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ABSTRACT: We report the influence of side chain hydrolysis on the evolution of nanoscale 
structure in thin films fabricated by the reactive layer-by-layer (LbL) assembly of branched 
poly(ethylenimine) (PEI) and poly(2-vinyl-4,4-dimethylazlactone) (PVDMA). LbL assembly of 
PEI and PVDMA generally leads to the linear growth of thin, smooth films. However, assembly 
using PVDMA containing controlled degrees of side chain hydrolysis leads to the growth of 
thicker films that exhibit substantial nanoscale roughness, porosity, and have resulting 
physicochemical behaviors (e.g., superhydrophobicity) that are similar to those of some thicker 
PEI/PVDMA coatings reported in past studies. Our results reveal that the degree of PVDMA 
partial hydrolysis (or carboxylic acid group content) influences the extent to which complex film 
features develop, suggesting that ion-pairing interactions between hydrolyzed side chains and 
amines in PEI promote the evolution of bulk and surface morphology. Additional experiments 
demonstrate that these features likely arise from polymer/polymer interactions at the surfaces of 
the films during assembly, and not from the formation and deposition of solution-phase polymer 
aggregates. When combined, our results suggest that nanoporous structures and rough features 
observed in past studies likely arise, at least in part, from some degree of adventitious side chain 
hydrolysis in the PVDMA used for film fabrication. Our results provide useful insight into 
molecular-level features that govern the growth and structures of these reactive materials, and 
provide a framework to promote nanoscale morphology reliably and reproducibly. The principles 
and tools reported here should prove useful for further tuning the porosities and tailoring the 
physicochemical behaviors of these reactive coatings in ways that are important in applied 
contexts.  
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Introduction 

Porous polymer-based coatings are useful in a range of advanced applications, including 

separation and filtration, drug delivery, and as solid-phase heterogeneous catalyst supports.1-8 

The versatility of this class of materials results, at least in part, from the ability to tune pore size, 

shape, and functionality by manipulating the chemical structures and physical properties of the 

constituent polymers. Porous polymer coatings can be fabricated using a range of approaches, 

including phase separation, imprinting, or templating techniques, among others.4,6-8 Layer-by-

layer (LbL) assembly has also recently emerged as a useful approach for the design of porous 

polymer films, and can yield composite polymer-based materials that exhibit a broad range of 

pore types, sizes, and morphologies.9-25 LbL assembly also offers the potential to tune film 

features in new ways, because the compositions, thicknesses, and architectures of these materials 

can be influenced by myriad process parameters, including the structures and properties of the 

constituent polymers and the number of assembly cycles.26-31  

Although a general understanding of the physicochemical behaviors of LbL polymer 

coatings has been established, a number of complex factors—including the intermixing or 

interdiffusion of polymer layers32-34 and other structural reorganizations that can occur 

during21,23,25 or after9-18,20,22,35,36 film fabrication—can influence morphology, surface roughness, 

and ultimately lead to the generation of interconnected pores on micro- and nanometer scales.37-

40 These inherent complexities are less well-understood, but they often result in the unexpected 

discovery of new classes of coatings and interfaces with features or new behaviors that are of 

interest in many fundamental and applied contexts. The work reported here was motivated by 

understanding factors that influence the formation of nanoscale roughness and porosity that 

develop in thin films fabricated using ‘reactive’ or ‘covalent’ LbL assembly.37,40 



 

3 

 

Past studies from our group have demonstrated that interfacial reactions between amine-

reactive poly(2-vinyl-4,4-dimethylazlactone) (PVDMA) and the amine-containing polymer 

poly(ethylenimine) (PEI) can drive LbL assembly into films that are either thin, smooth, and 

relatively featureless at the nanometer scale,41-43 or thicker (micrometer-scale) with significant 

nano- and microscale surface features and substantial nanoscale porosity.44-47 These 

PEI/PVDMA multilayers are potentially useful in at least three ways: (i) similar to other LbL 

processes, these materials can be fabricated on a broad range of topologically complex 

substrates,42 (ii) the assemblies that result exhibit superior stabilities in complex chemical 

environments owing to the presence of hydrolytically stable amide-based cross-links,45 and (iii) 

the resulting films contain residual azlactone groups that can be used to further functionalize and 

tailor bulk and surface properties by reactions with a range of nucleophiles.47 These useful 

properties make PEI/PVDMA multilayers a versatile platform for the elaboration of a broad 

range of new functional materials, including tailored biointerfaces,42,43 reactive polymer-based 

capsules,48 and new types of chemical and biomolecular sensors.48 More recently, chemically 

reactive PEI/PVDMA films with substantial degrees of nanoscale roughness and porosity have 

made possible the design of surface coatings with extreme wetting behaviors (e.g., 

superhydrophobicity, underwater superoleophobicity, etc.),44,45,47 including new types of ‘bulk’ 

superhydrophobic coatings that can protect and sustain the long-term release of water-sensitive 

molecules.49 In addition, appropriately functionalized porous PEI/PVDMA multilayers have 

been used as matrices for the design of anti-fouling, ‘slippery’ liquid-infused porous surfaces 

(SLIPS) that can prevent surface fouling by fungi and bacteria.46  

While the physiochemical properties of porous PVDMA/PEI materials have been 

exploited in the context of several potential applications, the processes that lead to porosity 
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during LbL assembly—or that can be used to control the extents or the scales on which they 

occur—remain poorly understood. Although past studies have reported multilayer assembly 

procedures that can be used to promote the evolution of roughness and porosity,44,49,50 the 

molecular-level interactions or other physical parameters that influence structure formation are 

unknown. Here, we report physicochemical investigations into interactions and processes that 

lead to the development of micro- and nanoscale structure and porosity in PEI/PVDMA-based 

multilayers and elucidate molecular design principles that can be used to control, influence, or 

tune the porous nature of the material morphology.  

