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ABSTRACT. Functionalizing the surface of a material with a smart plasma polymer coating is 

an interesting alternative strategy to obtain a thermo-responsive material without changing its 

formulation. Based on a low-pressure plasma polymerization process, the present work first aims 

to fabricate polymer thin films that react via the well-known thermoreversible Diels-Alder (DA) 

reaction (diene-dienophile cycloaddition). A two-step surface modification process based on 

(pulsed) plasma polymerization enables the design of functional coatings that contain furan 

(diene) groups. The reactivity of these surfaces with maleic anhydride (dienophile) in solution is 
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thoroughly investigated, mainly by studying the kinetics of the DA reaction by advancing contact 

angle measurements. The determination of rate constants of reactions at various temperatures 

leads to the quantification of thermodynamic parameters such as the activation energy of the 

reaction as well as the enthalpy and entropy of activation related to the formation of the 

transition-state complex involved in the DA reaction. More interestingly, the design of furan-

functionalized coatings with various physicochemical properties enables the understanding of the 

role played by the density of functional groups and the cross-linking rate of the polymer on the 

interfacial reactivity. Thus, we show in this work how to control the interfacial DA reaction on 

plasma coatings by tailoring the operating conditions of plasma polymerization. 

 

Introduction 

Stimuli-responsive materials have properties that depend on the environment in which they are 

used.
[1, 2, 3]

 In most cases, the material itself is formulated to react to the corresponding stimulus. 

However, many phenomena occur at the surface of the material.
[4]

 Therefore, instead of changing 

the formulation and the bulk properties of the material, providing stimuli-responsive properties 

selectively to the surface of the material is an interesting alternative strategy for the development 

of smart materials. Several surface functionalization methods can be used to modify the 

outermost layer of a material and to obtain a functional thin film on the material.
[5, 6]

 For 

instance, physical or chemical surface modification techniques such as the elaboration of self-

assembled monolayers (SAMs)
[7]

 or multi-layered materials,
[8, 9, 10]

 grafting of small molecules 

(silanes, isocyanates, etc…)
[11, 12] 

or polymers
[13] 

are commonly reported. Recently, several 

groups explored the use of bio-inspired materials, such as polydopamine derivatives, to 



 3 

functionalize the surface of various materials thanks to catechol groups.
[14, 15]

 To avoid the use of 

solvent or, more generally, of a wet chemical method during the fabrication of a polymer 

coating, chemical vapor deposition (CVD) processes have been developed to produce the 

required chemical groups on the surface of a material.
[16]

 Plasma-Enhanced CVD (PECVD), also 

known as plasma polymerization, enables the grafting of a great variety of chemical groups (such 

as anhydrides,
[17]

 amines,
[18]

 aniline groups,
[19]

 alcohols,
[20]

 or fluorinated groups
[21, 22]

) via the 

growth of a functional polymer thin film.
[23] 

Additionally, the physicochemical properties of the 

deposited polymer film (retention rate of functional groups, film roughness, thickness and cross-

linking) can be finely controlled by the operating conditions of plasma polymerization.
[18, 24, 25, 26] 

In particular, pulsed plasma polymerization, which comprises two distinct reaction regimes 

corresponding to the plasma duty cycle on- and off-periods,
[17, 27, 28]

 strongly limits precursor 

fragmentation and ion bombardment compared to continuous plasma polymerization. This 

process was exploited to increase the retention rate of chemical groups within the plasma 

polymer and to favor its post-modification.
[29]

 This surface functionalization technique, including 

a post-modification step, has been chosen for this study in order to design polymer coatings that 

have diene groups, more precisely furan functions, capable of Diels-Alder (DA) reaction. The 

DA reaction is a thermoreversible [4 + 2] cycloaddition between a diene and a dienophile,
[30]

 

frequently used in materials science.
[31]

 This reaction was thoroughly studied, mainly between 

furan derivatives (diene) and maleimide derivatives (dienophile), in solution
 

or in bulk 

materials
[32, 33]

 but less on surfaces.
[34-42]

 Recently, Woisel’s group investigated the feasibility of 

interfacial DA reaction (333 K, 7 days) between maleimide derivatives and furan derivatives on 

a TiO2 surface grafted with functional polydopamine. The wettability of the surfaces could be 

tailored by changing the hydrophobicity of the grafted derivatives.
[43]

 Interfacial DA reaction has 



 4 

also been explored to obtain self-healable composites at relatively low temperatures by 

performing DA reaction between maleimide derivatives immobilized on fibers
[44]

 or 

nanoparticles
[45]

 and furan-functionalized matrixes. These studies highlighted the necessary 

control of the DA reactivity to carry out the reaction at a relatively low temperature. The 

investigation of the DA reactivity for the furan/maleimide pair is well-discussed in the literature 

when performed in solution close to room temperature.
[46, 47]

 These studies reported on the 

influence of maleimide and furan derivatives on the DA reactivity: the diene should have 

electrodonor substituents and the dienophile should have electroattractive substituents to lower 

the energetic gap between the electronic orbitals of the diene (HOMO) and the dienophile 

(LUMO) and, thus, to decrease the reaction temperature and time. In 2005, our team carried out a 

comparative study between the interfacial DA reactivity on SAMs and plasma polymers, both 

containing alkene groups.
[48]

 The investigation of the DA reactivity of these surfaces with 

cyclopentadiene showed that the plasma polymer thin film was less reactive than the monolayer, 

but the transition-state complex was more ordered. The chemical environment of the reactants 

thus controls their reactivity. But what about the effect of the plasma polymer properties on the 

DA reactivity? Indeed, regarding the operating conditions of low-pressure (pulsed) plasma 

polymerization, the retention rate of functional groups and the polymer cross-linking rate may 

change. Steric hindrance and mobility of reactive groups may therefore be modified, impacting 

the formation of the transition-state complex during DA reaction. In this study, we investigated 

the influence of plasma polymer properties on the reactivity of the DA reaction between furan 

groups (diene) within the polymer thin film and maleic anhydride (dienophile) in water. A 

simple surface characterization method of the functional coating, based on contact angle 

measurements, has enabled the calculation of the interfacial conversion of the DA reaction on 
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plasma polymers. These results have led to the suggestion of a reactivity model according to the 

values of thermodynamic parameters required for the formation of the transition-state complex. 

