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Abstract 

Association between positive, Pol+, and negative, Pol-, units on polyelectrolytes drive 
spontaneous formation of a range of morphologies, some with “fuzzy” structure but most 
essentially amorphous. An excess of one type of charge over the other, known as 
overcompensation or overcharging, is essential for certain types of processing, such as the 
formation of polyelectrolyte “multilayers” on substrates or “polyplex” nanoparticles in solution.  
In this work, uniform, stoichiometric, smooth thin films of polyelectrolyte complex, PEC, from 
poly(diallyldimethylammonium), PDADMA, and poly(styrene sulfonate), PSS, were prepared 
starting from rough, nonstoichiometric multilayers of these materials. A narrow concentration 
range of added salt was found which promoted steady-state bulk overcompensation of PEC films 
in the presence of a large excess of polycation or polyanion without loss of PEC to solution. The 
extent of overcompensation, about 35% for PDADMA in 1.0 M NaCl and about 40% for PSS in 
1.4 M NaCl, was independent of solution polymer concentration and only weakly dependent on 
salt concentration. A weak dependence of overcompensation on molecular weight was also 
determined. Erosion/instability of films for [NaCl] > 1.4 M was observed, with more prominent 
or faster erosion for higher molecular weight PSS. The mechanism for overcompensation in this 
entropically driven system was attributed to the formation of a Donnan ion equilibrium between 
the PEC and solution phases.  

 

Keywords: polyplex, overcharging, Donnan equilibrium, PSS, PDADMAC, multilayers, layer-
by-layer   
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Introduction 
Opposite charges on polyelectrolyte homo- and copolymers interact, yielding an array of 

interesting morphologies such as dense polyelectrolyte complexes,1-3 multilayers,4, 5 
coacervates,6-9 quasisoluble particles (polyplexes),10-12 micelles13, 14 and vesicles.15  While most 
studies refer to the attraction of positive and negative polyelectrolyte repeat units as 
“electrostatic,” it is becoming increasingly clear that the nature of the driving force is entropic,2 
as counterions (and water) are released when oppositely-charged segments pair. Although local 
charge pairing is required to maintain electrical neutrality, there is little evidence for electrostatic 
(Coulombic) thru space interactions as a net driving force.16 

Unlike small molecules, synthetic polyelectrolytes do not have a unique composition 
when they associate. Net charge neutrality is maintained by a combination of Pol+Pol- and small 
counterions C+ and A-. Scheme 1 shows the distribution between pairing of Pol+Pol- (intrinsic 
compensation), and Pol+ with A- or Pol- with C+ (extrinsic compensation).17   

  

Scheme 1. Entropically driven polyelectrolyte complexation is accompanied by the release of 
counterions. Overall charge neutrality is maintained through Pol-/Pol+ pairs (intrinsic sites) and 
ion/polymer pairs (extrinsic sites). 

The stoichiometry between Pol+ and Pol- is often assumed to be 1:1, but this is not the 
case in many morphologies. One of the more intensely studied forms of PEC has been the 
polyelectrolyte multilayer, assembled by alternating exposure of a substrate to polyanions and 
polycations.4 A puzzling yet essential aspect of this type of layer-by-layer assembly is 
overcompensation: on each alternating exposure, the existing charge on the surface is electrically 
compensated, then overcompensated (overcharged), allowing the assembly to propagate.4 This 
universal and widespread phenomenon was immediately recognized as crucial to regular 
multilayer buildup.4, 5, 18-21  

Multilayers which build up rapidly and nonlinearly (in the so-called “exponential” 
regime) are thought to exhibit overcompensation throughout the film,22 whereas multilayers 
which add a constant amount of polymer with each cyclic exposure to polyelectrolyte (“linear” 
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systems) were assumed to overcompensate only at the surface.4 Fuzzy layering of at least one 
component is understood to be a signature of kinetically limited polymer transport as the layer is 
“frozen” on the time scale of the assembly.5   In recent refinements on the “linear” mechanism 
we showed that one polyelectrolyte overcompensates more than the other during growth.23  