We demonstrate that the presence of hydrolyzed azlactone groups in PVDMA plays an 

important role in promoting the generation of porosity and roughness: while the assembly of 

PVDMA and PEI leads to the linear growth of thin, smooth films that are devoid of nanoscale 

features, assembly using PVDMA synthesized to contain controlled degrees of side chain 

hydrolysis leads to the growth of thicker films that exhibit substantial nanoscale roughness, 

porosity, and resulting physicochemical behaviors are similar to those reported in past studies. 

When combined, our results suggest that porous structures and rough features observed in past 

studies likely arose, at least in part, from some degree of adventitious side chain hydrolysis in the 

materials used for film fabrication. Because the hydrolysis of azlactone groups yields carboxylic 

acid-containing side chains, our observations lead to a proposed physical picture of nanostructure 

formation and the evolution of rough/porous morphologies that includes molecular-level 

interactions influenced or driven by acid/base ion-pairing interactions with PEI during LbL 

assembly. These observations and the results of other related experiments reported here are 

consistent with this view, and provide a framework for understanding, tuning, and exploiting the 

range of competing interactions that control film growth and lead to changes in film morphology. 
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Our results provide insights, guiding principles, and new experimental tools that may prove 

useful in further tuning and tailoring the properties and behaviors of these reactive coatings.  

 

Materials and Methods 

Materials. Branched poly(ethyleneimine) (PEI; MW ~25,000), azobisisobutyronitrile (AIBN, 

recrystallized once from methanol), decylamine (95%+), concentrated hydrochloric acid (HCl, 

37%, ACS reagent), tetrahydrofuran (THF, HPLC grade, >99.9%), dichloromethane (DCM, 

ACS grade), and hexanes (technical grade), were purchased from Sigma-Aldrich (Milwaukee, 

WI). Inhibitor Removal Resin was purchased from Alfa Aesar (Radnor, PA). 2-Vinyl-4,4-

dimethylazlactone (VDMA) was a kind gift from Dr. Steven M. Heilmann (3M Corp., 

Minneapolis, MN) and was fractionally distilled under reduced pressure (B.P. ~22 °C at ~500 

mTorr; clear mobile liquid at room temperature). The middle distillation fraction was collected 

as a clear, non-viscous, colorless oil. Butylated hydroxytoluene (BHT, 500 ppm) and 

triethylamine (NEt3, 1000 ppm) were added, and the monomer was stored at -18 °C in the dark 

prior to use. Water with a resistivity of 18.2 MΩ•cm was obtained from a Millipore filtration 

system. Unless otherwise noted, materials were used as received.  

 

General Considerations. 1H NMR spectroscopy for VDMA, P1, and P1X derivatives was 

performed in CDCl3 using a Bruker Avance-500 spectrometer. A relaxation delay of 10 s was 

used for all polymers and all spectra were referenced relative to the residual proton peak of 

CHCl3 (δ 7.26 ppm). Gel permeation chromatography was performed using a Viscotek GPC Max 

VE2001 equipped with two Polymer Laboratories PolyPore columns (250 mm × 4.6 mm), a 

TDA-302 detector array, and THF as the eluent at a flow rate of 1 mL/min at 40 °C. The 
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instrument was calibrated using 10 narrow dispersity polystyrene standards with Mn = 

0.580−377.4 kg/mol (Agilent Technologies, Santa Clara, CA). Attenuated total reflectance 

(ATR) IR measurements were obtained using a Bruker Tensor 27 FTIR spectrometer outfitted 

with a Pike Technologies Diamond ATR stage (Madison, WI). Data were analyzed using Opus 

Software version 6.5 (Bruker Optik GmbH). Spectra were collected at a resolution of 2 cm-1 and 

are presented as an average of 16 scans. Data were smoothed by applying a nine-point average 

and baseline-corrected using a concave rubberband correction (10 iterations, 64 points). Optical 

thicknesses of films deposited on silicon substrates were determined using a Gaertner LSE 

ellipsometer (632.8 nm, incident angle = 70°) and data were processed using the Gaertner 

ellipsometer measurement software. Thicknesses were calculated assuming a refractive index of 

1.577, and were determined in at least five different locations for three replicate films. All films 

were dried under a stream of filtered compressed air prior to thickness measurements. Contact 

angle measurements were made using a Dataphysics OCA 15 Plus contact angle goniometer at 

ambient temperature with 4 µL of 18.2 MΩ Millipore water in at least 3 different locations on 

each film. Scanning electron micrographs were acquired using a LEO-1550 VP field-emission 

SEM operating with an accelerating voltage of 1 kV. Film samples were coated with a thin layer 

of gold prior to imaging; polymer and rinse solutions on silicon chips were imaged without gold 

coating. Digital pictures were acquired using a Canon PowerShot SX130 IS digital camera. 

Compressed air used to dry samples was filtered through a 0.2 µm membrane syringe filter 

 

Synthesis of Poly(2-Vinyl-4,4-Dimethylazlactone) (PVDMA) [Polymer P1]. The following 

general procedure yields unhydrolyzed PVDMA when freshly distilled monomer is used. VDMA 

was first passed through two Pasteur pipet columns of Inhibitor Removal Resin (~3.5 cm height) 
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followed by a Pasteur pipet column of silica gel (~2 cm height) to remove BHT and NEt3, 

respectively. VDMA (2.05 g, 14.8 mmol), AIBN (24.4 mg, 0.148 mmol), and ethyl acetate (6.0 

mL, dried over MgSO4 and filtered through a 0.2 µm PTFE syringe filter) were added to an 

oven-dried 25 mL round-bottomed flask, sealed, and sparged with nitrogen for 15 minutes before 

being placed into an oil bath at 60 °C. After 24 hours, the flask was cooled to room temperature, 

the mixture was diluted with ~4 mL of DCM and precipitated into ~300 mL of hexanes at room 

temperature. The resulting white solid was collected by vacuum filtration and then dried under 

high vacuum to constant weight to give P1. 1H NMR (400.180 MHz, CDCl3, δ ppm): 2.71 (s, 

1H), 2.16-1.79 (m, 2H), 1.37 (s, 6H). ATR IR (cm-1): 1818 (C=O azlactone), 1671 (C=N 

azlactone), 1203 C-O-C (azlactone). A representative 1H NMR spectrum is shown in Figure S1 

of the Supporting Information. 