 

 

Experimental Section 

 

Materials 

Single-side polished silicon wafers (20 mm x 10 mm, Silicon Materials Inc) were pretreated by 

30 mins UV/ozone cleaning (Nanosciences, ProCleaner™ 220) followed by 1 hr silanization 

with 1.9 x 10
-3

 mol L
-1

 1-triethoxysilylprop-2-en-1-amine (92%, abcr GmbH) in chloroform 

(99%, Carlo Erba) at room temperature. Silanized wafers were thoroughly rinsed with 

chloroform and ethanol and dried under nitrogen flow. Gold wafers were prepared by successive 

thermal evaporation under high vacuum of 10 nm chrominum and 20 nm gold on native single-

side polished silicon wafers. Before coating them with a plasma polymer thin film, they were 

cleaned by 30 mins UV/ozone cleaning. Maleic anhydride (99%, Aldrich) was ground into a fine 

powder and furfurylamine (99%, Alfa Aesar) were used as received. Both precursors were 

separately loaded into a stoppered glass gas-delivery tube with two compartments and degassed 

by three freeze−pump−thaw cycles. 

 

Fabrication of furan-functionalized thin films assisted by plasma polymerization 

As described elsewhere,
[29, 48]

 plasma polymerization experiments were carried out in an 

electrodeless cylindrical glass reactor (6 cm diameter, 680 cm
3
 volume, base pressure of 5 x 10

-4
 

mbar) enclosed in a Faraday cage. The reactor was equipped with a gas inlet on one side and a 
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Pirani pressure gauge and a two-stage rotary pump (Edwards) connected to a liquid nitrogen cold 

trap on the other side. All joints were grease-free. An externally wound copper coil (4 mm 

diameter, 4 turns) was connected to an impedance matching network (Dressler, VM 1500 W-

ICP), used to match the output impedance of a 13.56 MHz radio frequency (RF) power supply 

(Dressler, Cesar 133) to the ionized gas load by minimizing the standing wave ratio of the 

transmitted power. 

Prior to each experiment, the reactor was cleaned by a 30-minute, 40 W air plasma treatment. 

The system was then vented to air and the substrates were placed at the center of the chamber 

(19 cm from the chamber inlet), followed by evacuation back down to base pressure. 

Subsequently, maleic anhydride (MA) vapor was introduced into the reaction chamber at a flow 

rate of approximately 1 x 10
-4

 g s
-1

 and
 
a work pressure of 2 x 10

-1
 mbar. At this stage, the 

plasma was ignited by supplying an average continuous-wave power of 10 W. The power 

delivered by the RF generator was continuous for 8 mins or pulsed at a frequency of 816 Hz and 

a given duty cycle (DC), (Equation 1) for 30 mins (DC = 2%) or 15 mins (DC = 20%) (the 

reaction times were chosen to obtain similar thicknesses of coating).
 

   
   

        
             (1) 

The on-time (ton) generates active sites in the gas-phase and at the surface of the substrate, 

whereas conventional polymerization mainly occurs during the off-time (toff). 

Upon completion of deposition of poly(maleic anhydride), the RF generator was switched off 

and the monomer feed allowed to continue to flow through the system for a further 2-minute 

period before evacuating the reactor back down to base pressure. Then, the reactor was fed with 

furfurylamine vapor at a pressure of 2 mbar without pumping. Furfurylamine reacted with 

poly(maleic anhydride) by vapor-phase aminolysis for 5 mins. The reactor was finally pumped 
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back down to base pressure before venting it up to atmosphere. The furan-functionalized surfaces 

(FUR X%, X% corresponding to the DC used during plasma polymerization of poly(maleic 

anhydride)) were removed from the reactor and placed in an oven under vacuum at 393 K for 

1 hr in order to transform the amide groups, produced by the aminolysis reaction between 

anhydride groups of the plasma polymer and the amine of furfurylamine compound, into more 

stable cyclic imide groups.
[47]

 

 

Diels-Alder reaction between the furan-functionalized plasma polymers and maleic 

anhydride 

The furan-functionalized surfaces, FUR X% (diene-functionalized surfaces), were immersed in 

deionized water at room temperature for 1 hr in order to remove any precursor molecules and 

low molecular chains that were not covalently bonded to the plasma polymer films. They were 

then dried under nitrogen flow and immersed in a maleic anhydride solution (dienophile 

solution) at a given concentration, at a given temperature, for a given time to carry out the Diels-

Alder reaction. Afterwards, the surfaces were rinsed five times with deionized water and dried 

under nitrogen flow. 

