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Abstract 

We report on the role of the chemical structure of polyphenol pendant groups in linear 

antioxidant polymers on their assembly and chain intermixing within layer-by-layer (LbL) films, 

as well as on the antioxidant performance of the interfacial assemblies. When assembled with 

poly(ethylene oxide) (PEO) within hydrogen-bonded films, the antioxidant polymers – poly(3,4-

dihydroxybenzyl methacrylamide) (P2HMA) and poly(3,4,5-trihydroxybenzyl methacrylamide) 

(P3HMA) – which contain catechol- and gallol-like moieties, respectively, generated films with 

drastically different structure and functionality. Specifically, while catechol-based P2HMA 

deposited within LbL films linearly with a low increment of mass increase per step, growth of 

P3HMA/PEO films was strongly exponential. Dramatic differences in chain intermixing and 

layering in these films are revealed by the application of neutron reflectometry using deuterated 

PEO, dPEO, to create marker layers. Differences in film structure strongly affected film 

antioxidant performance, as demonstrated by radical scavenging assay. While assembled P3HMA 

was fully available for scavenging 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

(ABTS•+) radical cations, in assembled P2HMA radical scavenging was restricted to the top 

~35 nm of the LbL film, highlighting the effect of the LbL film structure on antioxidant 

performance.  
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Introduction 

Antioxidants can enhance the performance of polymers used in food packaging1-4 or 

biomedical applications5 by reducing oxidative damage caused by reactive oxygen species. The 

most common approach of blending low molecular weight antioxidants into a polymer matrix1-4,6-

8 is often associated, however, with leaching of antioxidants.9 To prevent leaching, antioxidant 

groups have been introduced into polymeric materials either via covalent modification of already 

synthesized polymers5,10-13 or via direct polymerization of antioxidant-bearing monomers.14,15 The 

latter approach allows for greater control of the distribution of antioxidant species along the 

polymer chain. Using this approach, antioxidant-bearing materials were used in the preparation of 

free-standing or substrate-deposited films using solution-casting.3  

An alternative way to introduce antioxidant species into a surface coating is via layer-by-

layer (LbL) assembly. The LbL deposition technique is a powerful means of creating nanoscopic 

coatings from a diverse set of components.16,17 The most appealing features of the technique are 

the control it affords of film composition, structure, and thickness and its enabling the application 

of ultrathin coatings to arbitrarily shaped substrates. The degree to which the LbL technique can 

provide such control is strongly dependent on the strength of interpolymer binding within the films. 

While strong polymer-polymer pairing usually results in kinetically trapped conformations of 

sequentially adsorbed chains and preserves film layering, weak binding enables chain mobility, 

resulting in polymer intermixing.18-21 The assembly of LbL films is generally supported by 

electrostatic pairing16,17 and/or hydrogen bonding,22-27 with both electrostatically associated and 

hydrogen bonded films able to be assembled linearly (a constant amount of material deposited per 

immersion step) or exponentially (an increasing amount of material deposited per immersion step). 

Because of the weak binding between polymer units within exponential films, these assemblies 
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can exhibit high swelling ratios, are highly diffusive, self-healing, 28,29  and in extreme cases can 

even exhibit swelling behavior characteristic of densely physically crosslinked, surface-attached 

gels.30 The polymer units which do not directly participate in electrostatic or hydrogen bonding 

polymer-polymer pairing remain available for supporting film functionality. In the case of 

electrostatic assemblies, these polymer units have been utilized, for example, for the capture of 

metal or organic ions.31-33 For hydrogen-bonded LbL assemblies, however, such structure-

functionality correlations remain unexplored. 

Our group has pioneered the deposition of hydrogen-bonded films composed of a small 

polyphenol molecule, tannic acid (TA), with neutral polymeric hydrogen-bond acceptors.34,35 The 

low value of the TA ionization constant (pKa 8.5)34 enabled the creation of hydrogen-bonded 

assemblies stable at neutral to slightly basic pH34 and thus the exploitation of the antioxidant, 

antibacterial, anti-inflammatory, and immuno-modulating properties of TA in biological 

environments.36,37 In addition to TA, other small polyphenol molecules were reported as 

components of LbL films. 38-40 However, small molecules lack the connectivity of functional repeat 

units and thus are unable to supply an excess of unbound functional groups within LbL assemblies.  

