (Figure 4a). The WCA of the S-S crosslinked PFMA brush was 59° (Figure 4b), 

which is smaller than that of the DIMI-crosslinked PFMA brush, because the diethyl disulfide 

group in DSMI is more hydrophilic than the diphenylmethane group in DIMI.  

The S-S bond of the S-S crosslinked PFMA brush was able to reversibly be cleaved and 

regenerated through reduction-oxidation reactions. For the reduction (S-S dissociation), we used 

a thermal or photo stimulus under a mild condition (40 °C or UV light). The wafer with the S-S 

crosslinked PFMA brush was heated in a DMF solution of dithiothreitol (DTT, 5wt%) or 

tributylamine (TBA, 5wt%) as a reducing agent at 40 °C for 10 h (Figure 4b) or was irradiated in 

a DMF solution containing a photo-initiator (Irgacure D-2959) and either DTT or TBA under a 

UV light (365 nm, 900 mW/cm2) for 30 min (Figure 4b). The S-S bond was converted to thiols, 

generating a decrosslinked thiol-functionalized PFMA (PFMA-SH) brush (Figure 4a). The WCA 

of the S-S crosslinked PFMA brush was 59°, as mentioned above, and those of the decrosslinked 

PFMA-SH brushes increased to 76°–77°. The increase in the WCA indicates higher surface 

pressures and the successful decrosslinking of the brushes via the thermal and photo-irradiation 

treatments. The use of DTT and TBA gave the same results (the same WCA). The S-S bond was 

slowly cleaved in the presence of TBA even without the heating at 40 °C or the UV irradiation.60 

At room temperature, the WCA increased from 59° to 63° for 30 min and to 67° for 10 h. The 

heating and the UV irradiation were effective to accelerate the S-S bond cleavage reaction. 

Instead of DTT and TBA, 1-dodecanethiol (C12H25SH, 25wt%) was also successfully used to 

decrosslink the S-S crosslinked PFMA brush. The obtained PFMA-SH brushes were able to be 
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crosslinked again via an oxidative coupling of thiols using iron(III) chloride in a mild condition 

(room temperature for 24 h). After the re-crosslinking, the WCA was recovered to 61°, which is 

close to that (59°) of the original S-S crosslinked PFMA brush. This result demonstrates the 

stimuli-responsive crosslinking and decrosslinking of the S-S crosslinked PFMA brush.  

 

 

 

Figure 5. (a) Synthesis and WCA analysis of binary patterned PFMA brushes. (b) A sequence of 

drawing, labeling (CPM fluorophore labeling), and erasure of the brush pattern on a single 

surface, fluorescence microscope images, and WCA analysis. The scale bar indicates 50 μm in 

the fluorescence microscope images.  
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Spatial Control of Functional Polymer Brushes. Spatially controlled (patterned) polymer 

brushes have attracted attention towards various applications to, e.g., bio-microarrays, 

optoelectronic interfaces, and microfluidic systems.61−67 Exploiting the photo-responsive S-S 

cleavage demonstrated above, we spatially decrosslink the S-S crosslinked PFMA brush and 

created a binary patterned brush with crosslinked and decrosslinked areas. A uniform S-S 

crosslinked PFMA brush was prepared first, subsequently a half of the surface was covered with 

a clean silicon wafer, and the surface was irradiated by UV light (Figure 5a). The unmasked area 

was converted to a decrosslinked PFMA-SH brush, generating a binary patterned brush with two 

different WCAs of 76° for the decrosslinked PFMA-SH brush and 61° for the unreacted S-S 

crosslinked PFMA brush (Figure 5a). The PFMA-SH brush further reacted with 3-((2-

perfluorooctyl)ethoxy)propyne (C8F17-alkyne, Supporting Information) through a thiol-yne 

addition. The perfluorinated moiety was successfully attached on the PFMA-SH brushes, 

increasing the WCA to 83° (Figure 5a). Thus, the binary patterned surface with tailored 

hydrophobicity and hydrophilicity was successfully obtained. Meanwhile, the S-S bond slowly 

dissociated during the WCA analysis due to the light irradiation for imaging, resulting in the 

slight increase in the WCA from 59° to 64° for the S-S crosslinked PFMA brush area (Figure 5a).   

 The spatial decrosslinking also offered a striped patterned PFMA brush. The use of a striped 

photomask (with masked 25 μm and unmasked 50 μm pitches (Figure S1)) led to a patterned 

brush with the S-S crosslinked PFMA and decrosslinked PFMA-SH domains after the UV 

irradiation (Figure 5b). The PFMA-SH domain was subsequently labelled with a fluorophore-

containing maleimide, 7-diethylamino-3-(4-maleimidophenyl)-4-methylcoumarin (CPM), though 

thiol–maleimide Michael addition (Figure 5b). The fluorescence microscopy image shows a clear 

striped pattern, demonstrating the successful decrosslinking of the S-S crosslinked PFMA brush 
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and subsequent functionalization of the brush in a patterned manner. The obtained patterned 

brush was heated in a DMF solution of FMA (as a trap of the maleimides) at 110 °C and 

underwent the rDA reaction (Figure 5b). Both the fluorophore (CPM) and the crosslinker 

(DSMI), which were linked to the PFMA brush, were released from the PFMA brush via the 

rDA reaction, recovering the original uniform uncrosslinked PFMA brush. (The WCA (77°) of 

the recovered brush (Figure 5b) was identical to that (77°) of the original PFMA brush (Table 2, 

entry 1).) (In Figure 5b, the similarity of the WCA (76°) of the patterned PFMA brush to that of 

the recovered PFMA brush (77°) would be coincidence.) Therefore, combining the DA reaction, 

the photo-patterning, the SH functionalization, and the rDA reaction, we were able to draw, label, 

and erase the brush pattern on a single surface, which is a unique feature of the present approach.  

 

CONCLUSIONS 

The concentrated PFMA brushes were crosslinked in the presence of the bismaleimide 

crosslinkers at 70 °C via the DA reaction and decrosslinked at 110 °C via the rDA reaction, 

offering the temperature-responsive reversible PFMA brush gels. The wettability of the PFMA 

brush was tuned by the crosslinking and decrosslinking and the use of hydrophobic and 

hydrophilic comonomers in the PFMA brush. The use of the DSMI crosslinker further provided 

the S-S bond at the crosslinking point. The S-S bond was cleaved and regenerated by the 

reductive and oxidative stimuli, respectively, offering another decrosslinking/crosslinking 

pathway. Using the photo-induced reduction, the binary and striped patterned brushes with the 

crosslinked and decrosslinked domains were obtained. The combination of the DA/rDA reaction 

with the reversible S-S bond cleavage offered multi-responsive brush gels, e.g., enabling a 

sequence of drawing, labeling, and erasure of the brush gel pattern on a single surface. The 
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reversible crosslinking, multi-responsiveness, access to patterned structures, and metal-free 

synthetic procedure are attractive features of the present approach. The applications on the 

modulation of surface wettability, surface patterning, rewritable surface, and spatial fluorescence 

labeling demonstrated in the present work may be exploited for adsorptive/desorptive interfaces, 

rewritable interfaces, and molecular recognition and sensing interfaces, for example. 
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