 

Surface analyses 

Polarization-modulation infrared reflection-absorption spectroscopy (PM-IRRAS) 

PM-IRRAS spectra on functionalized gold wafers were recorded with Bruker IFS66/S Fourier 

transform infrared spectrometer equipped with a PMA 37 polarization modulation system and a 

nitrogen-cooled MCT detector. The infrared beam was first p-polarized with a ZnSe wire grid 

polarizer (Specac) before passing through a photoelastic modulator (PEM-90, Hinds 
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Instruments). A lock-in amplifier (Stanford model SR-830) was used to obtain the PM-IRRAS 

spectra. The half-wave retardation frequency was set at 4000 cm
-1

. A total of 200 scans at a 

resolution of 4 cm
-1

 were collected for each measurement at an angle of incidence of 80° with 

respect to the normal to the sample surface. 

 

X-ray photoelectron spectroscopy (XPS) 

XPS was performed with a VG SCIENTA SES-2002 spectrometer equipped with a concentric 

hemispherical analyzer. The incident radiation used was generated by a monochromatic Al Kα 

X-ray source (1486.6 eV) operating at 420 W (14 kV, 30 mA). Photo-emitted electrons were 

collected at a take-off angle of 90° from the surface substrate, with electron detection in the 

constant analyzer energy mode (FAT). Wide scan spectrum (survey) signals were recorded with 

a pass energy of 500 eV and for high resolution spectra (C1s, O1s and N1s) pass energy was set 

to 100 eV. The analyzed surface area was approximately 24 mm
2
 and the base pressure in the 

analysis chamber during experimentation was about 10
-9

 mbar. The spectrometer energy scale 

was calibrated using the Ag 3d5/2, Au 4f7/2 and Cu 2p3/2 core level peaks, set respectively at 

binding energies of 368.2 eV, 84.0 eV and 932.6 eV. Spectra were subjected to a Shirley 

baseline and peak fitting was made with mixed Gaussian-Lorentzian components with equal full-

width-at-half-maximum (FWHM) using CASAXPS version 2.3.18 software. The surface 

composition expressed in atom% was determined using integrated peak areas of each component 

and taking into account the transmission factor of the spectrometer, mean free path (around 

30 Ǻ) and Scofield sensitivity factors of each atom (C1s: 1.00, O1s: 2.93, N1s: 1.80). All the 

binding energies are referenced to the C1s (CHx) peak at 285.0 eV. 
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Dynamic contact angle (DCA) measurements 

DCA measurements were carried out using a Drop Shape Analyzer (DSA100, Krüss©). A 

droplet of 2 µL of buffer solution was cautiously deposited on the surface and a continuous 

enlargement of the drop volume was performed at 10 µL min
-1

. Measurements were made on 

both sides of the drop. The contact angle value obtained just before the meniscus moved 

corresponded to the indicated advancing contact angle (ACA). Each ACA value was determined 

by the calculation of the average value of ten independent measurements. The standard deviation 

for all average values indicated afterwards is about 2 °. 

To investigate the Diels-Alder reaction kinetics, ACA measurements were carried out with a 

KOH/NaOH (Aldrich) buffer solution at pH = 13. 

 

Measurements by atomic force microscopy (AFM) 

Swelling properties of the polymer thin films (deposited on silicon wafer) were investigated by 

AFM measurements in deionized water using a FlexAFM scanning probe microscope 

(Nanosurf), running with a Nanosurf C3000 controller (Nanosurf) and equipped with a liquid 

cell. Silicon cantilevers with a silicon tip coated with gold (HYDRA-ALL-G-10) were used for 

measurements in the contact mode. The spring constant of the cantilever was 0.292 N m
-1

. The 

swelling properties of the films were quantified by monitoring the evolution in real time at room 

temperature of the thickness of the polymer coating via a scratch, deliberately made with a 

needle on the coated substrates.  

AFM was also used to determine the thickness of the different thin films in air at room 

temperature in tapping mode (free amplitude = 500 mV, free vibration frequency = 179 kHz). 
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Silicon cantilevers (spring constant: 13-77 N m
-1

) with a silicon tip ACT-50 were used for these 

measurements. 

Data processing and calculation of the thickness of the coating were performed on 2 µm x 2 µm 

images by using WSxM 5.0 software (WSxM Solutions). 

 

 

Results and Discussion 

 

1. Plasma-assisted fabrication and chemical composition of furan-functionalized polymer 

thin films (FUR 2%) 

 

A smooth plasma polymer of poly(maleic anhydride) (MAPP) with a thickness of 50 ± 3 nm was 

obtained by low-pressure pulsed plasma polymerization performed at a duty cycle DC = 2%. In 

Figure 1.b, the X-ray photoelectron spectroscopy (XPS) C1s envelope was peak fitted and the 

following characteristic cyclic anhydride bonds were identified: 285.7 eV (carbon simply bonded 

to an anhydride group; C-C(O)-O) and 289.4 eV (carbon from anhydride groups; O=C-O-C=O). 

