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Abstract 

 We report on the role of molecular diffusivity in the formation of nonlinearly growing 

polyelectrolyte multilayers (nlPEMs). Electrostatically bound polyelectrolyte multilayers were 

assembled from poly(methacrylic acid) (PMAA) as a polyanion and quaternized poly-2-

(dimethylamino)ethyl methacrylate (QPC) as a polycation. Film growth as measured by 

ellipsometry was strongly dependent on the time allowed for each polymer deposition step, 

suggesting that the diffusivities of the components are crucial in controlling the rate of film 

growth. Uptake of polyelectrolytes within nlPEMs was relatively slow, and occurred on time 

scales ranging from minutes to hours, depending on the film thickness. Spectroscopic 

ellipsometry measurements with nlPEM films exposed to aqueous solutions exhibited high 

(several-fold) degrees of film swelling, and different swelling values for films exposed to QPC or 

PMAA solutions. FTIR spectroscopy showed that the average ionization of film-assembled 

PMAA increased upon binding of QPC, and decreased upon binding of PMAA, in agreement 

with the charge regulation mechanism for weak polyelectrolytes. The use of neutron 

reflectometry (NR) enabled quantification of chain intermixing within the film, which was 

drastically enhanced when longer times were allowed for polyelectrolyte deposition. Diffusion 

coefficients of the polycation derived from the uptake rates of deuterated chains within 

hydrogenated films were of the order of 10-14 cm2/s, i.e. 5 to 6 orders of magnitude smaller than 

those found for diffusion of free polymer chains in solution. Exchange of the polymer solutions 

to buffer inhibited film intermixing. Taken together, these results contribute to understanding the 

mechanism of the growth of nonlinear polyelectrolyte multilayers and demonstrate the 

possibility of controlling film intermixing, which is highly desirable for potential future 

applications. 
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Introduction 

The layer-by-layer (LbL) technique presents a versatile way to coat the surfaces of a 

diverse range of materials with nanoscopically structured films.1 LbL-deposited polyelectrolyte 

multilayers (PEMs) have found a number of applications, showing particular promise for surface 

functionalization of biomedical devices to control cell adhesion, antibacterial properties and 

localized delivery of bioactive molecules.2,3,4 For the use of LbL films as drug-delivery coatings, 

the overall capacity for loading bioactive molecules is especially important, and micron-thick 

rather than ultrathin films are optimal. At the same time, it is desirable to control film 

stratification to enable sequential delivery of multiple functional molecules.5 Addressing this 

challenge requires detailed understanding of LbL films that grow non-nonlinearly and feature 

more mass deposited in fewer steps compared to films grown linearly.6 The designation of PEMs 

as either linear or nonlinear (lPEMs and nlPEMs, respectively) refers to the shape of their growth 

curves, wherein total film thickness is plotted vs. deposition time or number of deposition steps. 

The rate of deposition and whether it increases with time is determined by the strength of binding 

between polyelectrolyte components.7,8 Linear film growth is typical for strongly bound 

polyelectrolytes, and exhibits a constant increment in mass increase per deposition step and fast 

saturation of mass at each deposition step. In contrast, accelerated, non-linear (also often called 

“exponential”) film growth is mostly observed for systems with weak binding between 

polyelectrolyte chains.9-11 Thicker films are formed as mobile polymer chains do not just bind at 

the film surface, but penetrate deeper within films.12,13 Recently, differing growth kinetics for 

linear and nonlinear films was reported for a clay-containing system, with a strong increase in 

film thickness with deposition time observed for weakly bound polymer/clay pairs, and film 

thickness being almost independent of deposition time for strongly interacting polymer-clay 

pairs.14 Chain mobility and film growth modes are dependent on polyelectrolyte type and chain 

rigidity, 15 and can be modulated by concentration and type of salt,16,17-19 temperature,20,21 or 

solution pH. 22,23  

Films which grow nonlinearly (exponentially) were first seen in pairs of weakly 

associating biological polyelectrolytes. 6,11-13 Diffusion of at least one of polyelectrolytes within 

the film was established as a condition necessary to observe exponential film growth, and a 

model suggesting “in-and-out” free diffusion of polyelectrolyte chains between film and solution 

at alternating film deposition cycles was developed.11-13 Diffusion of polyelectrolyte chains being 
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limited to a zone close to the film-solution interface was also suggested, and used to explain a 

transition from exponential to linear film growth after a large number of deposition steps.24 The 

“in-and-out” model is widely but not universally accepted; some groups propose an alternative 

“dendritic and island” explanation for exponential film growth.25 Overall, in spite of an 

increasing number of experimental reports of nonlinear growth in LbL films, the structure and 

dynamics of these films are still poorly understood. The only existing mathematical model of 

exponential film growth26 assumes diffusion of polyelectrolytes throughout PEMs and 

consequent film swelling. To assess the validity of such assumptions, it is necessary to measure 

and quantify chain diffusion and layer intermixing in nonlinear PEMs.  

In recent studies, we used neutron reflectometry to study the effect of ionic strength and 

film deposition techniques on the diffusivity of polyelectrolyte chains within linear PEMs.27,28 In 

this work, we focus on nlPEMs and study the correlation between chain diffusivity, 

polyelectrolyte deposition time and film internal structure at different stages of film growth for 

films of varying deposition history. 