Here, we focus on hydrogen-bonded coatings created by LbL assembly of synthetic linear 

polyphenols (lPPh), recently synthesized in our group,14,41 containing catechol or gallol 

functionalities. In our previous work, we demonstrated antioxidant activity of these polymers in 

solution.14 In this work we focus on assembly of these polymers at surfaces and correlate the 

mechanism of film growth and layering with the antioxidant activity of these assemblies. The lPPh 

polymers, specifically those with gallol functional groups, can be viewed as synthetic analogs of 

tannic acid. Unlike TA, however, these polymers are flexible and capable of multisite binding with 

hydrogen-bonding partners, leaving some segments unbound to polymer partners. We aim to 
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explore how the chemistry of polyphenol moieties affects polymer-polymer binding, chain 

intermixing and film structure, as well as the availability of polyphenol segments for radical 

scavenging. We believe that this work significantly expands the arsenal of adhesive and 

antioxidant films and coatings based on phenolic functionality.42,43 

Materials  

Polyethylene oxide (PEO) with Mn 100 kg/mol, branched polyethylene imine (BPEI) with 

Mn 60 kg/mol, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) diammonium salt, 

ethanol, sodium hydroxide, hydrochloric acid, sodium hydrogen phosphate, and potassium 

persulfate were purchased from Sigma-Aldrich and used as received. Deuterated poly(ethylene 

oxide-d4) (dPEO) with Mn 93.0 kg/mol and polydispersity index (PDI) 1.07 was purchased from 

Polymer Source Inc. Linear synthetic polyphenols (lPPh), poly(3,4-dihydroxybenzyl 

methacrylamide) (P2HMA, Mn 35.9 kg/mol, PDI 1.20) and poly(3,4,5-trihydroxybenzyl 

methacrylamide) (P3HMA, Mn 43.4 kg/mol, PDI 1.45), were synthesized and characterized as 

described in our previous work.14 Koptec 200 proof ethanol, 99.5% (Millipore Sigma) and Milli-

Q water with resistivity of 18 M 

Film Deposition 

Silicon substrates (<111>) used in neutron reflectivity experiments, as well as 0.5-mm 

thick undoped silicon wafers, both obtained from the Institute of Electronic Materials Technology, 

Poland, were cleaned as described elsewhere. 44 Prior to film deposition, silicon substrates and/or 

wafers were primed with a robust monolayer of BPEI adsorbed from 0.2 mg/mL solution at pH 9 

(where BPEI is weakly charged) for 20 min as described in our previous work45 to eliminate the 

effect of different adhesiveness of lPPh polymers to silicon substrates, as well as to prevent 

delamination of the films from the substrates in solutions at high pH values. The LbL films were 
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then constructed from 0.2 mg/mL polymer solutions in ethanol or water for lPPh or PEO, 

respectively, because of the selective solubility of lPPh and PEO in these solvents. The substrates 

were immersed in the deposition solutions for 5 minutes per deposition step, rinsed twice in solvent, 

and dried in a gentle flow of nitrogen gas. Films thicker than 20 bilayers were deposited using a Riegler 

& Kirstein GmbH DR-3 table top dipping robot. 

Spectroscopic Ellipsometry 

Refractive indices and thicknesses of LbL films deposited on a silicon wafer were 

determined using a variable angle spectroscopic ellipsometer (M-2000, J.A. Woollam Co., Inc.) 

equipped with a temperature-controlled liquid cell. Dry measurements were performed at four 

incidence angles: 45, 55, 65, and 75°. A single incident angle of 75° was used in liquid-cell 

measurements due to cell geometry. The thicknesses of the native oxide layers on the silicon wafers 

were measured prior to depositing the LbL films. 

The data for dry LbL films were fitted using a three-layer model. The first two layers were 

the silicon substrate and the oxide layer. The third layer was characterized as a Cauchy material of 

thickness d. The wavelength dependence of the refractive index was modeled by  n(λ) = A + B/λ2 

+ C/λ4, where λ is wavelength and  A, B, and C are fitted coefficients.46 For the swollen films, a 

four-layer model was used, wherein the solvent was considered as the fourth layer, characterized 

as a semi-infinite transparent Cauchy medium. The dependence of refractive index on wavelength 

was determined prior to each measurement using a bare silicon wafer installed in the liquid cell. 

The four variables A, B, C, and thickness d were fitted simultaneously. 
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Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) Spectroscopy 

ATR-FTIR spectra were collected using a Bruker Tensor II spectrometer equipped with a 

mercury cadmium telluride (MCT) detector and an ATR diamond crystal. The spectra were recorded 

by accumulating 96 scans within a spectral range of 900–4000 cm−1 at a resolution of 2 cm−1. 