The retention rate of anhydride groups within the plasma polymer, R, was calculated by dividing 

the area of the characteristic peaks of anhydride groups by the total area of the C1s peak. For a 

DC = 2%, R is equal to 54%, which is an optimized retention rate obtained in this reactor.
[29] 

Then, the MAPP was post-modified by aminolysis with furfurylamine performed in vapor phase, 

followed by a heat treatment. This furan-functionalized thin film is called FUR 2%. This post-

modification step was confirmed by high resolution XPS of C1s (Figure 1.c) thanks to the 

appearance of a bond at 288.4 eV (carbon from imide groups; O=C-N-C=O). It can be noticed 
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that some anhydride groups are still present within the furan-functionalized polymer. The XPS 

results (see also Figure S1 and Table S1) of these two functionalization steps agree with the 

literature.
[27, 29]

  

 
Figure 1. (a) Schematic illustration of the different functionalization steps and high resolution 

XPS spectra of C1s of the surfaces: (b) after the deposition of the MAPP, (c) after vapor-

aminolysis (at 293 K for 5 min) and thermal imidization (at 393 K for 1 h) and (d) after 

immersion in a MA aqueous solution (303 K for 5 h) leading to the formation of the Diels-Alder 

adduct between furan-functionalized surfaces and MA. 
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2. Diels-Alder reaction in water between furan-functionalized surfaces and maleic 

anhydride 

 

The furan-functionalized plasma polymer FUR 2% contains diene groups able to react by Diels-

Alder reaction with a dienophile. To evidence this reactivity, FUR 2% surfaces were immersed 

into an aqueous solution of maleic anhydride (MA, [MA] = 2.35 x 10
-4

 mol L
-1

) at 303 K for 

5 hours. A significant increase of the intensity of the peak at 289.4 eV, assigned to anhydride 

groups (O=C-O-C=O) and carboxylic acid (C(O)-OH) in the high resolution XPS spectra of C1s 

(Figure 1.d), indicates the presence of the DA adduct on the surface. These results validate the 

functionalization process described here and the feasibility of carrying out a DA reaction at a 

moderate temperature in water between furan-functionalized surfaces and MA. 

XPS characterizations were confirmed by advancing contact angle (ACA) measurements (Figure 

S2 in Supporting Information) and polarization-modulation infrared reflection-absorption 

spectroscopy (PM-IRRAS) analyses (Figure S3 in Supporting Information). Indeed, the presence 

or not of the DA adduct on the outermost surface leads to a significant change of ACA values at 

pH = 13. The furan-functionalized plasma polymer (FUR 2%) has an ACA of 67° ± 2° whereas 

an ACA of 35° ± 3° characterizes the presence of the adduct on the surface, due to the formation 

of hydrophilic carboxylate groups at high pH. Because of the ease and the rapidity of this surface 

characterization technique, the presence of the adduct is afterwards characterized by ACA 

measurements at pH = 13. 
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3. Study of the interfacial Diels-Alder (DA) reaction between furan-functionalized surfaces 

and maleic anhydride and determination of the related thermodynamic parameters 

 

3.1. Kinetics and thermodynamic parameters of interfacial DA reaction determined by neglecting 

the retro-DA reaction 

 

 
Figure 2. Evolution of the advancing contact angle at pH = 13 with immersion time after DA 

reaction between FUR 2 % and MA in water (a) at 303 K, at different MA concentrations and (b) 

at different temperatures, at [MA] = 2.35 x 10
-4

 mol L
-1

. 
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The progress of the DA reaction between FUR 2% and MA in water was investigated by 

measuring the evolution with the reaction time of the ACA at pH = 13 of the surface after its 

immersion in the dienophile (MA) solution for various concentrations of dienophile ranging from 

2.35 x 10
-5

 mol L
-1

 to 2.35 x 10
-4

 mol L
-1

 (Figure 2.a) and various reaction temperatures ranging 

from 293 K to 323 K (Figure 2.b).  

As observed in Figure 2, the cycloaddition between furan and MA at the interface depends on the 

dienophile concentration and on the temperature of the solution. 

The adduct content and the residual furan content on the surface can be calculated from ACA 

measurements by using the Cassie equation (Equation 2):
[49]

 

                                             (2) 

with χdiene and χadduct corresponding respectively to the surface density of the residual furan 

functions and of the DA adduct groups, ϴa being the experimental ACA at any time and ϴdiene 

and ϴadduct, being the ACA measured respectively before the DA reaction on FUR 2%, saturated 

with furan functions (ϴdiene = 67°), and after the DA reaction on the surface fully saturated with 

the DA adduct (ϴadduct = 35°).  

Moreover, χdiene + χadduct = 1, then the Cassie equation leads to the determination of χdiene at any 

time (Equation 3): 

       
                

                    
         (3) 

In order to better understand this interfacial DA reaction between furan-functionalized surfaces 

and MA, the rate law of this reaction has first been investigated. By assuming that the 

reversibility of this interfacial DA reaction can be neglected at the temperatures that were 

tested,
[46]

 the reaction rate v can be expressed as follows (Equation 4): 

                             (4) 
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where kDA is the DA reaction rate constant, [MA] and [FUR 2%] are respectively the molar 

concentration in dienophile and surface content of diene; q and p represent the partial orders of 

the reaction related to the dienophile and diene, respectively.  

To easily determine the partial orders, the amount of dienophile (MA) was introduced in large 

excess (in solution) compared to the amount of diene groups (on the surface) to be allowed to 

apply the isolation method. The rate law can thus be simplified (Equation 5): 

               with k’ = kDA[MA]
q
       (5) 

In Figure S4 and Table S2 (in Supporting Information), the ln(χdiene) and 1/χdiene were plotted 

versus the reaction time for the different concentrations and the linearity of the graphs was 

tested. For all concentrations, a linear dependence is observed for ln(χdiene) = f(time) (Table 1). 

This linear behaviour indicates that the DA reaction can be described by pseudo-first-order 

kinetics related to the diene, therefore p = 1. 

Table 1. Coefficients of determination (R²) for the pseudo-first-order kinetics related to the diene 

for FUR 2% after DA reaction carried out at different MA concentrations at 303 K. 