Materials and Techniques 

Branched polyethyleneimine (BPEI) with Mw=25 kDa and Mw/Mn = 2.50 was purchased from 

Aldrich. Hydrogenated polymethacrylic acid (hPMAA, or PMAA) with Mw 180 kDa and 

Mw/Mn=1.02 was purchased from Polymer Standard Services (PSS) GmbH, Germany. 

Deuterated poly(2-(dimethylamino)ethyl methacrylate) (dPDMAEMA, d15) with Mw 90 kDa 

and Mw/Mn 1.8, as well as deuterated PMAA (dPMAA) with molecular weight 180 kDa and 

Mw/Mn < 1.1 were purchased from Polymer Source, Inc. Hydrogenated 2-(dimethylamino)ethyl 

methacrylate monomer (DMAEMA), ethyl 2-bromoisobutyrate (EBiB), CuBr and 1,1,4,7,10,10-

hexamethyltriethylenetetramine (HMTETA), hydrogenated and fully deuterated methyl sulfate 

(d6), as well as all solvents were purchased from Sigma-Aldrich. Ultrapure Milli-Q water 

(Millipore) with a resistivity of 18.2 MΩ/cm was used in all experiments. All other chemicals 

were purchased from Aldrich and used without further purification. 

Polycation Synthesis and Characterization. Hydrogenated poly(2-(dimethylamino)ethyl 

methacrylate) (hPDMAEMA) homopolymer was synthesized by atom transfer radical 

polymerization (ATRP) as previously described.29 In brief, DMAEMA (1.86 g), EBiB, CuBr and 

HMTETA were mixed in 8 mL of 2-propanol, at a molar ratio of 150:1:1:2, respectively. The 
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solution was stirred continuously in an argon atmosphere at room temperature for 12 h. The 

polymerization was terminated with liquid nitrogen and the solution diluted with THF. The 

copper salts were purified by passage through a basic aluminum oxide column. The polymer was 

precipitated in cold hexane and then dried in a vacuum oven at 25 °C overnight. Gel permeation 

chromatography (GPC) analysis of hPDMAEMA was performed in DMF with polystyrene (PS) 

standards. The Mw and Mw/Mn of the homopolymer were 90 kDa and 1.10, respectively, as 

determined by GPC. Quaternization of hPDMAEMA to obtain a 100% quaternized polycation 

with the molecular weight 95 kDa, abbreviated here as hQPC, was carried out at room 

temperature. To synthesize hQPC, hPDMAEMA was dissolved in a mixture of ethanol/benzene 

(v:v = 3:1), and a stoichiometric amount of hydrogenated dimethyl sulfate was added to the 

solution. The mixture was stirred at room temperature overnight. The precipitated product was 

washed with acetone three times and dried under vacuum overnight. A similar procedure was 

carried out to synthesize deuterated quaternized polycation (dQPC). To that end, dPDMAEMA 

was treated with fully deuterated rather than hydrogenated methyl sulfate. The degree of 

quaternization was determined by 1H‐NMR in D2O at pH 9 as described elsewhere.30 Briefly, 

after quaternization with dimethyl sulfate, a new peak at 3.3-3.4 ppm appeared, reflecting 

successful quaternization of the dimethylamino proton with a methyl group. The absence of a 

peak C at δ 2.3-2.5 ppm and a peak at δ 4.2-4.4 ppm, which both correspond to dimethylamino 

protons in hPDMAEMA, indicates complete quaternization of hPDMAEMA homopolymer 

(Figure S1). 

Multilayer buildup and polyelectrolyte uptake experiments. LbL films were deposited on 

silicon wafer substrates (111, Institute of Electronic Materials Technology, Poland) by sequential 

dipping in 0.2 mg/mL PMAA and QPC solutions in 0.01 M phosphate/citrate buffer at pH 6.0 for 

4, 8 or 24 min. Deposition time per each cycle during PEM assembly is denoted as a subscript. 

Prior to film deposition, silicon wafers were cleaned as described elsewhere31 and primed with a 

monolayer of BPEI adsorbed from 0.2 mg/ml solution at pH 9 for 15 min. In between polymer 

deposition steps, the wafers were rinsed by immersing twice in 0.01 M phosphate/citrate buffer 

solutions at pH 6.0 for 2 min. The procedure was repeated until the required number of layers 

was reached.  

For saturation experiments, which explored the maximum capacity of PEMs to absorb 

polyelectrolytes, silicon wafers with pre-deposited films of known thickness were exposed to 0.2 
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mg/mL PMAA or QPC solutions, and the amounts deposited within the films were monitored as 

a function of immersion time by measuring the ellipsometric thicknesses of the dry films. Films 

were removed from the solution, dried with a nitrogen flow and then the thickness was 

measured. The measurements continued until a constant film thickness was reached. The 

procedure was then repeated for each successive polyelectrolyte deposition step.  

For saturation experiments in situ, a silicon wafer with a pre-deposited film of known dry 

thickness was placed into a liquid cell. The cell was then filled with 0.2 mg/mL PMAA or QPC 

solution. After an exposure time matching that of the films used in the dry measurements, the 

polyelectrolyte solution was replaced by a 0.01 M phosphate/citrate buffer solution at pH 6.0 and 

a thickness measurement was taken. The measurements were finalized after a constant wet 

thickness was reached by removing the sample from the cell, drying with nitrogen flow and 

measuring the dry thickness again. 