To assess the composition of the polyphenol films, lPPh/PEO films of~ 200 nm dry thickness 

deposited on undoped Si wafers were exposed to either lPPh or PEO 0.2 mg/mL solutions in ethanol 

for 5 minutes, followed by two cycles of solvent rinsing, and finally dried in a flow of nitrogen gas. 

FTIR spectra were collected after each deposited polymer layer.  

Atomic Force Microscopy (AFM) 

AFM studies were performed using a Bruker Dimension Icon AFM instrument in tapping 

mode using a MikroMasch HQ:NSC35/Cr-Au BS 150 kHz cantilever with a 5.4 N/m force 

constant. The average film roughness was measured over three imaged areas.  

Nanoindentation 

Mechanical properties of the films were studied using Hysitron TI 950 Triboindenter 

equipped with a diamond Berkovich tip with a radius of 150 nm. Indentation was performed in the 

load-controlled mode, where the load was increased at a constant rate for a 10 s up to a finite value, 

kept constant for 5 s and brought back to zero in 2 s. The applied load was set as 50 μN for the 

0.6 μm films and 150 μN for thicker films. The tip displacement was less than 10% of the total 

film thickness for all film. The Young’s modulus of the films was calculated using the equation  

22 11 1 i

eff iE E E

 −−
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where Eeff is the measured effective elastic modulus, E and ν are the Young’s modulus and Poisson 

ratio of the film, Ei and νi are Young’s modulus and Poisson ratio of the diamond indenter, equal 

to 1141 GPa and 0.07, respectively. 47 The Poisson ratio of the dry hydrogen-bonded films was set 

https://www.spmtips.com/afm-tip-hq-nsc35-cr-au-bs
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at 0.33, and a value of 0.5 was used for wet measurements, a value which was previously used for 

LbL films. 48 

Neutron Reflectometry 

Neutron reflectometry measurements were performed at the Spallation Neutron Source 

Liquids Reflectometer (SNS-LR) at the Oak Ridge National Laboratory (ORNL). The reflectivity 

data were collected using a sequence of 3.4-Å-wide continuous wavelength bands (selected from 

2.55 Å < λ < 16.70 Å) and incident angles (ranging over 0.6° < θ < 2.34°). The momentum transfer, 

Q = (4π sin θ/λ), was varied over a range of 0.008 Å–1 < Q < 0.20 Å–1. Reflectivity curves were 

assembled by combining seven different wavelength and angle data sets together, maintaining a 

constant relative instrumental resolution of δQ/Q = 0.023 by varying the incident-beam apertures. 

Neutron scattering densities within hydrogenated and deuterated blocks were averaged, 

each block exhibiting its characteristic thickness, scattering density, and interlayer roughness. 

Those characteristic parameters were adjusted until the reflectivity curve was best fitted 

(minimized χ2).  

Antioxidant Activity Studies 

The antioxidant activity of lPPh/PEO coatings was studied using a radical scavenging assay 

employing aqueous solutions of ABTS•+ radical cations. The stock solution of ABTS•+ was 

prepared by mixing 10 mL of 7 mM ABTS and 10 mL of 2.45 mM potassium persulfate aqueous 

solutions. The stock solution was incubated in the dark at ambient temperature for 24 hours to 

complete the formation of ABTS•+ radical cations, and then diluted with water until the absorbance 

decreased to 1.0-2.0 absorbance units as measured at 732 nm using a 2600 UV-Vis Shimadzu 

spectrophotometer. The diluted solutions were purged with nitrogen gas for one hour and then 

immediately used for the antiradical assay. The antiradical efficiency of lPPh/PEO films was 
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monitored as a decrease in absorbances of diluted ABTS•+ solutions at 732 nm. Experiments were 

performed with films deposited on 0.5-0.8 cm2 Si chips. To perform the radical scavenging assay, 

the substrates with deposited lPPh/PEO films as well as control bare Si wafers were placed in 

plastic cuvettes filled with 0.04 mM (in case of P3HMA/PEO films) or 0.06  mM (in case of 

P2HMA/PEO films) ABTS•+ solutions and sealed. At a sequence of times after exposure, the 

solutions were carefully shaken and the absorbance at 732 nm was recorded. The decrease in 

absorbance was converted to concentration of reacted ABTS•+ as (𝐴0 − 𝐴) 𝜀⁄ , where A0 and A are 

the absorbances of the control ABTS•+ solutions and ABTS•+ solutions exposed to antioxidant 

films, respectively, and ε is the extinction coefficient of ABTS•+ solutions at 732 nm (ε = 25400 

M-1cm-1).49 Data for the reacted ABTS•+ were normalized to a 1 cm2 film area. The antioxidant 

activity of lPPhs in solution was determined similarly from the decrease in the absorbance of 

3.0 mL 0.075 mM ABTS•+ aqueous solution after addition of 100 µL of 0.5 mg/mL polymer in 

ethanol.  