[MA] 

[mol L
-1

] 

R² (pseudo-first-order 

related to the diene) 

2.35 x 10
-5

 0.94 

4.62 x 10
-5

 0.88 

1.18 x 10
-4

 0.92 

1.40 x 10
-4

 0.96 

2.35 x 10
-4

 0.95 

 

Moreover, the slopes of the curves ln(χdiene) = f(time) directly give the values of the observed rate 

constants k’ (equal to kDA[MA]
q
) for the different concentrations that were tested. Additionally 

to the determination of the value of kDA at 303 K, the linearization of the curve 

ln(k’) = f(ln[MA]) (Figure 3) demonstrates that the DA reaction can be described by pseudo-
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second-order kinetics related to the dienophile since the slope of this curve is close to 2, 

therefore q = 2. 

Consequently, the rate law of the DA reaction between furan-functionalized surfaces FUR 2% 

and MA can be written as follows (Equation 6): 

                            (6) 

The partial order related to the dienophile (MA), equal to 2, is quite surprising compared to other 

kinetics studies, especially those performed in solution.
[47]

 However, a pseudo-second-order 

kinetics related to the diene or dienophile on surfaces has already been previously observed in 

the literature with another diene/dienophile pair.
[48]

 Two molecules of maleic anhydride, here in 

solution, seem to be required to interact with one furan group in order to form the transition-state 

complex. This cooperative effect may favor the coplanar conformation of the transition-state 

complex involved in this concerted mechanism. 

 

Figure 3. Determination of the partial order related to the dienophile (q) for the DA reaction 

between FUR 2% and MA by linearization of the curve ln(k’) = f(ln[MA]). The equation of the 

fitting curve is ln(k’) = 1.9 ln([MA]) + 7.9 (R² = 0.95). 
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Then, the results of the kinetics conducted at various temperatures have enabled the 

determination of DA rate constants, kDA, at different temperatures (Table 2). 

Table 2. Values of Diels-Alder rate constants, kDA, determined at different temperatures. 

T 

[K] 

kDA ₓ 10
-4

 

[M
-2

 s
-1

] 

293 5.8 

298 9.9 

303 22 

308 29 

313 35 

323 65 

 

It can be noted that the values of kDA increase with the reaction temperature and that they obey 

the Arrhenius equation (Equation 7), as illustrated in Figure 4: 

      
   
             (7) 

with A the pre-exponential factor related to the frequency of collisions, Ea the activation energy, 

T the absolute temperature and R the universal gas constant. 

The slope of the linearization plot of the Arrhenius equation gives an estimation of the activation 

energy of this interfacial DA reaction, here Ea = 63 ± 4 kJ mol
-1

, which is the same order of 

magnitude as another interfacial DA reaction performed on plasma polymer and reported in the 

literature.
[48]
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Figure 4. Linearization of the Arrhenius equation representing the evolution of ln(kDA) with 1/T. 

The equation of the fitting curve is ln(kDA) = -7557 / T + 36.9 (R² = 0.95). 

 

In addition to the determination of the macroscopic activation energy based on collision theory, 

the values of the rate constant at different temperatures can provide information about the 

activated complex formed during the reaction by applying transition-state theory. According to 

the Eyring equation,
[50]

 the DA rate constant, kDA, can be calculated as written in Equation 8: 

     
   

 
 
   

  
    

           (8) 

with κ the transmission coefficient that can be considered to be equal to 1, R, kB and h 

respectively the ideal gas constant, Boltzmann and Planck’s constants, T the absolute 

temperature and ΔH
≠
 and ΔS

≠
 respectively the enthalpy and entropy of activation related to the 

formation of the transition-state complex. 

By linearization of Equation 8, Equation 9 is obtained: 
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Plotting ln(kDA/T) = f(1/T) (Figure 5) enables the calculation of thermodynamic parameters of 

the DA reaction between FUR 2% surfaces and MA: the enthalpy of activation of this interfacial 

DA reaction corresponds to ΔH
≠
 = 60 ± 8 kJ mol

-1
 and the entropy of activation 

ΔS
≠
 = 0.05 ± 0.02 kJ mol

-1
 K

-1
. Indeed, the slope of this curve is equal to -ΔH

≠
/R and the 

intercept leads to the determination of ΔS
≠
. 

 

Figure 5. Determination of the enthalpy of activation and entropy of activation by linearization 

of Eyring equation. The equation of the fitting curve is ln(kDA/T) =-7242 / T + 30.2 (R² = 0.95). 

 

ΔH
≠
 represents the energy needed by the system to form the transition-state complex and ΔS

≠
 

reflects the order brought by the formation of the activated complex. The positive value of ΔH
≠
 

evidences that the reaction is endothermic. The value of ΔS
≠
 is very close to 0, which shows that 

almost no change of order occurs by the formation of the complex. Although the formation of the 

transition-state complex induces a coplanar orientation of the diene and dienophile, it is difficult 

to comment on a more or less ordered system compared to the initial state, at least for the 

FUR 2% surface. Indeed, the reactive groups are embedded within the plasma polymer, which 

has a poorly-defined cross-linked structure. Therefore, the order of the system remains almost 
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unchanged during the formation of the transition-state complex. The values of enthalpy of 

activation and entropy of activation are in accordance with those reported in the literature for 

interfacial DA reactions (ΔH
≠
 ≈ 20 to 70 kJ mol

-1
, ΔS

≠
 ≈ - 0.1 to - 0.5 kJ mol

-1
 K

-1
).