 

Partial Hydrolysis of PVDMA [Polymer P1x]. Polymer P1 was partially hydrolyzed to 

different degrees to yield P1X, where x indicates the final degree of partial hydrolysis, using the 

following general procedure. A sample of P1 (~35 mg) was weighed into a 6 mL glass vial with 

a stir bar and dissolved in 0.75 mL THF to give a clear solution. A 0.1 M HCl solution in 

THF/H2O was freshly prepared by adding 82.1 µL of concentrated HCl to 9.918 mL of THF 

using a volumetric pipet (in this solution, [H2O] = 0.455 mol/L). A pre-determined volume of 

this solution targeting a specific degree of azlactone hydrolysis was added, with stirring, to the 

vial containing the P1 solution, and the vial was sealed. The mixture turned bright yellow 

immediately after addition of the acid solution, and the vial was left to stir overnight at room 

temperature. The yellow color generally dissipated after several hours, but often persisted for 

samples with high degrees of hydrolysis (e.g., ~20% or greater). The polymer was precipitated 
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into ~15 mL of hexanes and collected by centrifugation. The resulting P1X derivatives were dried 

under high vacuum overnight to yield white solids. A representative 1H NMR spectrum of 

partially hydrolyzed PVDMA is included in Figure S1. THF solvent (HPLC grade) was used for 

this procedure and was not necessarily anhydrous; the actual degree of hydrolysis was therefore 

often higher than targeted. The final degrees of hydrolysis for P1X derivatives were determined 

using quantitative 13C NMR spectroscopy as described in the next section. 

 

Characterization of Degrees of Hydrolysis of PVDMA by Quantitative 13C NMR 

Spectroscopy. Quantitative 13C NMR spectroscopy was performed using a Bruker Avance 3 

spectrometer equipped with a liquid He-cooled DCH cryoprobe. Samples were dissolved at 

~2 wt% in acetone-d6 and all spectra were referenced relative to the residual carbonyl carbon in 

acetone-d6 (δ = 206.26 ppm). Acquisition parameters were adapted from the literature51 and data 

were acquired using a relaxation delay of 10 s and an average of 1024 scans. The degree of 

hydrolysis was calculated using the integration of the peaks corresponding to the quaternary 

carbons in the ring-closed and ring-opened form of the azlactone ring, and by the equation 

Percent Hydrolysis = [Iring-opened / (Iring-opened + Iring-closed)]. For example, for P1B, Percent 

Hydrolysis = [0.20 / (0.20 + 1.00)] = 0.167 or 16.7%. The associated error in degree of 

hydrolysis was obtained by assuming an error of ±5% in the value of each integral, and by 

propagating through the percent hydrolysis calculation. Representative 13C NMR spectra used to 

determine the degree of hydrolysis of polymers used in this study are included in Figure S2. 

 

Layer-by-Layer Assembly of PEI/P1 and PEI/P1X Coatings. Multilayers of PEI/P1 or 

PEI/P1X were fabricated on glass or silicon substrates (~1 x 4 cm, five total substrates for each 
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condition; pre-cleaned with methanol and acetone) using the following general procedure 

reported in past studies for the fabrication of nanoporous PEI/PVDMA films:44,50 (i) substrates 

were submerged in a solution of PEI (~0.87 mg/mL; 20 mM in acetone with respect to the 

polymer repeat unit) for 20 s; (ii) substrates were removed and immersed in an initial acetone 

bath for 20 s, followed by a second acetone bath for 20 s; (iii) substrates were submerged in a 

solution of P1 or P1X (~2.8 mg/mL; 20 mM in acetone with respect to the polymer repeat unit 

for P1, ~3.1 mg/mL for P1X) for 20 s; and (iv) substrates were removed and rinsed again using 

the procedure outlined under step (ii). This cycle was repeated 35 times, without changing the 

rinse solutions to yield films 35 bilayers thick. After fabrication, films were washed copiously 

with acetone from a spray bottle and then dried under a stream of compressed air. Films were 

stored in a vacuum desiccator prior to use. To functionalize residual azlactone groups with 

decylamine, films were incubated overnight in solutions of decylamine (20 mg/mL) in THF at 

room temperature.41,44 After incubation, films were rinsed with THF and then dried under a 

stream of compressed air. 

 

Characterization of Polymer Aggregates Formed During Film Fabrication. In experiments 

designed to characterize the presence of polymer aggregates in the polymer dipping solutions 

and the rinse solutions used for film fabrication, multilayer films were assembled using the 

above procedure and a model P1X polymer containing 22.5 ± 1.4% hydrolyzed side chain 

groups. After film fabrication, two drops of solution from each polymer solution vial (PEI and 

P1X) were cast onto silicon substrates, the acetone was allowed to evaporate off at room 

temperature, and the remaining material was imaged by SEM. In separate experiments designed 

to investigate the effect of polymer solution ‘carry-over’ and subsequent co-mixing and 
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aggregation of PEI and P1X polymers in vials during fabrication, the dipping procedure 

described above was followed, with the exception that the rinse solutions were replaced with 

fresh acetone after every rinse step. After film fabrication, a drop of solution from each polymer 

solution vial was cast onto a silicon substrate for SEM imaging, as described above.  