For the penetration studies with NR, hydrogenated matrices consisting of 6-bilayer 

hPMAA/hQPC films (deposited using an 8-min per layer deposition time), were exposed to 0.2 

mg/L solutions of dQPC in 0.01 M phosphate buffer at pH 6.0 for different time intervals. After 

rinsing with 18.2 MΩ/cm Milli-Q water and drying under nitrogen flow for 5 min, NR 

measurements were performed, and then the films were returned to the polymer solution for 

continued polymer uptake. Samples for internal structure studies were assembled using 4, 8 or 24 

min deposition times per immersion cycle. 

Spectroscopic Ellipsometry. Thicknesses and optical constants in both dry and swollen states of 

PEMs were characterized by a variable angle spectroscopic ellipsometer (VASE, M-2000 

UV−visible−NIR [240−1700 nm] J. A. Woollam Co., Inc., Lincoln, NE, USA) equipped with a 

temperature-controlled liquid cell. For measurements in the liquid cell, the cell geometry dictated 

the angle of incidence to be 75°. In all experiments, the temperature was set to 25 °C. To avoid 

effects of absorption in the ultraviolet and near-infrared light region by the buffer solution, the 

working region of wavelength was set to 370.5 – 999 nm. Prior to deposition of PEM films, the 

thickness of oxide layer on the silicon substrate was measured. Dry measurements were carried 

out at three angles of incidence - 45°, 55°, and 65°. 

To fit ellipsometric data obtained with dry films, a three-layer model was used, in which 

the first two layers represented the silicon substrate with silicon oxide, and the third layer 

represented the PEM film. The polymer layer was treated as a Cauchy material with a thickness 
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d, having a wavelength-dependent refractive index n(λ) = A + B/λ2 + C/λ3, where A, B and C are 

fitting coefficients, and λ is the wavelength. The film extinction coefficient was assumed to be 

negligible (k = 0). Thickness d and the three coefficients A, B and C were fitted simultaneously.  

For in situ measurements, the thickness of dry films was first determined. Then, buffer or 

polyelectrolyte solutions were injected into a cell by a syringe in a sequence described in the 

multilayer buildup and exposure to polyion section. If polyelectrolytes were present in solutions, 

measurements were taken after rinsing the cell with 0.01 M phosphate buffer at pH 6.0 to avoid 

possible effects of the polyelectrolyte solution on the optical parameters of the system. To fit the 

ellipsometric data for the in situ measurements, a four layer model was used. An additional layer 

represents the semi-infinite buffer solution and was also treated as a transparent Cauchy medium, 

with a wavelength-dependent refractive index nbuf(λ) = Abuf + Bbuf/(λ)2 + Cbuf/(λ) 3, where Abuf, 

Bbuf and Cbuf are fitting coefficients, and λ is the wavelength. For buffer solutions, Abuf, Bbuf and 

Cbuf were determined prior to in situ experiments by measuring nbuf(λ) for a bare, clean silicon 

wafer installed in the liquid cell containing 0.01 M phosphate buffer at pH 6.0. After completion 

of the in situ measurements, the dry thicknesses of the films were measured again to assure that 

dry the thicknesses of the films used in swelling experiments were consistent with the 

independently measured dry film thicknesses obtained in the film growth experiments. In all 

experiments, the coefficients A, B, C were consistent within 5%. 

Neutron Reflectometry. For neutron reflectometry, we used two designs of PEMs. The first 

design originally contained only hydrogenated polymers that were later penetrated by deuterated 

species. In fitting the NR data for this design, scattering densities for the hydrogenated base 

multilayer upon penetration of a deuterated PE from solution were held constant for all annealed 

samples, varying only the outermost layer’s thickness, interfacial roughnesses, and SLD. The 

second design contained either a dPMAA or a dQPC block within the middle region of the film. 

Specifically, (hPMAA/hQPC)3/(dPMAA/hQPC)/(hPMAA/hQPC)3 and (hPMAA/hQPC)3/( 

hPMAA/dQPC)/(hPMAA/hQPC)3 architectures were deposited using 4, 8, 24 min deposition 

times.  

Neutron reflectivity 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 3.6-Å-wide continuous wavelength bands 

(selected from 2.63 Å < λ < 16.63 Å) and incident angles (ranging over 0.6° < θ < 2.34°). The 
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momentum transfer, Q = (4π sin θ/λ), was varied over a range of 0.008 Å–1 < Q < 0.193 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. Scattering densities within hydrogenated and deuterated stacks were 

averaged over the 12 constituent bilayers, each stack exhibiting its characteristic thickness, 

scattering density, and interlayer roughness. Those characteristic parameters were adjusted until 

the reflectivity curve was best fitted (minimized χ2). 

Results and Discussion 

Film growth, swelling and polyelectrolyte ionization. Fig. 1 illustrates the effect of the deposition 

time on the growth of PMAA/QPC films. Fig 1A shows that the amount of material assembled 

within multilayer films increases with the deposition time, and switches from being constant per 

deposition cycle to being thickness-dependent when layer deposition time increases from 4 and 

24 minutes. This effect is strong and results in a 5-fold difference in film thickness after ten 

deposition cycles using 4 or 24 minutes per layer. Qualitatively, this result is similar to 

observations by Schlenoff and co-workers, which were made for a different polyelectrolyte 

system studied at high salt concentrations,31 where an almost two-fold increase in film thickness 

Fig. 1. (A) Thickness of dry PMAA/QPC films constructed using 0.1 mg/ml polymer solutions in 

0.01 M phosphate buffer at pH 6 and 4, 8 or 24 min per-layer deposition times (squares, circles, 

and triangles, respectively). (B) Thicknesses of the dry PMAA/QPC film when the amount of 

polymer deposited was allowed to saturate at each deposition step. The inset presents an enlarged 

view of deposition within the first four layers. (C) The kinetics of QPC uptake by 1-, 3-, 5- and 7-

layer films containing PMAA as the top layer (2nd, 4th, 6th and 8th layer deposition steps). 