[48, 51] 

However, we should carefully compare these results because the physicochemical properties 

(microstructure, cross-linking rate) of the surfaces were different, the solvents used were not the 

same and above all the diene/dienophile pair differed. 

 

3.2. Kinetics and thermodynamic parameters of interfacial DA reaction determined without 

neglecting the retro-DA reaction 

In the previous paragraph, the progress of the retro-DA reaction has been neglected in favor of 

the progress of the DA reaction to simplify the calculations. In this section, we consider the 

chemical equilibrium of this DA reaction and determine the rate constants of the direct DA 

reaction, kDA2, and of the retro-cycloaddition, krDA2, by fitting with Matlab the evolution of the 

reaction progress with time. 

For this fitting, the rate law, previously determined, changes as follows (Equation 10): 

   
        

  
     

                  
       (10) 

with x = 1-[FUR 2%], x and [FUR 2%] being the surface content of adduct and furan groups, 

respectively, the surface solely containing furan and adduct groups. 

Since MA was in large excess compared to the amount of furan groups on FUR 2% surfaces, it is 

reasonable to write that the concentration of MA remains constant during the reaction which 

allows us to define an observed rate constant k’2 = kDA2[MA]
2
. 
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By solving Equation 10, Equation 11, describing the theoretical evolution of the reaction 

progress with time
[52] 

can be used to fit the experimental data (Figure S6 in Supporting 

Information):  

     
  

 

  
       

       
 
                 (11) 

In that way, the DA rate constants, kDA2, the retro-DA rate constants, krDA2, and the equilibrium 

reaction constants (Equation 12) can be computed at various temperatures and are summarized 

in Table 3. 

Table 3. Values of kDA2 Diels-Alder and krDA2 retro-Diels-Alder rate constants as well as 

K = kDA2 / krDA2 at different temperatures determined by computing experimental results 

regarding Equation 11. 

T 

[K] 

kDA2 ₓ 10
-4

 

[M
-2

 s
-1

] 

krDA2 

[s
-1

] 
K 

293 2.6 706 36 

298 12 162 740 

303 21 17 12600 

308 21 66 3200 

313 25 86 2920 

323 60 216 2790 

 

  
    

     

           (12) 

By comparing the values of the DA rate constants at different temperatures (Table 2 and Table 

3), it can be noted that kDA and kDA2 are very close to each other for most of the tested 

temperatures. Moreover, the retro-DA rate constants, krDA2, are quite low and the values of the 

equilibrium reaction constant, K, are high in the tested temperature range. These observations 
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lead to the conclusion that the retro-cycloaddition can be neglected from 293 K to 323 K. 

Therefore, we have decided to ignore the contribution of the retro-DA reaction in the following 

comparative study of thermodynamic parameters related to the interfacial DA reaction between 

maleic anhydride in solution and furan-functionalized surfaces with different physicochemical 

properties. 

 

4. Influence of the plasma polymer properties on the interfacial DA reactivity 

 

Since changing the operating conditions of plasma polymerization modifies the steric hindrance 

and the mobility of the reactive groups as well as their retention rate,
[25]

 it is interesting to 

investigate the impact of these properties on the DA reactivity. For this purpose, different plasma 

polymers with various cross-linking rates and anhydride contents (but similar thicknesses) were 

fabricated by varying the plasma duty cycle (DC). Poly(maleic anhydride) (MAPP X%, X being 

the plasma DC) was thus synthesized at a DC of 2%, 20% and 100% (continuous plasma). As 

shown in XPS spectra in Figure 6.a-c, the different surfaces have different anhydride retention 

rates (R): R = 54% for MAPP 2%, R = 30 % for MAPP 20% and R = 22 % for MAPP 100%. 

Since the aminolysis with furfurylamine is very efficient (as previously illustrated), it can be 

considered that the evolution of the furan content, after performing the post-modification step on 

these surfaces, is similar regarding the plasma DC. Moreover, AFM measurements of the 

thickness of MAPP X% as a function of the immersion time of the polymer thin film in water 

enable the estimation of the swelling rates of these plasma polymers (Figure 6.d-f). Swelling 

rates varying from 10% to over 70% can be achieved by changing the plasma polymerization 
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conditions. Indeed, the swelling rate of a plasma polymer is directly related to its cross-linking, 

which can be tuned by changing the plasma DC. 

 

Figure 6. (left) High resolution XPS spectra of C1s and (right) AFM swelling rates determined 

by AFM measurements of MAPP synthesized by pulsed plasma polymerization at a DC of (a,d) 

2%, (b,e) 20% and (c,f) 100%.  

 

Consequently, various furan-functionalized surfaces, FUR X%, have been prepared by changing 

the plasma DC during plasma polymerization of maleic anhydride. As illustrated in Figure 7, 
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surfaces with a high swelling rate and a high retention rate of functional groups were prepared at 

low plasma DC whereas surfaces with a high cross-linking rate and few functional groups were 

obtained by continuous plasma polymerization. 

 

Figure 7. Schemes of the different functional surfaces after pulsed plasma polymerization 

performed at a DC of (a) 2%, (b) 20% and (c) 100%. The red points represent the functional 

groups available for interfacial DA reaction and the purple lines the polymer chains. 