 

Results and Discussion 

The presence of hydrolyzed azlactone groups impacts film growth 

Past work has demonstrated that PEI/PVDMA multilayers can be fabricated in ways that 

lead to either (i) thin and smooth films that are optically transparent,41-43 or (ii) thicker films that 

are optically opaque and exhibit micro- and nanoscale roughness and substantial internal 

porosity.44-46,49,50 The approaches used to fabricate these materials all have, in common, 

protocols that involve the iterative and alternating immersion of substrates into solutions of PEI 

and PVDMA in acetone, with intervening exposure to acetone rinse solutions. As described 

above, past studies reported procedures and process parameters that could be used to bias film 

growth toward the evolution of substantial nanoscale roughness and porosity. For example, the 

use of (i) PVDMA synthesized in the presence of cyclic oligomers of VDMA44,52 and (ii) 

protocols that do not involve the regular replacement of polymer and rinse solutions during 

fabrication,45,46,49,50 have both been used to fabricate nanoporous and topographically complex 

coatings that exhibit superhydrophobicity, superhydrophilicity, or underwater superoleophilicity 

when functionalized with appropriate amine-based nucleophiles (e.g., hydrophobic or 

hydrophilic amines, as discussed below).44,45,49,50  

During the course of our current studies, however, we occasionally encountered samples 

of PVDMA, synthesized using previously reported protocols, that either did not lead to films 
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with substantial roughness or porosity, or lead to films that were porous and rough, but that did 

not exhibit some anticipated functional properties (e.g., extreme wetting behaviors) after post-

fabrication functionalization. Those results prompted additional spectroscopic characterization 

and comparisons of samples of PVDMA used in those experiments that revealed evidence of 

variable levels of side chain azlactone hydrolysis in polymers synthesized under otherwise 

similar conditions (these results are discussed in greater detail below). The ring-opening 

hydrolysis of the azlactone groups in PVDMA yields carboxylic acid functionality, as shown in 

Scheme 1. For the purpose of clarity in the discussion below, we refer from here on to PVDMA 

as ‘polymer P1’ and denote PVDMA containing specific mole fractions of hydrolyzed side 

groups, as depicted in Scheme 1, as ‘polymers P1X’, where ‘x’ denotes a specific mole fraction 

of hydrolyzed repeat units. Our initial observations from those characterization studies described 

above suggested that the presence and variability in the number of hydrolyzed azlactone groups 

in these polymers could play a role in the evolution of rough and nanoporous morphologies 

observed in PEI/PVDMA multilayers and, thus, motivated the additional series of synthetic and 

physicochemical characterization studies described below. 

In a first series of experiments, we sought to synthesize samples of P1 and provide 

insight into factors that could lead to side chain hydrolysis. To initiate these studies, we prepared 

 

Scheme 1. General scheme showing the polymerization of VDMA to P1, and subsequent 
partial-hydrolysis using aqueous HCl in THF at room temperature to yield P1X derivatives. 
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samples of P1 using VDMA monomer that was freshly distilled (Scheme 1; see Materials and 

Methods for additional details). The use of freshly distilled monomer reproducibly yielded P1 

that did not contain hydrolyzed side chain groups,53 whereas samples of P1 synthesized using 

monomer that was not freshly distilled often lead to polymers with varying degrees of side chain 

hydrolysis (i.e., P1X, Scheme 1), as determined by characterization using FTIR. Figure 1 shows 

the IR spectra of P1 and a representative sample of P1X polymerized using monomer that was 

not freshly distilled, similar to that used in past studies to fabricate nanoporous PEI/PVDMA 

films. The diagnostic azlactone carbonyl (C=O, 1821 cm-1) and azlactone imine (C=N, 1672 cm-

1) stretches are present in both spectra.54 However, the spectrum of P1X also reveals a carboxylic 

acid carbonyl (C=O, 1734 cm-1) stretch and an amide bending mode (N-H, 1528 cm-1) 

 

Figure 1. ATR IR spectra for P1 (bottom) and partially hydrolyzed P1X (top). The peaks 
corresponding to the azlactone carbonyl (C=O, 1818 cm-1) and azlactone imine (C=N, 
1671 cm-1) stretches are observed in the spectra of both P1 and P1X. Carboxylic acid carbonyl 
stretching (C=O, 1734 cm-1) and amide bending (N-H, 1528 cm-1) peaks associated with 
hydrolyzed azlactone rings are present in the spectrum of P1X only. 

 



 

13 

 

characteristic of hydrolyzed side chain groups. Evidence of a ring-opened amide carbonyl peak 

can be observed as a shoulder on the C=N peak in the P1X spectrum (C=O, ~1650 cm-1).54 We 

did not observe the presence of hydrolyzed VDMA monomer in samples that were not freshly 

distilled by NMR (data not shown), nor did we detect substantial differences in the water content 

of freshly distilled VDMA (735 ± 97 ppm) and samples that were not freshly distilled (645 ± 76 

ppm) by Karl-Fisher titration.  

When combined, the results above suggest that the hydrolyzed units in samples of P1X do 

not arise from the incorporation of hydrolyzed monomer or the presence of water (that could lead 

to hydrolysis) during polymerization. We speculate that the partial hydrolysis observed in these 

samples and others used in past studies may be promoted by the presence of other, currently 

unidentified acidic impurities that may exist as a by-product of monomer synthesis54 or that can 

form upon the standing and storage of VDMA, or by impurities introduced by the addition of 

cyclic oligomers of VDMA52 used to prepare PVDMA in some past studies.44 We note that it is 

also possible for side chain hydrolysis to occur after polymerization and upon storage by 

exposure to water, heat, or other acidic and basic species (i.e., in wet or dry samples of P1). The 

further identification of specific impurities that could lead to hydrolysis was not a primary aim of 

this study.  