8 
 

was reported when the polyelectrolyte deposition time increased from 8 to 20 min. Fig. 1B 

shows the growth of the film when the deposition time per layer was not fixed, but instead the 

mass of the deposited polymers was allowed to equilibrate and reach a plateau value at each 

deposition step. Twice as much QPC as PMAA was deposited, in agreement with the higher 

molecular weight of the QPC repeat units compared to PMAA (150 and 72 g/mol, respectively). 

Importantly, both the masses of PMAA and QPC deposited at each film growth step and 

the kinetics of polyelectrolyte uptake were strikingly different between the first several layers 

and subsequent film deposition steps (Fig. 1B). The small mass deposited within the first layers 

(2-4 mg/m2, calculated assuming a density of dry LbL films of 1 g/cm3) is consistent with a 

monolayer coverage, indicating binding of polyelectrolytes only in the outermost film region. In 

contrast, during adsorption of the film’s 8th layer, QPC mass uptake was as large as ~160 mg/m2, 

suggesting deposition of QPC within the interior of the film. Deposition of polyelectrolytes at the 

film surface or within the interior was kinetically distinct (Fig. 1B and C). While adsorption of 

polyelectrolytes within the first and second layers (PMAA and QPC, respectively) saturated 

within the first 2 minutes, equilibration of the QPC mass deposited within the 8th layer of the 

film with an initial thickness of 120 nm continued for as long as 150 min. Rapid binding of 

polyelectrolytes within the first layers was limited by the diffusion flux from solution and 

persisted as the mode of polyelectrolyte adsorption till the 4th layer (Fig. 1C). A similar trend 

was observed for uptake of PMAA (Fig. S2). For films with a larger number of layers, fast 

polyelectrolyte binding and saturation at the film’s surface was followed by the slow diffusion of 

a large amount of material within the film interior. Figure 1C highlights these differences by 

showing the kinetics of QPC uptake by the film plotted as a function of the normalized polymer 

mass uptake, q versus √ݐ	, where q is a normalized mass uptake, calculated from the dry film 

thickness as (lt – l0)/(l − l0), where l0, lt, l – initial, effective (at time t) and equilibrated 

thicknesses of the dry films, and t denotes the exposure time.32 The maximum film thickness at 

which polyelectrolytes adsorbed at the film surface rather than penetrating into the interior 

(corresponding to a three-layer film, Figs. 1B and C) was about 8 nm. After subtraction of the 

thickness of the precursor BPEI layer of 1.5 nm, the remaining 6.5 nm can be taken as an 

estimate of a dense, near-substrate zone in which chains are immobilized as a result of adsorption 

and pinning to a solid surface and hence are inhibited from rearranging and allowing penetration 

of newly binding chains. 
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While the data in Fig. 1 are presented for dry films, dynamic interpolymer binding and 

uptake of polyelectrolytes within the film bulk are expected to cause significant film swelling. 

Fig. 2A shows changes in the degree of swelling as PMAA/QPC film was built up when 

saturated with polyelectrolytes at each deposition step. The swelling ratio was determined as the 

ratio of wet film thickness, measured by in situ ellipsometry in the presence of buffer above the 

growing film, to the thickness of the dry films. For measurements of wet film thicknesses, 

polyelectrolyte solutions were replaced with a buffer at desired time points in order to inhibit the 

uptake of polyelectrolytes within the film and avoid the interference of an increased refractive 

index of the backing solutions. For measurements of dry film thicknesses, films were taken out 

of the polyelectrolyte solutions, repeatedly rinsed with 0.01 M phosphate buffer and dried in a 

nitrogen flow. The swelling data correlate well with the uptake of polyelectrolytes within the 

films. While films composed of up to three polyelectrolyte layers contained less than 100% of 

water (calculated by deriving water fraction from the swelling thickness, assuming a constant 

density), consecutive film construction steps caused a dramatically larger uptake of water, and 

the swelling ratio oscillated between the limiting values of 3.8 and 2.4 for deposition of QPC and 

PMAA, respectively. Based on these ratios, nlPEMs swell much more than linear PEMs, whose 

water content is usually about 40-60%.33-35 The inset in Fig. 2B also shows the correlation 

between the polyelectrolyte mass deposited and film swelling. Note that the data for film 

swelling as a function of QPC deposited within the 6th and 8th deposition cycles collapses onto 

almost the same curve when plotted as a function of the relative amount of QPC bound to the 

film (the ratio of the mass of QPC to the initial mass of the film at the beginning of polycation 

deposition), again suggesting penetration of QPC throughout the entire film. The uptake of QPC 

(which carries permanent charge) results in a strong increase in film swelling, caused by the 

excess charge brought in by QPC charged loops, i.e. QPC units that do not participate in 

formation of ionic pairs with PMAA. The addition of a weak polyelectrolyte ‒ PMAA ‒ on the 

contrary, resulted in film de-swelling as charge in the PMAA loops was suppressed as larger 

amounts of the polyacid accommodated within the film.36 As polyelectrolytes were allowed 

enough time to diffuse through the entire film, the limiting swelling ratios oscillated between 

those characteristic of QPC and of PMAA, depending on which was being added.  