 

RESULTS AND DISCUSSION 

Fig. 1A shows the chemical structures of the two synthetic linear polyphenols (lPPh) used 

in this work. These polymers, poly(3,4-dihydroxybenzyl methacrylamide) (P2HMA) and poly(3,4,5-

trihydroxybenzyl methacrylamide) (P3HMA), containing catechol and gallol pendant groups, 

respectively, were previously synthesized by our group using RAFT polymerization.14 P2HMA and 

P3HMA had number-average molecular weights of 35.9 kg/mol and 43.4 kg/mol, and degrees of 

polymerization of 170 and 200, respectively (Fig. 1A). In previous work we showed that the 

structure of the polyphenol rings had a weak effect on intrinsic lPPh antioxidant activity but 

strongly affected the capability of these polymers to adsorb within a monolayer on a solid substrate. 



9 
 

Specifically, P3HMA, containing gallol-like pendant groups, had a higher propensity than P2HMA 

to adsorb to surfaces.14 This work aims to explore the capability of lPPhs of different chemical 

structure to assemble at surfaces within multilayers rather than monolayers. To that end, lPPh 

polymers have been assembled within functional LbL coatings with polyethylene oxide, which is 

used as a hydrogen-bonding partner.  

Figure 1B shows the increase in dry film thickness during LbL film deposition measured by 

ellipsometry. Assembly occurs as a result of hydrogen bonding between hydroxyl groups in polyphenol 

units and PEO units. Films formed by PEO and lPPh with catechol functionality (P2HMA) grew 

linearly, with a 3.3-nm dry thickness increase per bilayer. In contrast, the P3HMA/PEO layers 

exhibited a dramatically different growth mode, forming much thicker films of exponentially 

increasing thickness per deposition step. The exponential growth of P3HMA/PEO films was 

somewhat counterintuitive since such growth is usually a characteristic of weakly associated 

polymers.50,51 As a polyphenol with three hydroxyl groups, P3HMA is a stronger hydrogen donor than 

P2HMA14 and thus was expected to bind more strongly with PEO and to exhibit linear film growth. 

Figure 1B displays the opposite trend, however, with linear growth for the P2HMA/PEO rather than the 

P3HMA/PEO system. This trend can be explained if one suggests that gallol units are more prone to 

self-association compared to the catechol functionalities in P2HMA, resulting in a large polymer mass 

deposited at surfaces within P3HMA loops. Stronger hydrogen bonding between gallol moieties as 

compared to catechols has previously manifested itself in higher stability of gallol-containing 

supramolecular structures. 52 The stronger hydrogen donating capability of gallols is also supported by 

their higher acidity (pKa of 9.01 and 9.45 for gallol and catechol groups, respectively).53 Stronger 

hydrogen bonding between P3HMA units can reduce the total number of units in P3HMA chains 

available for binding with PEO and weaken the overall P3HMA/PEO polymer-polymer association. 
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The difference in mass balance between lPPh and PEO within hydrogen-bonded films was clearly 

observed in ellipsometric measurements of dry thickness during film growth. Estimates made for films 

thicker than four bilayers (to reduce the effect of the substrate) and using 1 g/cm3 for film density, gave 

molar ratios of phenolic –OH groups to ether –C–O–C– groups of PEO deposited within LbL films as 

1.7±0.2 and 0.8±0.2 for P3HMA/PEO and P2HMA/PEO, respectively, indicating a significant 

excess of P3HMA.  

Fig. 1. Chemical structures and molecular characteristics of lPPhs (A); the dry thickness of 

lPPh/PEO films monitored by ellipsometry during film deposition (B); and changes in FTIR 

spectra of 6.5-bilayer P3HMA/PEO (C) or 50.5-bilayer P2HMA/PEO (D) films (with lPPh as a 

top layer in both cases) of matched thickness of ~200 nm in the 1250-950 cm-1 region upon addition 

of consecutive layers (E). See Figs. S1, S2 for the entire FTIR spectra. 
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The composition of lPPh/PEO films was further explored using ATR-FTIR spectroscopy. 