Overcompensation is not limited to multilayers. An excess of one polyelectrolyte is 
essential in stabilizing nanoparticles of PECs in solution,12, 24 such as those used extensively to 
deliver genetic material to cells.25  Kremer et al. have recently explored conditions for directing 
aggregated versus dispersed PEC particles of poly(acrylic acid) salts and poly(allylamine), 
pointing out that overcompensation is a broad phenomenon not necessarily detected by 
calorimetry.24 Oyama and Frank investigated stoichiometric and overcompensated bulk PECs.26 

Despite decades of intense research into associating polymers, two parameters regarding 
overcompensation are unknown. First, is there an equilibrium value for this excess of one 
polyelectrolyte in the PEC when its solution excess is vast, representing experimental conditions 
during multilayering? Second, what is the physical mechanism that causes and limits 
overcompensation, producing nonstoichiometric complexes in general?  

In the present work we quantitatively evaluate overcompensation using a well-understood 
combination of polyelectrolytes: poly(diallyldimethylammonium chloride), PDADMAC, and 
poly(styrene sulfonate), PSS, as respective examples of Pol+ and Pol-. Using salt concentration to 
tune interactions and kinetics, we explore conditions for equilibrium overcompensated 
compositions, then we formulate a simple theoretical approach to understand the driving force 
for, and limits of, overcompensation.  

Experimental 
Materials. Poly(diallyldimethylammonium chloride) (PDADMAC, molar mass = 400 – 500 kDa, 
200 – 350 kDa, and <100 kDa) and poly(4-styrenesulfonic acid) (PSSH70, molar mass = 70 
kDa) were used as received from Sigma-Aldrich. PSSH was neutralized with NaOH after 
dissolution (to give PSS79). Sodium nitrate (ACS reagent) and sodium iodide (both from Sigma-
Aldrich), sodium chloride (Fisher), sodium sulfate (Fisher), concentrated sulfuric acid (J.T. 
Baker), and hydrogen peroxide (30% solution, Macron) were used as received. PSS with 
different narrow molecular weight distributions, MWD, (34.7 and 127 kDa) were from Scientific 
Polymer Products, Inc. PSS with narrow MWD of ca. 600 kDa was synthesized from a 311 kDa 
polystyrene standard (Scientific Polymer Products, Inc.) by heating in sulfuric acid as described 
previously27 or was purchased from Scientific Polymer Products (587 kDa). Narrow MWD 
deuterated PSS (D-PSS110 (ca. 110 kDa) was sulfonated from deuterated polystyrene (56.7 kDa, 
Scientific Polymer Products, Inc.) by heating in D2SO4 (96 – 98 wt.%, , Sigma-Aldrich). 
Hydrogenated polymers are summarized in Table 1.  
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Table 1. Polymers used in the overcompensation experiments, their acronyms, mass- and number-average 
molar masses, and polydispersity index (PDI). 

Polymer Abbreviation Mw  

(g mol-1) 

Mn  

(g mol-1) 

Mw/Mn 

Poly(4-styrene 
sulfonate) 
wide MWD  

PSS79 79,000 - 2.01 

Poly(4-styrene 
sulfonate) 

narrow MWD 

PSS35 34,700 29,900 1.16 

Poly(4-styrene 
sulfonate) 

narrow MWD 

PSS127 127,000 103,200 1.23 

Poly(4-styrene 
sulfonate) 

narrow MWD 

PSS600 587,600 557,600 1.05 

Poly(diallyldimet
hylammonium 
chloride) wide 

MWD 

PDADMA500 400,000 – 
500,000a 

- - 

Poly(diallyldimet
hylammonium 
chloride) wide 

MWD 

PDADMA350 200,000 – 
350,000a 

- - 

Poly(diallyldimet
hylammonium 
chloride) wide 

MWD  

PDADMA100 <100,000a - - 

amanufacturer-provided molecular weights. 
 