To quantitatively assess diffusion of the polyelectrolyte with a permanent charge, QPC, 

within the film, we used a Fickian diffusion model. The diffusion coefficients for QPC chains 
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can be determined from the slopes of the initial linear region of q2H2/4 plotted against time (Fig. 

2C) following the equation 
2 2

4

q H
Dt  , where D is the diffusion coefficient, q is the normalized 

mass uptake, calculated from measurements of dry film thicknesses as (lt – l0)/(l − l0), where l0, 

lt, l – initial, effective (at time t) and equilibrium thicknesses of dry films, t – exposure time to a 

polyelectrolyte solution, and H − film thickness at time t. In this simplistic model, the choice of 

film thickness presents the biggest uncertainty.37 We have chosen H to be the wet film thickness 

as measured with spectroscopic ellipsometry. The value of H increases with time with the uptake 

of polymer chains. While a reliable determination of the diffusion constant was not feasible 

based on our data when chains diffused in solution and bound to the film surface (the deposition 

of the 2nd layer), diffusion coefficients determined from the slopes in Fig. 2C for layer numbers 

4, 6 and 8 reflected penetration of QPC chains into the multilayer film. The diffusion coefficients 

for transport of QPC chains within the film were 1.3±0.5×10-13 cm2/s, 1.7±0.8×10-12 cm2/s and 

5.4±1.2×10-12 cm2/s for deposition of the 4th, 6th and 8th layers, respectively, i.e. values of D 

increased with a lower rate as the films grew thicker, indicating ‘fading’ memory of the 

attachment to the hard substrate. These values are five orders of magnitude smaller than those 

Fig. 2. (A) The swelling ratio of a PMAA/QPC film monitored during deposition of the first 8 

layers. Red circles and black squares correspond to exposure of the film to QPC and PMAA 

solutions, respectively. (B) in situ thicknesses of PMAA/QPC film when deposited polymer 

amounts were allowed to saturate at each deposition step. (C) qH/2 versus t1/2 dependence 

plotted for the construction of 4th, 6th and 8th layers of the QPC/PMAA film. 
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found for diffusion of free polyelectrolyte chains of similar molecular weight in solution22,38, and 

similar to those observed for the mobility of QPC chains within linearly deposited LbL films in 

the presence of high concentrations of salts.37  

As for the mechanism of polyelectrolyte diffusion, it is likely that QPC diffuses within 

the films while remaining bound to PMAA chains rather than in its “free” state (diffusion of 

“free” polyelectrolyte chains was earlier found in a different LbL system composed of natural 

macromolecules and/or synthetic polypeptides39). In the PMAA/QPC system, while chains 

remain bound to the film matrix during polymer uptake from solution, propagation of the 

invading chains within the bulk of the film is likely to occur though the exchange of 

polyelectrolyte ‘sticky’ binding points in the electrostatic network. The large number of invading 

QPC chains diffusing within the film introduce a large charge excess that is accommodated by 

loops of polymer chains bound within a network of electrostatically associated chains 

(Scheme 1). The multilayer is reminiscent of surface-immobilized non-stoichiometric 

polyelectrolyte complexes, which are significantly swollen by excess charge accumulated in 

polymer loops and the osmotic pressure originating from the inclusion of charge-compensating 

small counter-ions. 

 

Scheme 1. Formation of non-linear polyelectrolyte multilayers. 

As shown in Fig. 2, binding a weak polyelectrolyte (PMAA) rather than QPC has an 

opposite effect on film swelling, i.e. the film deswelled as more polyelectrolyte was bound. We 

hypothesize that this is due to the adjustment of charge in the PMAA chains to the total charge in 

the nlPEM film, and have directly detected charge renormalization using FTIR spectroscopy. 

While in earlier studies, this technique was used by several groups, including ours, to study 
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ionization of weak polyelectrolytes assembled within linear PEMs,36,40 here we apply FTIR 

spectroscopy to study the ionization of PMAA within nlPEMs. Fig. 3 shows FTIR spectra of a 

10-layer PMAA/QPC film deposited in saturation conditions and terminated with QPC, as well 

as the same film after deposition of PMAA as the 11th layer in the film. Both spectra show 

vibrational bands at 1725 cm–1 and 1568 cm–1 associated with stretching vibrations of uncharged 

carboxylic groups (ν, −C═O) and asymmetric stretching vibrations of the carboxylate groups 

(νas, −COO–), respectively, as well as a small peak at 1685 cm–1 associated with hydrogen-

bonded dimers (−COOH) of protonated carboxylic groups. The ionization degree of PMAA 

within the assembled multilayers was calculated as the ratio of the area of −COO– to the sum of 

−COOH and −COO– absorbances, assuming equal extinction coefficients for vibrations 

associated with these bands.41 This quantification gave the ionization degrees of PMAA as 