Figure S1 shows the FTIR spectra of individual film components and lPPh/PEO films. The formation 

of hydrogen bonds between lPPh and PEO was observed spectroscopically by changes in a broad O–

H band stretching region of lPPh, with a red shift in the band maximum from 3358 cm-1 to 3355 cm-1 

and a significant ~50-120 cm-1 narrowing from the high-wavenumber side of the band (Figure S2) . 

Significant changes were also observed for the lPPh/PEO films in the 1200-1000 cm-1 region, especially 

in the relative intensity of an ~1190 cm-1 band associated with aryl -C–O stretching vibrations coupling 

with the skeletal vibrations of the benzene ring.54  Changes in the vibrational intensities of covalent 

bonds involved in hydrogen bonding have been predicted theoretically and observed 

experimentally for several small organic molecules.55,56 Figure 1E shows the variation of the 

integrated intensity of the 1092 cm-1 C–O–C stretching vibrational band of PEO during deposition of 

additional layers to ~200-nm-thick P3HMA/PEO and P2HMA/PEO films. To allow for a quantitative 

comparison of changes in the relative amounts of PEO and lPPhs during film growth, the raw ATR-

FTIR data were normalized to the intensities at 1605 cm-1 and 1609 cm-1, which are associated with 

skeletal ring vibrations of catechol and gallol pendant groups in assembled P2HMA- and P3HMA-

containing films, respectively. The changes in the intensity of the 1092 cm-1 band upon deposition of 

additional layers were drastically different for P3HMA/PEO and P2HMA/PEO films. For 

exponentially growing P3HMA/PEO films, significant oscillations in intensity at 1092 cm-1 

occurred for successive layers, indicating the deposition of a large amount of polymer and a 

significant shift in the ratio of film components with each layer deposition step. In contrast, in the 

P2HMA/PEO system the 1092 cm-1 intensity was almost unaffected by the addition of successive 

layers. Such behavior is expected for this linearly growing film, in which polymer adsorption was 
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limited to the film surface and relatively little material was added (~3 nm per bilayer) to the 

existing thick (~200 nm) film. 

Differences in the internal structure of P3HMA/PEO and P2HMA/PEO films were then 

explored by neutron reflectometry, a technique we have previously applied to study the structure 

of electrostatically assembled and hydrogen-bonded LbL films.18,30,57,58 To introduce contrast in 

neutron reflectometry measurements, fully deuterated PEO, dPEO, with Mn of 101.7 kg/mol 

matching the molecular weight of hydrogenated PEO of ~100 kg/mol, was used to create marker 

layers. Figure 2A depicts the design of the films used in the neutron reflectometry experiments. 

The films had a sandwich-like architecture featuring deuterated stacks deposited at the film 

substrate and surface with a hydrogenated stack in the middle. The dry thicknesses of the stacks 

were measured with ellipsometry during film construction (see Tables S1, S2) and used for initial 

 

Fig. 2. Schematic of the film design, where H-stacks are built of hydrogenated PEO and lPPh, 

and D-stacks are built of deuterated PEO and lPPh (A); neutron reflectivity plotted as RQ4 to 

highlight structural details for (P3HMA/PEO)2/P3HMA/dPEO/P3HMA/PEO/P3HMA/dPEO 

and (P2HMA/PEO)2/(P2HMA/dPEO)2/(P2HMA/PEO)7/(P2HMA/dPEO)2 films (B), and the 

fitted neutron scattering density profiles of those films (C). 
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construction of the models used to fit the neutron reflectivity data. Note that while only one dPEO 

layer was needed to provide scattering contrast in the P3HMA/PEO film, two bilayers were needed 

to accumulate enough material for P2HMA/PEO, due to the small incremental mass increase for 

each layer deposited. Figures 2B&C show the neutron reflectivity data and fitted neutron scattering 

length density (SLD) profiles for linear and exponential films. The scattering length density (SLD, 

Nb), the thickness of hydrogenated and deuterated stacks d, and internal roughness σint were found 

by fitting the reflectivity data and are shown in Tables S3 and S4 for P3HMA/PEO and 