 

The methodology previously described was applied again to investigate the kinetics and to 

determine the thermodynamic parameters (activation energy, enthalpy of activation and entropy 

of activation) of the interfacial DA reaction between various furan-functionalized surfaces and 

maleic anhydride. The reaction progress with immersion time was measured at different 

concentrations and temperatures in order to see if the properties of the polymer thin film 

influence the reactivity of the surfaces regarding DA reaction. First, we verified that the partial 

orders related to the reactants were the same for the three surfaces, namely a first order for the 

diene on the surface and a second order for the dienophile in solution. Secondly, the rate 

constants kDA were determined at various temperatures for the two additional plasma polymers 

(Table S3 in Supporting Information). Similarly to FUR 2%, it can be noticed that the DA rate 

constant increases with temperature. However, the increase with temperature is slower and rate 

constants are lower when the plasma polymer is more cross-linked. This means that little cross-

linking favors a faster DA reaction, which probably originates in the higher probability of 

collision with reactive groups that are appropriately oriented to undergo the DA reaction. Indeed, 

the FUR 2% surface has a higher density of functional groups and the reactive groups are more 

a b c

DC = 2 % DC = 20 % DC = 100 %
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flexible, so easier to reach. Besides, the activation energy of the reaction performed on the three 

surfaces significantly differs from 25 kJ mol
-1

 to 63 kJ mol
-1

 for FUR 100% and FUR 2% 

respectively. As illustrated in Figure 7, the functional groups are fairly static due to the high 

cross-linking rate for the FUR 100% surface. Molecular vibrations are thus hindered by cross-

linking. Additionally, the accessible functional groups are those located at the outermost surface. 

The DA reaction with these functional groups does not therefore require a high activation energy 

since the latter are rather accessible and stationary. Table 4 summarizes the values of enthalpy of 

activation, entropy of activation and free energy of activation at 303 K regarding the 

physicochemical properties of the functional surfaces. 

Table 4. Values of thermodynamic parameters characterizing the formation of the transition-

state complex involved during the interfacial DA reaction for different plasma polymers. 

Samples Ea 

[kJ mol
-1

] 

ΔH
≠
 

[kJ mol
-1

] 

ΔS
≠
 

[kJ mol
-1

K
-1

] 

ΔG
≠ a)

 

[kJ mol
-1

] 

FUR 2% 63 ± 4 60 ± 8 0.05 ± 0.02 44 ± 8 

FUR 20% 40 ± 1 38 ± 1 -0.05 ± 0.01 53 ± 2 

FUR 100% 25 ± 2 22 ± 2 -0.10 ± 0.01 53 ± 2 
a)

 Calculated at 303 K. 

 

The increase of the enthalpy of activation to get the transition-state complex when the polymers 

are less cross-linked can be explained similarly to the increase of activation energy. The 

formation of the activated complex requires more energy since functional groups that are located 

deeper within the plasma polymer can be involved in the formation of the complex. Furthermore, 

the complex may be more difficult to achieve due to the fact that the functional groups are 

randomly oriented and because of the higher molecular vibrations that may occur within the less 

cross-linked polymer. As for the entropy of activation, it is interesting to notice that slightly 

negative values have been calculated for more cross-linked polymers. This result is 



 26 

understandable since the interfacial DA reaction probably occurs more favorably at the 

outermost surface compared to FUR 2%. Therefore, some order can be gained during the 

formation of the transition-state complex since the concerted mechanism occurring close to the 

surface may bring some order to the system. The free energy of activation ΔG
≠
 doesn’t change 

significantly with the physicochemical properties of the surfaces, which is commonly 

observed.
[53]

 

These data evidence that differences in the thin film microstructure imply significant changes in 

the kinetics and the thermodynamic parameters of the reaction and the formation of the 

transition-state complex of this interfacial DA reaction. Consequently, it is possible to tune the 

interfacial reactivity by tailoring the physicochemical properties of the polymer thin film directly 

via the selected operating conditions of plasma polymerization. 

 

Conclusions 

In this work, we investigated the interfacial Diels-Alder (DA) reactivity on plasma polymer 

coatings with different physicochemical properties. First, well-adhering poly(maleic anhydride) 

thin films were deposited by low-pressure plasma polymerization conducted at different duty 

cycles (DC) and a subsequent post-functionalization with a furan-terminated molecule was 

carried out. The reactivity of these furan-functionalized surfaces was then quantified by 

determining the kinetics and thermodynamic parameters of the interfacial DA reaction with MA 

(in solution). Since the operating conditions of plasma polymerization, in particular the plasma 

DC, strongly influence the density of functional groups and the polymer cross-linking rate, we 

have expanded this study to the understanding of the influence of the physicochemical 

composition of plasma polymer on this interfacial DA reactivity. After identifying the rate law of 
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the reaction (first order kinetics related to the diene on the surface and second order kinetics 

related to the dienophile in solution), we have compared the values of DA rate constants and 

activation parameters to suggest a reactivity model for this interfacial cycloaddition. A plasma 

polymer with numerous functional groups and low cross-linking rate favors a fast DA reaction, 

probably due to the higher probability of finding appropriately oriented reactive groups to 

conduct the cycloaddition. Besides, the activation energy of the reaction performed on such 

polymers is as high as 63 kJ mol
-1

. This result has been attributed to the high flexibility and 

mobility of furan groups resulting in their random orientation. For the same reason, the enthalpy 

of activation to form the transition-state complex is quite high with low-cross-linked polymers 

and functional groups located deeper into the plasma polymer probably contributing to the 

surface reactivity. In conclusion, we have shown for the first time that the interfacial DA 

reactivity (between furan-functionalized surfaces and maleic anhydride in solution) can be tuned 

by the physicochemical properties of the polymer coating. Therefore, by simply varying the 

operating conditions of plasma polymerization, it is possible to control an interfacial 

thermoreversible reaction performed on plasma polymers, which opens innovative perspectives 

for the design of smart coatings. 
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Supporting Information  
 

 

 

 

Figure S1. XPS wide scans after the different functionalization steps: (a) after the deposition of 

the MAPP, (b) after vapor-aminolysis (at 293 K for 5 min) and thermal imidization (at 393 K for 

1 h) and (c) after immersion in a MA aqueous solution (303 K for 5 h) leading to the formation 

of the Diels-Alder adduct between furan-functionalized surfaces and MA.  
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Table S1. Peak positions and associated full-width-at-half-maximum (FWHM) values of the 

peaks of high resolution XPS spectra of C1s of the surfaces described in Figure 1. 