We performed a series of initial experiments using the P1 and P1X polymers 

characterized above to fabricate PEI/PVDMA multilayers following a protocol used in past 

studies to fabricate rough and nanoporous coatings.44-46,49,50 In brief, this protocol involved the 

iterative immersion of substrates into a solution of PEI, two subsequent rinse solutions, then a 

solution of P1X, and finally two additional rinse solutions to fabricate what we refer to as one 

PEI/PVDMA ‘bilayer’ (see Figure 2A; this basic cycle was repeated multiple times, as desired, 
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to promote LbL growth. All solutions were prepared using acetone; see Materials and Methods 

for full details). Figure 2B shows the increase in optical thickness, as determined by 

ellipsometry, for PEI/P1 and PEI/P1X films fabricated on reflective silicon substrates as a 

function of the number of bilayers deposited. These results reveal PEI/P1 films (filled triangles) 

to grow relatively slowly and with a linear deposition profile up to 20 bilayers, to an average 

thickness of ~75 nm. This film growth profile is similar to those reported in several past studies 

on the LbL assembly of PEI/PVDMA films.41 In contrast, PEI/P1X films (filled circles) increased 

in thickness much more rapidly, with a profile that was also roughly linear but with a greater 

slope, for up to 16 bilayers and to an average thickness of ~190 nm under otherwise identical 

conditions (these films became optically opaque after 16 bilayers were deposited, preventing 

further analysis of film growth using ellipsometry).  

 

Figure 2. (A) Chemical structure of branched poly(ethylenimine) (PEI, top) and schematic 
showing the process flow of the LbL approach used to fabricate the films investigated in these 
studies (bottom). (B) Film growth profiles for PEI/P1 (filled triangles) and PEI/P1X (filled 
circles) films fabricated on planar silicon substrates, as characterized by ellipsometry. Error 
bars represent the standard deviation of at least five measurements on five separate films. (C) 
Photos showing the physical appearance of 35 bilayer thick PEI/P1X and PEI/P1 films 
assembled on glass substrates. Scale bar = 1 cm. 
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Figure 2C shows digital photographs of PEI/P1 and PEI/P1X films 35 bilayers thick 

fabricated on glass substrates under otherwise identical conditions. PEI/P1 films fabricated under 

these conditions (right) were smooth and optically uniform and transparent; PEI/P1X films (left) 

were optically opaque and exhibited surface roughness that was apparent to the naked eye, 

similar to rough and nanoporous coatings reported in other past studies.44-46,49,50 When combined, 

these results suggested that the presence of hydrolyzed azlactone functionality in PVDMA could 

contribute to the evolution of micro- and nanostructures during LbL assembly. Additional 

characterization of P1 and P1X by gel permeation chromatography revealed similar molecular 

weights and dispersities (see Figure S3), suggesting that the differences shown in Figure 2 do not 

arise from large differences in these macromolecular parameters.  

In all further studies described below, we performed experiments using samples of P1X 

synthesized by the intentional and controlled hydrolysis of P1 to investigate the influence of 

hydrolysis and differences in carboxylic acid group content on film growth and morphology.  

 

Influence of the degree of side chain hydrolysis on film growth, morphology, and properties 

Scheme 1 above shows our approach to the synthesis of P1X derivatives having different 

degrees of partial side chain hydrolysis. Treatment of solutions of P1 in THF with a known 

amount of water and in the presence of an acid catalyst yielded polymers P1A, P1B, P1C, and P1D, 

as shown in Table 1. (We note here that the addition of water alone to solutions of P1 in THF, 

followed by overnight incubation, did not induce any azlactone hydrolysis, as monitored by IR 

spectroscopy). We determined the percent hydrolysis generated under these conditions using  
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Table 1. Percentage of Side-chain Hydrolysis (Hydrolysis, %) and Azlactone:Acid IR Peak 
Height Ratio for P1X Copolymers Synthesized in this Study. 
 

 
aPercentage of side-chain hydrolysis, as determined by quantitative 13C NMR spectroscopy; 
b[Azlactone]:[Acid] ratio as determined by IR, calculated from the ratio of the azlactone 
carbonyl (C=O) peak height (1822 cm-1) to the carboxylic acid carbonyl (C=O) peak height 
(1734 cm-1). 

 
Figure 3. ATR IR spectra for partially hydrolyzed derivatives P1A, P1B, P1C, and P1D. The 
intensity of the azlactone carbonyl [denoted by (*); C=O, 1818 cm-1] peak decreases relative 
to the intensity of the carboxylic acid carbonyl stretching [denoted by (‡); C=O, 1734 cm-1] 
with increasing fraction of partial-hydrolysis from P1A to P1D; this ratio is provided for each 
polymer in Table 1.  
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quantitative 13C NMR spectroscopy. As shown in Table 1, the degree of partial hydrolysis ranged 

from 13.8% to 35.5% (analysis methods are described in the Materials and Methods section, and 

representative 13C NMR spectra are shown in Figure S2). Figure 3 shows representative IR 

spectra for these partially hydrolyzed polymers. These results show that as the percentage of 

hydrolysis increases (from P1A to P1D), the height of the azlactone carbonyl peak at 1821 cm-1 

decreases, and the carboxylic acid carbonyl peak at 1734 cm-1 increases; the ratio of these two 

peak heights for polymers P1A to P1D are given in Table 1. We also note that, as the percentage 

of hydrolysis increased from P1A to P1D, evidence of the amide N-H bending mode (1528 cm-1) 

became more pronounced.  