P2HMA/PEO films, respectively. For the linear P2HMA/PEO film, distinct regions of higher and 

lower SLD were observed, associated with the deuterated and hydrogenated stacks of the deposited 

polymers. The boundaries between the H- and D-stacks were diffuse, with interfacial widths of 

5.8 nm and 6.2 nm for the substrate- and surface-deposited deuterated blocks. In contrast, the 

P3HMA/PEO exponential film was highly intermixed with nearly all differences in SLD between 

hydrogenated and deuterated layers smeared out by molecular diffusion. Marker dPEO permeated 

the entire ~50-nm thickness of the P3HMA/PEO film within 5 min, while for the P2HMA/PEO 

film, dPEO only diffused to a depth of half the interfacial roughness of the deuterated stack within 

the hydrogenated matrix. The diffusion coefficients of dPEO were therefore estimated as ~10-14 

and ~10-16 cm2/s for P3HMA/PEO and P2HMA/PEO, respectively. For the P3HMA/PEO film, the 

estimated diffusion coefficient of ~10-14 cm2/s represents a lower bound and is of the same order 

of magnitude as the diffusion coefficients of polyelectrolytes reported for highly intermixed non-

linearly growing electrostatically assembled LbL films.18 

Figure 3 shows clear differences in the surface morphology and roughness of P3HMA/PEO 

and P2HMA/PEO films. The AFM root-mean-square roughnesses of these films were 5.8±2.5 nm 

and 2.9±0.7 nm, respectively, indicating a smoother surface on the P2HMA/PEO film. High 
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surface roughness was previously reported for electrostatically assembled exponential films and 

explained by microphase separation at the film surface, enhanced by salt-induced disruption of 

polymer-polymer pairing.59  

We next address how the different morphology and internal structure of lPPh/PEO films 

affect film functionality, i.e. its antioxidant activity. Confining lPPh moieties within assembled 

films can influence their antioxidant performance. Film swelling and the strength of polymer-

polymer pairing are both expected to influence the availability of assembled lPPh units for 

interaction with radical species. Prior to the antioxidant studies, the stability of the films was 

examined. Figure S3 shows that lPPh/PEO films dissolved only when pH was raised significantly 

higher than the pKa of the polyphenol moieties (9.01 and 9.45 for catechol and gallol groups)53, causing 

 

Fig. 3. AFM topography image of a 6.5-bilayer P3HMA/PEO film (A) and a 50.5-bilayer 

P2HMA/PEO film (B) of a matched thickness of ~200 nm. The scan area size is 600 × 600 nm2 

and the z-scale shown on the right applies to both images. 
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ionization of hydroxyl groups in the polyphenol rings. The films were therefore stable over a wide 

range of pH, including the pH 6.0 at which the ABTS assay was performed.  

In the ABTS assay, the number of radicals consumed over time was quantified 

spectroscopically by measuring the UV-Vis absorbance of ABTS•+ solutions at 732 nm. Quenching 

of colored ABTS•+ radicals can easily be detected visually by the bleaching of the blue-green 

solution. To compare the scavenging rates of ABTS•+ radicals by antioxidant polymers in solution 

to those in the film, the number of lPPh antioxidant monomers in solution was matched to those 

assembled within lPPh/PEO films, assuming dry polymer densities of 1 g/cm3. Figure 4 shows 

ABTS•+ scavenging is dramatically reduced relative to polymers in solution when the antioxidant 

polymers are assembled within films. Note that, commonly, ABTS•+ assays with antioxidant 

species in solution are performed over minutes-to-hour time scales.60-63 Here, we were interested 

 

Fig. 4. Comparison of kinetics of ABTS•+ scavenging by matched quantities of lPPh 

antioxidant polymer dissolved in solution or assembled within a 98-nm (4.5-bilayer) 

P3HMA/PEO film (A) or a 92.2-nm (25.5-bilayer) P2HMA/PEO film (B). Both films had lPPh 

as a top layer.  



16 
 

in the long-term performance of antioxidant polymers assembled within LbL films, and therefore 

special care was taken to reduce the long-term degradation of stable radicals by initially purging 

nitrogen through the stable radical solution, followed by sealing and keeping all solutions in the 

dark (see Experimental sections for more details). Figure S4 shows that despite these precautions, 

~20% of the initial ABTS•+ degraded in control solutions after 15 days, and that the percentage of 

degraded ABTS•+ was not affected by the presence of PEO in solution. All data presented in this 

manuscript were corrected by subtracting the degraded quantity of ABTS•+ found in the control 

experiment.  