Surface Peak position (eV) FWHM 

MAPP 

285.0  

285.7  

  

  

289.4  

FUR 2% 

285.0  

285.7  

  

288.4  

289.4  

FUR 2% after DA reaction 

with MA 

285.0  

285.7  

  

288.4  

289.4  
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Figure S2. Evolution of the advancing contact angle of a FUR 2% surface before (FUR 2%) and 

after (Adduct) DA reaction as a function of the pH of the probe liquid. 

 

The presence or not of the DA adduct on the outermost surface leads to a significant change of 

ACA values at pH = 13. Indeed, the adduct gives carboxylic acid groups at low pH and 

hydrophilic carboxylate groups at high pH, explaining the drastic difference between the ACA 

value at low (64° ± 2°) and high pH (35° ± 3°). 
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Figure S3. PM-IRRAS spectra after the different functionalization steps: (a) after the deposition 

of the MAPP, (b) after vapor-aminolysis (at 293 K for 5 min) and thermal imidization (at 393 K 

for 1 h) and (c) after immersion in a MA aqueous solution (303 K for 5 h) leading to the 

formation of the Diels-Alder adduct between furan-functionalized surfaces and MA. 

 

In Figure S3.a, the following characteristic vibrations bands of cyclic anhydride were identified: 

ν = 1867 cm
−1

 (A, νas(C=O)), ν = 1797 cm
−1

 (B, νs(C=O)), ν = 1242 cm
−1

 (H, cyclic anhydride), 

ν = 1097-1062 cm
−1

 (I, C-O-C) and ν = 950 cm
−1

 (K, cyclic unconjugated anhydride). Hydrolysis 

of anhydride groups was limited as illustrated by the low absorbance at ν = 1720 cm
−1

 (D, 

COOH). Aminolysis of MAPP with furfurylamine and subsequent heat treatment gave rise to the 

formation of imide groups as shown in Figure S3.b: ν = 1742 cm
−1

 (C, νas(imide C=O)), 

ν = 1700 cm
−1

 (E, νs(imide C=O)), ν = 1430 cm
−1

 (G, C-N), ν = 1240-1160 cm
−1

 (H, C-N-C). 

The absorbance of the vibration bands of furan groups ν = 1500 cm
−1

 (F, C=C furan) and 

ν = 1013 cm
−1

 (J, C-O-C furan) was too low to be observable. These results are in agreement 

with previously published data.
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adduct and the presence of anhydride groups embedded within the plasma polymer, that didn’t 

react by aminolysis, led to a strong vibration band close to ν = 1720 cm−1 (COOH) after 

hydrolysis of anhydride groups. This vibration band overlaps other relevant vibration bands. 

Therefore, the presence of the DA adduct on the surface could not be validated by PM-IRRAS 

and the kinetics of the Diels-Alder reaction between FUR 2% and MA couldn’t be investigated 

by this technique. 
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Figure S4. Linearization according to (a) pseudo-first-order and (b) pseudo-second-order 

kinetics related to the diene for FUR 2% after DA reaction performed at different MA 

concentrations at 303 K.  
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Table S2. Comparison of the coefficient of determination (R²) for the pseudo-first-order and the 

pseudo-second-order kinetics related to the diene for FUR 2% after DA reaction performed at 

different MA concentrations at 303 K. 

[MA] 

[mol L
-1

] 

R² (pseudo-first-order 

related to the diene) 

R² (pseudo-second-order 

related to the diene) 

2.35 x 10
-

5
 

0.94 0.74 

4.62 x 10
-

5
 

0.88 0.42 

1.18 x 10
-

4
 

0.92 0.81 

1.40 x 10
-

4
 

0.96 0.89 

2.35 x 10
-

4
 

0.95 0.82 

 

 

 

Figure S5. Linearization according to pseudo-first-order kinetics of the ln of furan content with 

time for FUR 2% after DA reaction performed at different temperatures at a dienophile 

concentration [MA] = 2.35 x 10
-4

 mol L
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Figure S6. Fitting of the reaction progress with time for the interfacial DA reaction between 

FUR 2% and MA in solution with [MA] = 2.35 x 10
-4

 mol L
-1

 at (a) 293 K, (b) 298 K, (c) 303 K, 

(d) 308 K, (e) 313 K and (f) 323 K.  
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Table S3. Values of DA rate constants kDA determined at different temperatures for various 

furan-functionalized surfaces fabricated by plasma polymerization performed at a DC of 20% 

(FUR 20%) and 100% (FUR 100%). 

T 

[K] 

FUR 20 %, kDA ₓ 10
-3 

[M
-2

 s
-1

] 

FUR 100 %, kDA ₓ 10
-3 

[M
-2

 s
-1

] 

293 2.4 2.8 

298 3.3 3.8 

303 4.6 - 

313 6.7 - 

320 - 6.4 

323 12 8.3 
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