60±2% and 38±2% for films terminated with QPC and PMAA, respectively. These data clearly 

show that uptake of QPC causes an increase in the average ionization of assembled PMAA 

chains due to formation of ion pairs between QPC and previously uncharged PMAA units, while 

the addition of PMAA causes suppression of the ionization of PMAA in the adsorbed polymer 

loops, likely as a result of accumulation of an excess of negative charge within the film. Also 

note that the integrated intensity of the 956 cm–1 band characteristic of QPC and probably 

associated with CH2 wagging vibrations of methylene group,42 remained unchanged after PMAA 

Fig. 3. FTIR spectra of dry PMAA/QPC films containing either QPC (A, 10-layer film) or 

PMAA (B, 11-layer film) as and outermost layer. The data illustrate reduced ionization of 

PMAA in the films containing PMAA as the outermost layer. 
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addition (Fig. 3), suggesting that polyacid binds to the electrostatically associated network 

without causing desorption of QPC chains. 

Film internal structure: neutron reflectometry studies. In earlier studies, neutron reflectometry 

has been applied to establish correlations between the strength of intermolecular binding and 

 

Fig. 4. Reflectometry data (A, C) and scattering length density profiles for QPC/PMAA films 

formed using hydrogenated and deuterated components. (B) SLD profiles of films assembled 

using dPMAA as a marker layer with design (hPMAA/hQPC)x / (dPMAA/hQPC) / (hPMAA/ 

hQPC)y using 4, 8 and 24 min deposition times (black, red and blue lines, respectively) where 

x and y indicate the number of bilayers (for 4 and 8 min deposition times x and y were 4; for 

the 24 min deposition time, x and y are 3 and 2 respectively. (D) SLD profiles of films 

assembled using dQPC as a marker layer with design (hPMAA/hQPC)x / (hPMAA/dQPC) / 

(hPMAA /hQPC)y for samples with 4, 8 and 24 min deposition times (black, red and blue 

lines, respectively) where x and y reflect the number of bilayers (for 4 and 8 min deposition 

times x and y were 4; for the 24 min deposition time x and y are 3 and 2, respectively). 
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film intermixing for linear PEMs of electrostatically assembled films, 22,27,30,43,44, and films 

stabilized by hydrogen bonding.45 In this work, neutron reflectometry is used to study the effect 

of a new parameter important for nlPEMs– layer deposition time – on internal film structure and 

to quantitatively measure the diffusion of invading polyelectrolytes into the film.  

To that end, we have designed two different types of experiments. In the first scenario 

(Design I), films were constructed in which deuterated polyelectrolytes (either dPMAA or 

dQPC) were included as ‘marker’ layers in the middle of PEMs constructed using hydrogenated 

 

Fig. 5. Reflectometry data (A, C) and scattering length density profiles (B, D) for PMAA/QPC 

films formed using hydrogenated and deuterated components. (B) Film assembled using 

dPMAA as a marker layer with design (hPMAA/hQPC)4 / (dPMAA/hQPC) / 

(hPMAA/hQPC)4 prepared using an 8 min deposition time after 30 and 210 min exposure to 

0.01 M phosphate buffer at pH 6.0. (D) Film assembled using dPMAA as a marker layer with 

design (hPMAA /hQPC)4 / (hPMAA/dQPC) / (hPMAA/hQPC)4 using an 8 min deposition 

time after 30 and 210 min exposure to 0.01 M phosphate buffer at pH 6.0. 
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polymers, wherein each layer was assembled using a specific deposition time (Figs. 4 and 5). In 

the second scenario (Design II, shown below in Fig. 6), films were first constructed using 

hydrogenated polymers, and then the kinetics of penetration of deuterated QPC chains into the 

film was studied as a function of exposure time to a dQPC solution. The reflectivity model for 

Design I consisted of the BPEI priming layer and three hydrogenated/deuterated/hydrogenated 

stacks. The SLD of the hydrogenated stacks was constrained to the value for the hydrogenated 

matrix determined in an independent measurement of hydrogenated films. The SLD of the 

deuterated block was found by fitting the reflectivity data. The model for Design II initially 

consisted of only two stacks – a priming layer and a hydrogenated matrix. Upon absorption of 

deuterated chains, an additional stack representing the hydrogenated matrix enriched with 

deuterated polymers was introduced into the model.  

Fig. 4 shows neutron reflectivity data and the calculated SLD profiles of nlPEMs 

constructed using per-layer deposition times which were constant for each individual film, but 

varied between different nlPEMs. Because the amount of material deposited was strongly time-

dependent and, due to instrumental resolution, the total film thickness in NR should not exceed 

Fig. 6. The effect on the film internal structure of the exposure of a 6-bilayer hydrogenated 

PMAA/QPC film to a 0.2 mg/ml dQPC solution, as illustrated by neutron reflectometry data 

(plotted as RQ4 to enhance small features) (left) and the corresponding fitted scattering length 

density profiles (right). 



16 
 

~350 nm,1 films constructed using longer deposition times by design had fewer polyelectrolyte 

layers. Fig. 4 shows the dramatic effect of layer deposition time on internal film structure. Films 

constructed using 4, 8, and 24 min deposition times demonstrated increasingly larger and more 

diffuse deuterated stacks. For 4-min, 8-min-and 24-min film assemblies, the integrated area 

under the stacks of dPMAA and dQPC increased as 1 : 1.8 : 2 and 1 :1.7 : 3.4, respectively. This 

is in agreement with an increase of the total mass of polymers bound within nlPEM films for 

different deposition times. This ratio, derived from ellipsometric data, yields values of 1 : 1.7 : 

2.6 and 1 : 1.8 : 2.5 for films of comparable thickness (Fig. 1A).  