Figure 4 also reveals significant differences in solution vs. film behavior for lPPh with 

catechol and gallol functionalities. In solution,  the half-life of ABTS•+ consumption was shorter 

for P3HMA than P2HMA (0.11 hour vs 1 hour), in agreement with the previously reported higher 

reactivity of low-molecular-weight polyphenols featuring more phenolic groups.64 For lPPhs 

assembled within films, the radical scavenging rate was strongly reduced. In the case of 

Fig. 5. Time evolution of ABTS•+ quantity reacted with P3HMA/PEO (A) and P2HMA/PEO 

(B) films of different thicknesses, as well as antioxidant activity of lPPH/PEO films assessed 

from the limiting values of ABTS•+ reduced after 15 days (C). 
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P3HMA/PEO films, the half-life of ABTS•+ consumption (~60 h) was more than two orders of 

magnitude longer than that for P3HMA in solution (0.11 h, Fig. 4A). For P2HMA/PEO films, the 

reaction rate decreased so much that half-conversion of ABTS•+ was not achieved for a 92.2-nm 

film even after 15 days, reaching only 30% of the polymer activity in solution (Fig. 4B). These 

results suggest that the impact of diffusional constraints to penetration of ABTS•+ into 

P2HMA/PEO films was more significant than that into P3HMA/PEO films.  

To further assess differences in the radical scavenging capability of lPPh/PEO films, we 

designed experiments involving films of different thicknesses. Figure 5A-C shows that the kinetic 

profiles of ABTS•+ reduction vary differently with thickness for P3HMA/PEO and P2HMA/PEO 

films. While the amount of consumed ABTS•+ increased linearly with film thickness for 

P3HMA/PEO films, it saturated for films thicker than ~35 nm for P2HMA/PEO. Figure 5C 

compares the limiting amounts of ABTS•+ reacted after 15 days. Together, these data suggest a 

 

Scheme 1. Schematic representation of ABTS•+ radical penetration into the bulk of the 

exponential P3HMA/PEO film (A), and the linear P2HMA/PEO film (B). The green area 

depicts the antioxidant active region. 
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differing availability of assembled lPPhs for radical scavenging. In the case of P3HMA/PEO, the 

entire thickness of the films reacts with ABTS•+, while only the top layers of the P2HMA/PEO 

films were available for reaction. The thickness of P2HMA/PEO contributing to radical 

scavenging can be estimated from Fig. 5B as 30-35 nm. Differences in the penetration of ABTS•+ 

into lPPh/PEO films are illustrated in Scheme 1.  

Spectroscopic ellipsometry data on lPPh/PEO film swelling at pH 6, i.e. under the same 

conditions used in the ABTS assay, provide additional insight into the structural determinants of 

free radical penetration. The data in Fig. 6A show that while P3HMA/PEO films took up ~30% 

water (assuming a polymer density of 1 g/cm3), P2HMA/PEO films were practically un-swollen.  

The effect of uptake of water on film mechanical properties was explored using 

nanoindentation. These studies were performed on lPPh/PEO films whose thickness exceeded 

0.5 µm, with tip penetration limited to 60 nm to eliminate the effect of silicon substrate. Figure 6B 

 

Fig. 6. The  swelling ratios of a 4.5-bilayer, 98-nm P3HMA/PEO film and a 25.5-bilayer, 92.2-

nm P2HMA/PEO film as measured by in situ ellipsometry (A) and Young’s moduli of 0.6-μm-

thick lPPh/PEO films dry and wet state (B). 
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shows that the Young’s moduli for dry lPPh/PEO films were in the 9 to 12 GPa range. However, 

P3HMA/PEO and P2HMA/PEO films responded very differently upon exposure to water. While 

the P3HMA/PEO system underwent substantial plasticization, the Young’s modulus did not 

significantly change for the P2HMA/PEO films. The threefold solvent-induced decrease in the 

Young’s modulus of P3HMA/PEO films is smaller than values reported for ionically associated 

polyelectrolyte multilayers,48,65 probably due to the low propensity of assembled lPPh chains to 

hydrate upon exposure to water. In spite of the insolubility of P3HMA in water, loose association 

between P3HMA and PEO allowed for significant water uptake within the film. This higher degree 

of swelling contributes to the higher antiradical activity of P3HMA/PEO films by providing a 

larger free volume, easing the penetration of radicals into the bulk of the film. In contrast, tighter 

interlayer binding within P2HMA/PEO films suppressed water uptake, leading to limited 

penetration of ABTS•+.  