Figure 4A shows digital pictures of PEI/PVDMA multilayers 35 bilayers thick fabricated 

using P1A, P1B, P1C, and P1D and iterative immersion protocols identical to those described 

above. An image of a PEI/P1 control film fabricated using pristine PVDMA is also shown for 

comparison. All of the films fabricated using the partially hydrolyzed derivatives were optically  

opaque and appeared rough to the naked eye, similar to the coatings described above using P1X 

and shown in Figure 2C. However, the film fabricated using P1 (containing 0% hydrolyzed side 

chains) was again optically clear, visually smooth, and uniform. Figure 4B shows the results of 

analysis of the advancing water contact angles (θ) of multilayers fabricated using P1 and 

polymers P1A, P1B, P1C, or P1D. Black bars in Figure 4B show the water contact angles 

measured on as-fabricated (azlactone-containing) films; grey bars show contact angles measured 

after the functionalization of those reactive films by treatment with decylamine (20 mg/mL in 

THF, overnight), a hydrophobic amine used in past studies on the fabrication of nanoporous and 

superhydrophobic PEI/PVDMA coatings.44,45,49,50 Representative images of water droplets 

contacting these surfaces are shown in Figure S4. Plots showing corresponding receding water 
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contact angles and associated values of contact angle hysteresis (defined as the difference in 

advancing and receding contact angles) are shown in Figure S5. 

 Films fabricated using P1A, the derivative with the lowest degree of hydrolysis (13.8%), 

were the least hydrophobic, with θ = 123.4 ± 1.4°, but became superhydrophobic after 

decylamine functionalization, θ = 157.7 ± 2.9° (superhydrophobicity is defined here as a surface 

 
Figure 4. (A) Digital pictures showing the physical appearance of 35 bilayer thick PEI/P1 and 

PEI/P1X films assembled on glass substrates. Scale bar = 1 cm. (B) Plot showing the 
advancing water contact angle measured on PEI/P1X films fabricated using P1A, P1B, P1C, 
and P1D shown in part A. Water contact angles were measured before (black bars) and after 
functionalization with decylamine (grey bars; see text). The dotted line marks the contact 
angle of 150° commonly used as an indicator of superhydrophobicity (see text). Error bars 
represent the standard deviation of at least five measurements. 
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with a contact angle >150° and a contact angle hysteresis, or roll-off angle, of < 10°).55,56 In 

contrast, PEI/P1B films (16.7% hydrolyzed) were superhydrophobic both before (θ = 156.2 ± 

0.4°) and after functionalization (θ = 157.3 ± 0.5°). PEI/P1C films (25.9% hydrolyzed) exhibited 

similar wetting behaviors to PEI/P1B films (θ = 137.5 ± 2.7° before, and θ = 152.6 ± 0.2° after 

functionalization). In contrast, PEI/P1D films (35.5% hydrolyzed) did not exhibit 

superhydrophobicity either before (θ = 130.8 ± 6.1°) or after functionalization (θ = 146.0 ± 0.3°). 

On the basis of these results, we conclude that (i) the number of carboxylic acid side chains 

present in the P1X derivatives has a significant influence on the wetting behaviors of these 

materials, and (ii) there is an apparent window of carboxylic acid content (between ~17% and 

~25%) over which superhydrophobicity can be achieved after treatment with decylamine. Films 

fabricated using P1X derivatives containing higher percentages of hydrolyzed side chain groups 

(e.g., P1D, ~36% hydrolysis) were rough and optically opaque (Figure 4A), but not 

superhydrophobic either before or after decylamine functionalization. Moreover, we note that 

films fabricated using P1X derivatives with lower extents of hydrolysis (e.g., P1A, ~17% 

hydrolysis) exhibited superhydrophobicity even prior to functionalization with decylamine.  

We next sought to characterize potential differences in film morphology exhibited by 

PEI/PVDMA films fabricated using P1, P1A, P1B, P1C, and P1D. Figure 5 shows top-down SEM 

images of the five films shown in Figure 4A. These images reveal PEI/P1 films to be uniformly 

smooth and largely featureless (Figure 5A), but that all other films assembled using P1A-D 

exhibited more complex morphologies and many micro- and nanoscale topographic features that 

were not present in PEI/P1 films (Figure 5B-E). Further inspection of the images (see also the 

insets in these images) reveals qualitative differences in film morphology that vary with the 

percentages of hydrolysis in the P1X derivatives used to fabricate the films. For example, films 
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fabricated using P1A and P1B (Figure 5B-C), which contain the lowest degrees of hydrolysis 

(~14% and ~17%, respectively) exhibit complex morphologies composed of surface-exposed 

nanoscale bumps, particles, and pores that are similar to features reported previously for many 

nanoporous and topographically rough PEI/PVDMA films that exhibit extreme non-wetting 

behaviors.44,45,49,50 In contrast, inspection of the images in Figure 5D-E reveals films fabricated 

from polymers with higher percentages of hydrolysis (P1C and P1D, with ~26% and ~36% 

hydrolysis, respectively) to have complex morphologies with qualitatively smoother surfaces, or 

a lack of readily observable hierarchical nanoscale features similar to those shown in Figure 5B-

C.  

 
 
Figure 5. (A-E) SEM images showing the film morphology at the surfaces of 35 bilayer thick 
PEI/P1 and PEI/P1X assembled on glass substrates. PEI/P1 films shown in (A) are largely 
featureless, while films assembled using (B) P1A, (C) P1B, (D) P1C, and (E) P1D exhibit more 
complex morphologies with many micro- and nanoscale features. Scale bar = 5 µm; 2 µm 
insets. 
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In combination with these qualitative characterization studies, we also used nitrogen gas 

adsorption analysis to determine whether differences in the sizes, void volumes, and surface 

areas of pores apparent in SEM images of films fabricated using P1X derivatives could be 

characterized quantitatively. These experiments revealed adsorption isotherms and the pore size 

distributions of films fabricated with hydrolyzed PVDMA to be different from those of films 

fabricated with unhydrolyzed PVDMA. However, these isotherms were generally complex and 

difficult to interpret with confidence using BET theory or other related models typically used for 

analysis of gas adsorption isotherms of porous materials. We speculate that these deviations from 

model behavior could arise, at least in part, from the morphologies of these materials, which, as 

suggested by the SEM images, contain pores that are interconnected, irregular, and have shapes 

and sizes outside the range typically considered appropriate or ideal for analysis using these 

methods. We are currently investigating other approaches to quantify differences in the 

porosities of these materials.  