22Na+ and 35S-labeled SO4
2-, used to label negative and positive extrinsic sites 

respectively, were purchased from PerkinElmer. 22Na+ (as 22NaCl, half-life 950 days, け-emitter, 
Emax = 546 keV) with a specific activity of 630 Ci g-1 was supplied as a stock solution of 100 µCi 
in 1 mL of water. 35S-labeled SO4

2- (as Na2
35SO4, half-life 87.4 days, く emitter, Emax = 167 keV) 

was supplied as a stock solution of 1 mCi in 1 mL of water with a specific activity of 1494 Ci 
mmol-1. Single and double-side polished silicon (100) wafers were from Okmetic Inc. Deionized 
water (Barnstead, 18 Mっ E-pure) was used to prepare all solutions. 
Polyelectrolyte multilayer buildup. Silicon wafers (Si 100, double-side polished) were cleaned in 
70:30 H2SO4:H2O2 “piranha” solution, rinsed in deionized water and dried under a stream of N2. 
The buildup was performed with a robot (StratoSequence V, nanoStrata Inc.): wafers were 
mounted, face down, on shafts rotating at 180 – 200 rpm. Substrates were dipped sequentially for 
5 minutes in beakers containing approximately 50 mL of 10 mM polyelectrolyte solutions in 1.0 
M NaCl, each separated by three rinse beakers containing water. Wide molecular weight 
distribution PDADMA500 and PSS79 were used for the buildup of all films; PSS79 was always 
used for cycling. Films were then dried with N2. The (PDADMA/PSS)n notation refers to films 
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made of n bilayers (n = 10 is equivalent to 20 alternate iterations of dipping in polyelectrolytes 
followed by rinsing). All polyelectrolyte multilayers, PEMUs, started with PDADMA and ended 
with PSS. Layering disappears after annealing in salt.28 

Stoichiometric films and characterization. As-made PEMUs were cycled between 2 M NaCl for 
30 min and 10 mM PSS in 1 M NaCl for 5 min at room temperature to obtain ion-free, 
stoichiometric films according to a procedure described previously. (PDADMA/PSS)20 PEMUs 
were subjected to 6 cycles while (PDADMA/PSS)15 required 3 cycles, and (PDADMA/PSS)10 
was cycled only once to provide films with the minimum ion content. Dry thicknesses of films 
were obtained by ellipsometry and verified by atomic force microscopy (AFM, Asylum Research 
Inc., Santa Barbara, CA) by making a scratch across the film and measuring the step height using 
silicon NCHV probes (Veeco, radius = 10 nm, spring constant 20-80 N m-1). The AC mode was 
used with the cantilever turned to 10% below its resonance frequency. For ellipsometry, a 
Gaertner Scientific L 116S ellipsometer equipped with a 632.8 nm laser was used at an incident 
angle of 70°. The refractive index for the polymer films was set to 1.55. Fourier Transform 
Infrared Spectroscopy (FTIR) was performed with films on Si wafers held at 15° from the 
normal to the incident beam using a Thermo Nicolet Avatar 360 equipped with a DTGS detector.  

Radiolabeling and radiocounting during overcompensation. To quantify the amounts of extrinsic 
sites, films were labeled with radioisotopes. 35S-labeled SO4

2- in Na2SO4 was used to determine 
the positive extrinsic sites (PDADMA*) and 22Na+ in NaCl for negative extrinsic sites (PSS*). 
Each 35SO4

2- labels two PDADMA* sites. 35SO4
2- solution was prepared at a concentration of 1.0 

× 10-3 M with a specific activity of about 1 Ci mol-1 by diluting 49 µL of the “hot” Na2
35SO4 in 

1.0 × 10-3 M unlabeled (“cold”) Na2SO4 to obtain a total volume of 50 mL. 22Na+ solution was 
prepared by diluting 340 µL of the “hot” 22NaCl stock solution in 49.66 mL of unlabeled 10-3 M 
NaCl to obtain 1.0 × 10-3 M NaCl with a specific activity of about 0.5 Ci mol-1. The specific 
activity of the solutions determines the accuracy and precision of the counting while the solution 
concentration ensures an excess radiolabel in the solution. 

For counting, 3.8 cm diameter disks were cut from 3 mm thick plastic scintillator sheets 
(SCSN-81, Kuraray America). They were placed on the 5-cm diameter window of a 
photomultiplier tube (PMT, RCA 8850) in a dark box. A drop of immersion oil ensured good 
optical contact between the disk and the PMT. Connected to the PMT was a Bertan 313B high-
voltage supply at 2300 V. A frequency counter (Philips PM6654C) was used to record the counts 
and interfaced with a computer running LabView software. The gate time was 10 s and the pulse 
threshold was -20 mV. The counting efficiency was around 46% for sulfate and more than 95% 
for sodium (since 22Na decays via positron emission, two けs are produced for each decay). For 
each data point the total number of counts ranged from 6,000 to 1,000,000 with respective 
counting errors of 1.3% and 0.1%. 