Reaction of ABTS•+ with phenolic compounds, whose redox potentials are typically lower 

than that of ABTS•+ (~0.7 V), has been suggested to occur predominantly via a single electron 

transfer (SET) mechanism.60,66 In the case of catechol and gallol functionalities, several reaction 

products have been proposed, with quinones most often formed from catechols, and oxidative 

crosslinking proposed as a typical reaction path.67 A question then arises of how reaction with 

ABTS•+ alters the properties of the assembled films. To determine if crosslinking takes place in 

these LbL films, the stability of films in a competitive hydrogen-bonding solvent was assessed for 

pristine as-deposited films and for films exposed to ABTS•+. Figure 7A illustrates the effect of 

ABTS•+ on film stability.  It has been observed that lPPh/PEO films dissociate to individual 

polymer components when the concentration of DMF – a stronger hydrogen bond acceptor than 

PEO68,69 – is above 20-30 vol %. A hydrogen-bond-accepting solvent, such as DMF or DMSO, 
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was previously reported to competitively bind with polymers containing hydrogen-bond-donating 

units, such as carboxylic groups in polyacids, resulting in a weakening in binding or a dissociation 

of hydrogen-polymer complexes70,71 or hydrogen-bonded LbL films.72,73 In this work, DMF 

formed hydrogen bonds with polyphenol groups of assembled lPPh, and dissolved P3HMA/PEO 

and P2HMA/PEO films when DMF content exceeded 20 and 30 vol %, respectively. The higher 

stability of P2HMA/PEO assemblies in DMF solutions is consistent with a larger number of 

hydrogen bonds with PEO per P2HMA moiety in this linearly growing system. Remarkably, 

exposure to ABTS•+ resulted in a drastic increase in the stability of the films, which did not dissolve 

in DMF up to 70 vol % (Fig. 7A), but delaminated from the surface at higher DMF concentrations. 

To identify chemical changes in the lPPh/PEO film triggered by the reaction of lPPh with 

ABTS•+, FTIR measurements were performed before and after long-term exposure to solutions of 

the radical species. FTIR spectra shown in Figure 7B indicate a significant increase in absorbance 

 

Fig. 7. Stability of 6.5-bilayer P3HMA/PEO and 50.5-bilayer P2HMA/PEO films with a 

matched thickness of ~200 nm in the DMF/water mixed solution before (dotted line) and after 

(solid line) exposure to 0.075 mM solutions of ABTS•+ for 15 days (A), as well ATR-FTIR 

spectra of the films before and after a 5-day assay (B).  
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of lPPh/PEO films in the 1000-1200 cm-1 region after exposure to ABTS•+ solutions. Increased 

intensities of a band at 1193 cm-1, which is associated with aryl -C–O stretching vibrations coupled 

with skeletal vibrations of the benzene ring, as well as of a band at 1083 cm-1, which is assigned 

to -C–O–C- stretching vibrations, 54,74 are both consistent with the formation of ether bonds as a 

result of radical-induced coupling of polyphenol rings (Schemes S1 and S2).  

In conclusion, we have found fundamental differences in LbL assembly of synthetic linear 

polyphenols with gallol- and catechol pendant groups and demonstrated the dramatic effect of 

these differences on film functionality. Specifically, the film growth mode, structure, and 

antioxidant activity were all strongly influenced by the chemical structure of the polyphenol rings. 

Overall, antioxidant performance is determined by the total number of functional groups available 

in the film to consume radicals. This, in turn, depends on the presence of sufficient free volume in 

the film to allow penetration of radicals and on the local density of functional groups. In this work, 

we found that a propensity of gallol groups to self-association resulted in a twofold effect of 

P3HMA polymer on film performance. First, this character resulted in exponential film growth, in 

which polymer chains were strongly intermixed. Weak intermolecular binding within those films 

led to film swelling and engagement of polyphenol units throughout the entire film thickness in 

radical scavenging reactions. Second, introduction of this polymer within the films dramatically 

changed film composition, resulting in increased local density of polyphenol functional groups. In 

contrast, a catechol-based P2HMA polyphenol formed linearly grown films that restricted the 

penetration of radical species, thus confining radical scavenging to the surface layers of the films. 

This work demonstrates how the chemical structure of polyphenol units can control their hydrogen 

bonding within LbL films and can program film structure, swelling, and availability of polyphenol 

units for interaction with radical species. 
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