The apparent differences in morphology and nanoscale topographic features shown in 

Figure 5 could account for the lower water contact angles observed for the PEI/P1C and PEI/P1D 

films shown in Figure 4B (black bars). Taken together, these results hint that the influence of 

side chain hydrolysis on the wetting behaviors of these coatings could arise, at least in part, from 

the influence of carboxylic acid groups on the nanoscale morphologies that evolve during 

assembly. We consider it likely that differences in the number of hydrophilic carboxylic acid 

groups present in these films could also play an important role in defining the wetting properties 

of these materials. Ultimately, the wetting behaviors of these films, as defined by the contact 

angle measurements reported here, are likely to be a result of the interplay of the influences of 

both morphology and surface energy. 
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Figure 6 shows ATR IR spectra of PEI/PVDMA films fabricated using P1A, P1B, P1C, 

and P1D prior to treatment with decylamine. Inspection of these images reveals the presence of 

unreacted azlactone functionality (e.g., the azlactone carbonyl peak at 1821 cm-1), and that the 

carboxylic acid carbonyl peak observed in the IR spectra of polymers using P1A, P1B, P1C, and 

P1D is absent (C=O 1734 cm-1; see Figure 3). Because PEI contains basic primary, secondary, 

and tertiary amine functionality, it is likely that the carboxylic acid groups in these films could 

be deprotonated and, thus, present in the carboxylate form. The spectra shown in Figure 6 tend to 

support this conclusion because the hydrolyzed azlactone carboxylic acid stretch observed for 

P1X is absent (see Figure 3). However, the anticipated carboxylate carbonyl stretch (reported at 

~1645 cm-1 for cross-linked polymer beads containing fully-hydrolyzed VDMA in the sodium 

 

Figure 6. ATR IR spectra for 35 bilayer thick PEI/P1X films assembled on glass substrates 
using partially hydrolyzed derivatives P1A, P1B, P1C, and P1D. The black arrow indicates the 
expected position of the carboxylic acid carbonyl stretching (C=O, 1734 cm-1, based on the IR 
spectra of the individual polymers prior to assembly; see Figure 1).   
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salt form)54,57 is obscured by the overlapping amide carbonyl stretch and azlactone imine peaks 

that are centered at ~1664 cm-1. Although the results shown in Figure 6 are not definitive proof 

of ion-pairing interactions between carboxylic acid and amine functionality in these films, these 

results are generally consistent with that possibility. We return again in the discussion below to 

the potential influence of such ion-pairing interactions on the growth and evolution of nanoscale 

morphology that occurs during the assembly of these materials.  

 

Consideration of the influence of partial side chain hydrolysis on evolution of film morphology 

The nanoscale structures and porous morphologies shown in Figure 5B-C and reported in 

past studies could arise during fabrication from the formation of nanoscale aggregates of PEI and 

PVDMA. We hypothesized that these features could arise either (i) in solution and prior to 

contact with the surface to be coated (in this scenario, film growth could occur, at least in part, 

by the deposition of preformed, solution-phase PEI-PVDMA nano-aggregates), or (ii) upon the 

deposition of either PEI or PVDMA on the surface of a growing film during individual steps in 

the fabrication cycle (in this scenario, these features would result from transformations that occur 

at the surface, or possibly within the bulk, of a growing film as each new polymer ‘layer’ is 

deposited). We note that it is also possible that these morphologies could arise during other steps 

of the fabrication process, including at points during which film-coated substrates are removed 

from polymer or rinse solutions and transported to the following solution. At these points in the 

process, for example, brief exposure to air or physical transformations promoted by the 

evaporation of acetone could potentially lead to film reorganization and the evolution of complex 

morphologies. Other possibilities may also exist that are not considered here. It is clear from 

visual inspection and physicochemical characterization of these films during fabrication, 
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however, that these morphologies develop and evolve during the fabrication process, and that 

nanoscale roughness and porosity do not arise as a consequence of transformations that occur 

after film assembly is complete (e.g., upon final drying or upon long-term storage, etc.). 

The first hypothesis described above is supported generally by the observation that both 

the polymer solutions and primary rinse baths used during fabrication often become visually 

cloudy during fabrication, consistent with the formation of polymer aggregates in these solutions 

as film fabrication progresses. This phenomenon could arise from carryover of polymer into and 

between solutions during the iterative transfer of substrates from solution to solution during 

fabrication; see Figure 2A. (We note that solutions of PEI or PVDMA alone do not flocculate or 

yield visible precipitates upon standing on the time scales used for film fabrication). To provide 

insight into the potential role of aggregates in the evolution of nanostructure in these materials 

during fabrication, we conducted a series of experiments using acetone solutions of PEI and a 

model P1x polymer containing 22.5± 1.4% hydrolyzed groups. Characterization of PEI/PVDMA 

films fabricated using this polymer by ellipsometry, SEM, FTIR, and contact angle 

measurements revealed the influence of this polymer on film growth and morphology to be 

similar to that of P1C; see discussion below. 