PEC films were soaked for various times in stirred solution of PSS or PDADMA. After 
three 1-min rinses in water, the film was dried under a stream of N2 and soaked in the 
radiolabeled solution for 30 min. They were then dried using N2 and placed face down on the 
plastic scintillator for counting. Counting was performed for 15 min, after which the film was 
transferred to 10-2 M “cold” NaCl to exchange out the radiolabel. This step lasted on average 15 
min and was prolonged to 30 min when the film was rich in extrinsic sites. The films were then 
rinsed with water and dried with nitrogen before placing them back in the stirred solutions of 
PSS or PDADMA. Calibration curves were built by dispensing 1 – 5 µL aliquots of the “hot” 
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solutions covered with a bare Si wafer for good spreading on top of the scintillator. Calibration 
curves and the area of the sample gave surface coverage in µmoles m-2. Using the dry 
thicknesses of the films, the percent amounts of extrinsic sites were calculated in stoichiometric 
films. 

Imaging. The as-made stoichiometric and overcompensated films were imaged by scanning 
electron microscopy (FEI Nova 400 NanoSEM) using the through lens detector (TLD) with field 
immersion. The voltage was 5 kV with a working distance of 5 mm. Samples were coated with a 
4 nm layer of iridium using a sputter coater (Cressington, HR 208). A zoom stereomicroscope 
(Nikon SMZ1000) with the NIS-Elements F 3.0 software was used to obtain lower magnification 
optical images showing the effect of erosion on films. 

Results and Discussion 
Initial films were prepared by the multilayering method and the widely-used 

PDADMA/PSS pair, which, under most conditions, yields layer-by-layer growth that goes from 
nonlinear to linear after few layers.23, 29 As-deposited multilayers usually contain an excess of 
one polyelectrolyte, which requires counterions to maintain charge neutrality.5, 30 For example, 
chloride ions are found in the multilayer balancing an excess of PDADMA.23 This type of 
compensation is called an extrinsic site (PDADMA*) and accounts for around 15% of the total 
PDADMA in the 40-layer film. The rest of the PDADMA is compensated by PSS, forming 
intrinsic sites.  

We used a recently-reported method to transform the nonstoichiometric, fuzzy-layered 
multilayer into a stoichiometric, isotropic film of polyelectrolyte complex.31 The film was soaked 
alternately between 2 M NaCl for 30 min and 10 mM PSS79 in 1.0 M NaCl for 5 min producing 
a smooth, ion-free, nearly stoichiometric product (the ratio of PSS:PDADMA was on average 
1.01:1.00). For a 40-layer film, 6 to 7 cycles were needed to compensate all the extrinsic sites 
with PSS.  
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Scheme 2. Procedure used to study the overcompensation of polyelectrolytes in stoichiometric thin PEC 
films. All films, containing excess PDADMA (PDADMA*), were rendered stoichiometric as described 
previously:  1) As-made multilayers were soaked in 2 M NaCl to spread the PDADMA*. 2) Films were 
soaked in 10 mM PSS79 in 1 M NaCl to compensate PDADMA*. Steps 1 and 2 constitute one cycle. 3) 
After n cycles, a fully intrinsic film was obtained. 4) Films soaked in stirred solutions of 10 mM PSS or 
PDADMA containing NaCl. 5) The film was rinsed in water, dried, soaked in the radiolabel solution, 
dried again and counted face down on a plastic scintillator in contact with a PMT. 6) Steps 4 and 5 were 
repeated at different time points until a plateau – overcompensation equilibrium – was reached.  

The PEC films resulting from this treatment were ideal starting points for 
overcompensation studies as they were also exceedingly smooth (see Figure S1 Supporting 
Information). PEC films were then treated with a solution of Pol+ or Pol- in defined 
concentrations of NaCl. Because the silicon substrate was transparent in the mid IR range, 
transmission FTIR could be used to determine the relative amounts of each polymer and the 
counterion (if infrared active).  