Tracking the increase in deposited polymer mass, the interfacial full width, σint, between 

hydrogenated and deuterated blocks increased from 6.7 to 12.0 nm for dPMAA, indicating 

greater intermixing between hydrogenated and deuterated stacks. Interestingly, the maximum 

SLD of dPMAA and dQP is independent of the layer deposition time, indicating there is a 

constant ratio between hydrogenated and deuterated chains as they mix within the multilayer 

(Tables S1-S6). At the same time, the kinetics of the increase in the deuterated stack width was 

strikingly different for dPMAA- and dQP-containing films (Fig. 4). An increase in either the 

width or the integrated SLD of the deuterated stacks indicates both an increased spreading and a 

larger amount of deuterated polymer adsorbed at each deposition step. Diffusion of polymer 

already within the films is coupled with the diffusion of arriving polyelectrolyte chains into the 

multilayer matrix, and so more polymer can be bound at the film surface from solution as 

deposition progresses. Therefore, the amount of additional adsorbed material is limited by the 

interdiffusion/penetration rate of polyelectrolyte into the existing film. The faster intermixing of 

QPC into the film and the larger amount of QPC adsorbed within each layer compared to 

dPMAA can be explained by the different degrees of polymerization (DP) of PMAA and QPC 

(DPs 2090 and 570 for PMAA and QPC, respectively), which leads to more sluggish dynamics 

of PMAA chains in the film. Diffusion coefficients for dPMAA and dQPC penetration estimated 

from d2 vs. t dependences using the data in Table 1 yield estimated values of 3.9×10-15 cm2/s and 

3.5×10-14 cm2/s, respectively. These values, estimated from measurements of dry nlPEMs, are 

two orders of magnitude lower than those measured for the intrusion of polyelectrolyte 

                                                            
1 Upstream collimation determines the angular divergence of the incident beam (δθ) which, in turn, is the dominant 
term in the instrumental resolution of the Liquids Reflectometer (δQ/Q = δθ/θ, where θ is the angle of incidence 
onto the sample). The maximum resolvable film thickness is given by dmax= 2π/δQ, which is about 350 nm for these 
measurements. 



17 
 

molecules into wet films. Penetration of polyelectrolyte chains into the films is also determined 

by the presence of a ‘supply’ of polyelectrolyte chains in solution and did not occur when films 

were immersed in polyelectrolyte-free buffer solutions. Fig. 5 shows that nlPEMs, featuring 

deuterated marker layers in the middle region of the film, using 8 min deposition time did not 

show any changes in internal structure upon exposure to a 0.01 M phosphate buffer solution for 

as long as two hours (Tables S7-S10). 

We next aimed to directly observe the diffusion of deuterated polyelectrolyte chains as they 

invade the film. In this experiment, a hydrogenated 6-bilayer nlPEM assembled using the 8-min 

per layer protocol containing PMAA as the outermost layer was immersed in a 0.2 mg/ml 

solution of dQPC; the film was taken out of solution, rinsed with buffer and dried prior to the NR 

measurement. Fig. 6 summarizes the NR data for various times of exposure to dQPC solutions 

(Tables S11-S17). Upon exposure to the deuterated polymer solution, the oscillation minima 

shift to lower Q values indicating an increase in total film thickness. The reflectivity data for the 

initially hydrogenated matrix have been fitted using a precursor film plus a single stack. After 

exposure to the deuterated polymer, we use a two-stack model, with the bottom stack 

corresponding to the hydrogenated material, and the upper stack associated with the addition of 

deuterated polymer. The fitted neutron reflectometry profiles are shown in Fig. 6, right. The 

addition of dQPC to the film is observed from an increase in SLD values, which at shorter times 

occurred only within the upper part of the film. As exposure time increased, an enhanced SLD 

zone propagated deeper in the film until the deposited polymer was distributed throughout the 

film. A zone impermeable to dQPC penetration even at longer times is seen in the fitted SLD 

profiles in Fig. 6. The total thickness of this zone of hydrogenated polyelectrolytes (Table S16) 

was ~150 Å, which included a 75-Å layer of lower SLD incorporating the BPEI layer. The 

Table 1. Fitted parameters of the thickness and interfacial roughness of a deuterated stack 

incorporated within the hydrogenated matrix of different PMAA/QPC films (Design I). 

 dPMAA stack dQPC stack 
Deposition time, min d, nm σint, nm d, nm σint, nm 

4 14.4 6.7 16.7 12.8 
8 26.0 12.0 26.7 15.8 
24 35.2 12.0 90.6 16.0 
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remaining 75 Å of the PMAA/QPC film, approximately corresponding to a single bilayer, is 

strongly bound to the substrate and cannot be replaced by deuterated chains. This is in good 

agreement with the 6.5 nm thickness of the dense near-substrate zone estimated from 

ellipsometry experiments (see above). Fig. 7A shows the kinetics of dQPC penetration into the 

film as represented by changes in the width of the deuterated stack d. The diffusion coefficient 

was determined to be 1.1±0.1×10-14 cm2/s from the d2 vs. t graph shown as an inset in Fig. 7A. 