Figure 7 shows SEM images of samples of polymer solution (A: PEI solution; B: P1X 

solution) and the rinse baths (C: first rinse vial after immersion in PEI solution; D: first rinse vial 

after immersion in P1X solution) collected after the fabrication of a 35 bilayer PEI/PVDMA film 

(these solutions were drop-cast onto silicon and acetone was evaporated prior to imaging; see 

Materials and Methods). Inspection of these images reveals the presence of microscale and 

nanoscale aggregates. Although it is not possible to infer from these results anything regarding 

the compositions of these aggregates or their sizes before drying, the aggregates in these images 
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are consistent with the visible presence of polymer aggregates in these solutions during and after 

fabrication. More generally, these observations suggest that the nanoscale structures in the 

PEI/PVDMA films discussed above could potentially arise from the deposition or reaction of 

these aggregates onto surfaces during immersion at each step in the film fabrication process.  

The results of additional control experiments in which films were fabricated using a 

modified rinse procedure suggested that nanoscale structure and morphology can also evolve 

 

Figure 7. (A) SEM image showing the morphology of a 35 bilayer thick PEI/P1X film 
assembled on a glass substrate using a model P1X with 22.5 ± 1.4 percent hydrolysis. (B) and 
(C) show SEM images of polymer aggregates present in the dried samples of PEI and P1X 
film fabrication solutions, respectively, collected after film assembly. (D) and (E) show SEM 
images of polymer aggregates present in the first PEI and first P1X acetone rinse vials used 
for film fabrication, respectively, collected after film assembly (see text). Scale bar = 5 µm; 1 
µm insets. 
 



 

26 

 

during fabrication even when polymer aggregates are not substantially present in solution. In this 

modified procedure, rinse solutions were replaced with fresh acetone during fabrication after 

every single rinse step to prevent the accumulation and carryover of PEI or P1X during 

successive immersions (all other fabrication parameters were otherwise identical). The images in 

Figure 8D and 8E show SEM images of the PEI and P1X solutions used in these experiments. 

Relative to Figure 7, these images reveal the absence of nanoscale or microscale aggregates, 

demonstrating that this modified rinse protocol was sufficient to prevent polymer carryover and 

in-process aggregate formation in these solutions. Figure 8C, however, shows an SEM image of 

a 35-bilayer film fabricated using this modified protocol, and reveals the presence of significant 

nanoscale structure and texture on the surface of the film. Likewise, Figure 8A shows an image 

of a film fabricated under similar conditions, and reveals the film to be visually rough and 

opaque, albeit not as visually rough or as opaque as films shown in Figure 4.  
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When combined, these results demonstrate that micro- and nanoscale features are able to 

form on the surfaces of growing films during the deposition of PEI or PVDMA in ways that can 

occur independent of the formation and possible deposition of solution-based polymer 

aggregates. We note again, however, that films fabricated by this modified procedure are visually 

different (Figure 8A), and results shown in Figure 8B also demonstrate the contact angles of 

these films to be significantly less hydrophobic (θ ~71°) than films made by the more 

conventional fabrication protocol. On the basis of these results and observations, it is thus also 

possible that the formation and subsequent deposition of polymer aggregates in solution during 

fabrication could also play a role and lead to, for example, a more rapid onset of surface features 

that promote the generation of roughness and porosity. Additional experiments will be required 

to probe these possibilities more completely and characterize factors that influence the formation 

 

Figure 8. Characterization of a 35 bilayer thick film fabricated using a model P1X with 22.5 ± 
1.4 percent hydrolysis by changing the acetone rinse solutions after every rinse step (see text). 
(A) Digital picture showing the physical appearance of the film; scale bar = 1 cm. (B) Water 
contact angle analysis demonstrating that the film was readily wet by water. (C) SEM image 
showing the morphology at the surface of the film. (D) and (E) show SEM images indicating 
the absence of polymer aggregates in the PEI and P1X film fabrication solutions, respectively, 
collected after film assembly (see text). Scale bars in (C-E) = 5 µm; 1 µm insets. 
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of nanostructure under conditions where the potential for the aggregation of PEI and PVDMA in 

solution is minimized or completely eliminated. Experiments conducted using PEI and PVDMA 

solutions containing acetone-soluble salts that could potentially screen ionic interactions between 

these polymers lead to other complex film growth profiles that we were unable to clearly or 

reliably interpret in this context. Those preliminary results suggest, however, that the addition of 

small-molecules salts and electrolytes to polymer solutions could provide other interesting 

opportunities to tune the structures and behaviors of these PEI/PVDMA films. Additional studies 

to explore the potential of this, and other related approaches, are currently underway and will be 

reported in due course. 

 

Summary and Conclusions 

Our results demonstrate that the presence of hydrolyzed azlactone groups in PVDMA can 

substantially influence the growth and resulting morphologies of multilayer films fabricated by 

reactive LbL assembly. Whereas unhydrolyzed PVDMA and PEI yield thin films that are 

smooth, transparent, and largely devoid of micro- and nanoscale features, films assembled using 

partially hydrolyzed PVDMA are generally thick, porous, and exhibit substantial roughness 

together with micro- and nanoscale topographic features. The morphologies and wetting 

behaviors of these films are, in general, similar to those of nanoporous and topographically 

complex PEI/PVDMA coatings reported in past studies. The results reported here also 

demonstrate that the degree of azlactone hydrolysis can influence the surface properties and 

interfacial behaviors of films, and suggest that carboxylic acid side chain groups could 

participate in acid/base and ionic interactions that could also influence structure formation and 

film growth. The mechanism of structure formation and the evolution of roughness and porosity 
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in these materials is not yet completely understood. However, our results provide new and useful 

insights into molecular-level features that can influence the properties and behaviors of these 

materials, and introduce well-defined approaches that can be used to achieve these morphologies 

reliably and reproducibly. The work reported here thus provides guidance that should prove 

useful for further tuning the porosities and tailoring the physicochemical behaviors of these 

reactive coatings in ways that are important in applied contexts. 
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