(Over)compensation was measured by direct or indirect methods. In the direct method, 
relative areas of the polymer bands in the IR spectra were compared. The area ratio of the 
PDADMA band at 1473 cm-1 to that of PSS at 1010 cm-1 gave changes in stoichiometry (detailed 
band assignments are provided in Supporting Information), and revealed any loss of polymer. 
Owing to the nature of the spectroscopy, which relies on small differences in bands to detect 
overcompensation, these direct measurements had a precision and accuracy of ± 5% at best. In 
the indirect method, only the excess polymer was labeled by exchanging its counterions with 
either an IR active ion (nitrate) or radiolabeled counterions. The latter strategy provided the best 
precision (± 2%).  

Compensation is defined as the ratio of polymer repeat units, e.g. for PSS: 

 鶏鯨鯨 潔剣兼喧結券嫌欠建件剣券 噺  岷鶏鯨鯨峅岷鶏経畦経警畦峅 

(1) 
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The value is 1.00 for the stoichiometric film. Overcompensation is defined as follows: 

 頚懸結堅潔剣兼喧結券嫌欠建件剣券 岫購岻 噺 系剣兼喧結券嫌欠建件剣券 伐 な 

(2) 
 
 

20-, 30-, and 40-layer PEMUs were transformed into stoichiometric PEC films using 1, 3, and 6 
cycles (Scheme 2), respectively. 22Na+ was used to precisely quantify the total amount of 
negative extrinsic sites (PSS*). Similarly, 35SO4

2- reflected the PDADMA excess (PDADMA*). 
After these cycles, both PDADMA* and PSS* were minimized. Excess polymer was then 
introduced by immersion in solutions of PSS or PDADMA in NaCl. Scheme 2 also details the 
procedure used to add and monitor the amounts of polyelectrolytes diffusing in the film. 

Transmission FTIR taken at the end of each experiment tracked the amount of polymer 
added. Figure 1 shows the specific IR bands used to determine each polymer in the films, along 
with the chloride counterion after it was exchanged with nitrate. Figure 1A gives an example of 
the increase of PDADMA and nitrate ion following overcompensation of a stoichiometric PEC 
film by PDADMA. Figure 1B provides similar data for PSS overcompensation. The two 
experiments show increases in the overcompensating polymer bands with no change in signal 
from the other polyelectrolyte, indicating no loss of material. Table S1 in the Supporting 
Information contains an assignment of each polymer peak deduced from reference spectra of 
pure components and the literature.32, 33  
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Figure 1. (A) FTIR spectra showing the addition of 10 mM PDADMA500 in 1 M NaCl (dashed line), 
and (B) 10 mM PSS79 in 1.4 M NaCl (dashed line) to a 550 nm stoichiometric (PDADMA/PSS) PEC 
film (solid line). Peak limits used: PSS (990–1020 cm-1), nitrate (1280–1400 cm-1), and PDADMA (1427–
1525 cm-1). No nitrate is expected, or found, for the PEC overcompensated with PSS. 

An example of the time course of PDADMA overcompensation is shown in Figure 2A. 
40-layer stoichiometric PSS/PDADMA PEC, dry thickness = 558 nm, immersed in 10 mM 
PDADMA500 in 1.0 M NaCl gradually adds additional PDADMA. Figure 2B shows the 
overcompensation using either FTIR measurement of NO3

- or the 35SO4
2- radiolabel. The latter 

provides significantly better precision. In this experiment, a clear plateau was evident with no 
loss of PSS. Similar overcompensation was obtained using a salt with both cation and anion 
towards the more chaotropic end of the Hofmeister series, KBr (Figure 2C). As KBr has a 
stronger doping effect,34 the equilibrium was reached with concentrations of 0.1 and 0.25 M in 
about 20 h and 2 h respectively. When immersed in 0.5 M KBr, the overcompensation increased 
quickly but the film degraded within 10 min. 
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Figure 2. (A) FTIR peak areas of PSS (990–1020 cm-1) (ゴ) and PDADMA (1427–1525 cm-1) (ﾖ) during 
the addition of PDADMA500 to stoichiometric (PDADMA/PSS)20. Lines are a guide to the eye. (B) 
PDADMA percent overcompensation quantified by radiolabeling with 35SO4

2- () and using the FTIR 
peak area of NO3

- () during addition of 10 mM PDADMA500 in 1 M NaCl to a stoichiometric 
(PDADMA/PSS)20. (C) PDADMA percent overcompensation obtained from FTIR during the addition of 
10 mM PDADMA500 in 0.1 (open circles), 0.25 (open squares) and 0.5 (open triangles) M KBr to 
stoichiometric (PDADMA/PSS)20. Peaks used: PSS (990–1020 cm-1), and PDADMA (1427–1525 cm-1). 
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Similarities of polyelectrolyte multilayers to solution precipitated polyelectrolyte complexes 
have been discussed extensively.35-37 After annealing by salt, the two morphologies are 
equivalent.  