This value is one to two orders of magnitude smaller than that of QPC chains determined using 

the thicknesses of swollen films in Fig. 2, since the diffusion coefficient will be underestimated 

if the diffusion distances are taken from dry film measurements. Fig. 7B shows the plateau 

 

Fig. 7. Time dependence of the polyelectrolyte penetration depth, d (A) and the plateau SLD 

value (B) during the invasion of dQPC chains into a hydrogenated 6-bilayer PMAA/QPC 

film assembled using the 8 minutes per layer deposition procedure. 
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values of SLD of dQPC-containing films, which are largely composed of hydrogenated PMAA 

and deuterated QPC chains, as a function of time. By comparing the data in Figs. 7A and B, two 

regimes for dQPC penetration into nlPEM can be distinguished. The first regime is caused by 

diffusion of the initial dQPC, which occurs with the diffusion coefficient estimated above. The 

second process involves a slower enrichment of PMAA/QPC complexes with deuterated chains. 

This slower addition of deuterated chains is rate limited by the sluggish chain rearrangements of 

earlier formed hPMAA/QPC contacts to accommodate excess dQPC within the film. The 

arriving polyelectrolyte chains bring in excess charge that causes the film to swell as shown in 

Fig. 2 above. 

The fitted plateau values of SLD also enable us to estimate the relative amounts of 

hydrogenated and deuterated polymers, as well as the content of water in the LbL film. We first 

analyzed the initial, as deposited PEM which contained only hydrogenated polyelectrolytes. The 

total SLDH of this matrix was found by fitting the reflectivity data to be 6.43×10-7 Å-2. One can 

express the total SLDH of the hydrogenated matrix as follows: 

Hܦܮܵ ൌ ߱௛PMAAܵܦܮ௛PMAA ൅ ߱௛QPCܵܦܮ௛QPC ൅ ߱H2OܵܦܮH2O,  (1) 

where the ω values represent the mass fractions of the different film components. SLD values of 

 

Fig. 8. The effect of the exposure time of a hydrogenated QPC/PMAA film to a 0.2 mg/ml 

dQPC solution on the mass ratios of all components within the 6-bilayer nlPEM film. 
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each component were calculated using known atomic densities and polymer atomic compositions 

(Table S18). The values of ω were fitted simultaneously with the boundary conditions set for ω 

for PMAA and QPC not to exceed 0.6, and for ω for H2O not to exceed 0.2, and the sum of the ω 

components adds up to 1. Only one solution for film composition was found, i.e. ωhQPC = 0.46, 

ωhPMAA = 0.439 and ωH2O = 0.101. The water content of 10.1% is in a good agreement with 

previously reported values found using neutron reflectometry for linear PEMs.46  

The fitted values of ωhQPC and ωhPMAA were taken as initial values for further 

calculations, performed for films after the addition of dQPC. The water content in the films was 

assumed to be constant for all film compositions, because samples were dried with the same 

procedure. Also, the amount of deuterated polyelectrolyte was allowed to increase assuming no 

loss of hydrogenated polymer. Then, after exposure of the film to dQPC, the SLD of the top 

block can be calculated as follows: 

Dܦܮܵ ൌ ݄߱PMAA݄ܵܦܮPMAܣ ൅ ݄߱QPC݄ܵܦܮQPC ൅ ߱H2OܵܦܮH2O ൅ ߱݀QPCܵ݀ܦܮQPC  (2) 

where two additional parameters, i.e. ωdQPC and the SLD of dQPC, with ωdQPC set to be less than 

ωhQPC. With the fitted values of the parameters set to be less than initial values of the 

hydrogenated matrix, the equation was fitted to find ωdQPC. The calculated mass ratios (ω) of 

each component in the stack enriched with the deuterated material are provided in Table S19. 

The calculations indicate that the content of dQPC in the film increases from zero to ~20% with 

time, while the fractional content of hydrogenated PMAA and QPC decreases to below 40% of 

the total mass. These results show that even after long-term (192 min) exposure of nlPEMs to 

dQPC, films contain both hydrogenated and deuterated polycation chains, i.e. enrichment with 

polycations is likely to occur as co-adsorption of additional dQPC chains rather than via 

replacement of the original hQPC.  

Conclusion 

This work presents quantitative studies of dynamic polyelectrolyte multilayers that 

exhibit non-linear growth. The growth of electrostatically assembled films is strongly time-

dependent, with the amount of material deposited at each deposition step increasing with the 

number of deposition steps. Diffusion of polyelectrolytes during film deposition was directly 

correlated with this thickness increase, and diffusion coefficients of the penetrating polymer 

chains were estimated from ellipsometry and neutron reflectometry measurements. While 
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diffusion coefficients of polyelectrolyte chains were drastically slower than in solution for both 

dry and solvent-swollen films, chain diffusion occurs within nlPEMs, which remain highly 

swollen. Swelling of the film is related to penetration of polyelectrolyte with excess charge 

throughout the entire film thickness, and the binding of permanently charged and weak 

polyelectrolytes can have opposite effects on film swelling, resulting in periodic oscillations of 

film swelling with layer number. Furthermore, deposition time can be used to control the internal 

structure of nlPEMs as shown by neutron reflectometry, and polyelectrolyte layers can be 

localized within the film by reducing the deposition time allowed for layer assembly. The 

estimated values of diffusion coefficients argue for diffusion of polyelectrolytes within the film 

in their bound rather than “free” state.  
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