Whether plateau values for excess polymer represent an actual equilibrium is a key 
question. Among the morphologies of PEC are quasisoluble polyelectrolyte complexes, QPECs, 
which are colloidal dispersions of PEC nanoparticles stabilized by a shell of excess 
polyelectrolyte.  Extensive work by the Moscow State University group10, 11 and by Dautzenberg 
et al.12, 38, 39  has established conditions for the formation of stable QPEC suspensions, which 
include dilute polymer solutions, strong molecular weight mismatch, and a significant excess of 
one polyelectrolyte. The latter condition is met in the present studies of overcompensation, 
where the total amount of polymer in solution is in at least 5000-fold excess over polymer in the 
PEC film. Scheme 2 represents two possible pathways to accommodate excess polyelectrolyte. 
One outcome is stable overcompensation of the PEC film. The other is decomposition or erosion 
of the film to yield QPECs. 

 

Scheme 3. During the addition of PSS and PDADMA in salt, a balance exists between overcompensation 
– the diffusion of one of the polyelectrolytes through the film, and erosion – the process of both 
polyelectrolytes leaving the film. The scheme shows an example of PDADMA overcompensation.  

Stripping of material from a PEC film to yield QPECs was discussed by Hoogeveen et 
al.20 and Kovačević et al.,35 who tried to unify the surface and solution response of PECs using 
phase diagrams, as did Izumrudov et al.40 Loss of material was expected in excess 
polyelectrolyte, especially when the mobility of polymers increases with increasing salt 
concentration. We found sets of conditions which pointed to obvious erosion of PEC films, as 
explored by Nolte et al.41 for polyallylamine complexes, and Han et al. for PDADMA/PSS,42 but 
also conditions which, surprisingly in light of these two studies, yielded constant 
overcompensation in high salt concentrations (1.0 – 1.4 M).  In the present work, plateau/steady-
state values of overcompensation and polymer composition (measured up to 30 days), even in 
the presence of high salt concentration, were taken as evidence of thermodynamic equilibrium. 
For example, Figure S2A in Supporting Information, where PDADMA was added for extended 
time, after a small initial drop in the PDADMA/PSS ratio a slight decrease in the amount of both 
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polymers occurs over 20 days but their ratio remains constant. Figure S2B shows the stability of 
the PEC film when soaked in PSS in 1 M NaCl for a month. 

To reinforce the fact that the overcompensated film represents a true equilibrium, 
hydrogenated PSS in a 20-layer film overcompensated with PSS was exchanged with deuterated 
PSS (D-PSS). After 30 days most of the PSS was replaced without loss of PDADMA (see 
Supporting Information Figure S2). This type of self-exchange between isotopically labeled 
materials is an unambiguous way to show that a dynamic equilibrium is in effect. The first work 
to demonstrate polymer exchange within a multilayer was provided by Lavalle et al.43 using 
fluorescently labeled polyelectrolytes. 

In Figure S2C (Supporting Information), a stoichiometric film exhibits no change in 
polymer peak areas when soaked for a month in 1 M NaCl. More examples are shown in the 
following text. Figure S3 (Supporting Information) shows an SEM micrograph of an intact film 
after overcompensation in 10 mM PDADMA in 1.0 M NaCl for 3 h and another one in 10 mM 
PSS in 1.4 M NaCl for 2 h.  

Films, especially the thinner ones, were more prone to degradation when 
overcompensated with PSS and showed ultrahydrophilic or complete wetting behavior. The 
relative instability of PSS- versus PDADMA-overcompensated films was attributed to slightly 
higher overcompensation by the former and to the presence of a well-hydrated counterion (Na+). 
Film degradation showed up as etched patches in microscopy images. For example, Figure S4B 
shows the degradation of film overcompensated with higher molecular weight PSS in 1.4 M 
NaCl. 

 22NaI was used to ensure that there was no isolated extrinsic PSS, PSS*, balanced with 
Na+ (Figure S5) during PDADMA overcompensation. This important control experimental 
shows that all the negative counterions detected in the film (sulfate, or iodide), are associated 
with excess PDADMA (PDADMASO4), and there is no neutral salt in the film (Na2SO4).  

A number of experiments were conducted to establish the salt concentrations which 
minimized the time taken to reach equilibrium overcompensation without leading to loss of 
polymer, easily detected by FTIR. Some of these are given in Supporting Information (Figure 
S6). The addition of salt is known to enhance the mobility of polyelectrolytes in complexes.37, 40, 

44-46 Although the PEC films were ultrathin (<1 µm), diffusion coefficients for polyelectrolytes 
through PEC are extremely low.28, 47-51 Thus, the overcompensation rate as a function of salt 
concentration was explored. Figure 3 shows that maximum overcompensation for PDADMA 
was achieved within 4 h for [NaCl] ≥ 1.0 M. Higher [NaCl] led to erosion, as seen by decreasing 
overcompensation (Figure 3A).  

PSS required higher [NaCl] to reach equilibrium overcompensation in the same time 
(Figure S6). We have previously determined that PSS* diffuses more slowly than does 
PDADMA* within a PSS/PDADMA PEC at the same salt concentration.23 The highest [NaCl] 
for PSS overcompensation (Figure 3B) was 1.4 M, at which point the complex is above its glass 
transition temperature.52 Figure S7 shows fast erosion when a 20-layer film is soaked in PSS in 
1.6 and 1.8 M NaCl. Thus, most studies were carried out in solutions of 1.0 M NaCl for 
PDADMA and 1.4 M NaCl for PSS.  
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Figure 3. (A)  PDADMA/PSS and PSS/PDADMA ratio from FTIR peak areas after 4 h of soaking of 
stoichiometric (PDADMA/PSS)20 in 10 mM PDADMA500 in different concentrations of salt. (B) 
PSS/PDADMA ratios after 4 h of soaking of stoichiometric (PDADMA/PSS)10 in 10 mM PSS79 in 
different concentrations of salt. Maximum overcompensation for PDADMA was around 35% and for PSS 
around 40%. 

PDADMA and PSS overcompensation equilibrium for different film thicknesses 

With average dry thicknesses of around 210, 370 and 560 nm for 20-, 30- and 40-layer films, a 
plateau overcompensation can be reached within around 30 min, 2 h, and 4 h, respectively in the 
optimized [NaCl] for PDADMA, and around 1 h, 4 h, and 8 h for PSS in 1.4 M NaCl in the same 
respective film thicknesses. Figure 4A shows FTIR spectra of 20-, 30-, and 40-layer films 
overcompensated with PDADMA for 13 h. Figure 4B shows that both PDADMA and PSS when 
left for an extended amount of time yield the same level (35 ± 5%) of overcompensation 
regardless of the thickness of the films, which is expected if the steady-state overcompensation 
represents an equilibrium. The overcompensation level obtained by FTIR (Figure 4B) mirrors the 
radiolabeling results (Figure S6).  
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Figure 4. (A) Nitrate peak (1280–1400 cm-1) after 13 h of 10 mM PDADMA500 in 1.0 M NaCl in 
(PDADMA/PSS)10, 15 and 20. (B) Normalized PDADMA/PSS peak areas (red) when adding PDADMA in 1 
M NaCl, and PSS/PDADMA peak areas (green) when adding PSS79 in 1.4 M NaCl, to 
(PDADMA/PSS)10, 15 and 20 stoichiometric films after 13 h. 

Figure S8 shows the overcompensation level does not depend on the history of the way films 
were handled: treatment of stoichiometric films by PSS in 1.4 M NaCl for 8 h then 13 h, 
minimizing the handling done with more time points, such as those in Figure 5, reaches the same 
overcompensation. It also shows that repetitive handling accelerates film degradation as the 20-
layer film withstands 13 h of 1.4 M NaCl when only few time points are used (Figure S8) while 
it erodes after 4 h with repetitive manipulation (Figure S6) when wide MWD PSS is employed. 
Oyama and Frank reported stoichiometric complexes of PSS and PDADMA when the polymers 
were precipitated from salt-free solutions.26 In contrast, when nonstoichiometric solutions of PSS 
and PDADMAC in ternary solvents (HCl/dioxane/water) were precipitated in water the resulting 
complexes approached overcompensation levels similar to those seen here.    

Effect of polymer concentration and molecular weight on overcompensation equilibrium 

The reversible loading (“doping”) of counterions within a PEC has been demonstrated 
extensively.53, 54 Equation 1 suggests a greater polymer solution concentration should lead to 
more polymer in the PEC. Figure 5 depicts overcompensation as a function of time for 
PDADMA and PSS in 1 and 1.4 M NaCl respectively, covering the range 1 to 100 mM 
polyelectrolyte. These experiments, which used the indirect radiolabeling method for precision, 
show overcompensation is either a very weak function of, or independent of, polyelectrolyte 
concentration. In complementary experiments, PSS/PDADMA ratios obtained from FTIR 
polymer peak areas (see Supporting Information, Figure S9) also showed no significant 
dependence of overcompensation on polymer concentration.   
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Figure 5. (A) PDADMA percent overcompensation during the addition of 1 (ゴ), 10 (), and 100 (+) 
mM PDADMA500 in 1.0 M NaCl to stoichiometric (PDADMA/PSS)20. Precision is ± 2%. (B) PSS 

percent overcompensation during the addition of 1 (ゴ), 10 (), and 100 (+) mM PSS79 in 1.4 M NaCl to 
stoichiometric (PDADMA/PSS)10. Precision is ± 3.5%.  

Polymer molecular weight was the final variable explored in this work. PDADMA was 
available from Sigma-Aldrich as wide molecular weight distribution lots in the range 400-500 
kDa, 200-350 kDa, and <100 kDa. These molecular weights all yielded the same levels, within 
error, of overcompensation (Figure 6A) at the same rate. Figure 6B shows similar experiments 
with three narrow MWD PSS of Mw = 35, 127 and 600 kDa. Using 1.4 M NaCl, there appears to 
be a weak dependence of overcompensation level on molecular weight (Figure 6C). Figure S10 
shows the similar compensation results obtained from FTIR at the end of the experiment. 
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Figure 6. (A) PDADMA percent overcompensation during the addition of 10 mM PDADMA100 (ゴ), 
350 (), and 500 () in 1.0 M NaCl to stoichiometric (PDADMA/PSS)20. Precision is ± 4% on average. 
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(B) PSS overcompensation during the addition of 10 mM narrow MWD PSS35 (ゴ), 127 (ﾖ), 79 () and 
600 () in 1.4 M NaCl to cycled (PDADMA/PSS)10. Erosion was observed in the PSS600 experiment 
just as the overcompensation started to stabilize. Precision is ± 2% on average. (C) log% 
overcompensation vs log of molecular weight, M, in Daltons. The weak dependence of 
%overcompensation on M scales as j ~ M0.15 

Interestingly, when data for the 79 kDa wide MWD PSS is added to Figure 6B the results 
appear to cut through those from the narrow MWD samples. This can be interpreted as smaller 
chains being replaced by larger ones, a known phenomenon for polyelectrolyte complexes, 
especially at high salt concentrations.55 The highest Mw PSS yielded films which started 
decomposing after about an hour (hence, data collection was stopped early, see Figure 6B). 
Images of these etched films are given in Figure S4. 

The kinetics of polymer uptake, shown in Figure 2, 5 and 6, point to the importance of 
time as one of the many variables in multilayer assembly.29 Because of the diffusive processes 
involved it takes on the order of an hour for our systems to reach an equilibrium state where 
overcompensation occurs uniformly throughout the film. In contrast, most multilayers are built 
with much shorter times for each polyelectrolyte sorption step. The kinetics of sorption are 
enhanced by increasing the temperature,56 increasing salt concentration57 or decreasing 
molecular weight.58 When overcompensation occurs throughout the film on each sorption step 
the film grows exponentially.59 

Thermodynamics of overcompensation 

Although overcompensation (overcharging) is generally known for polyelectrolyte 
complexes (see work by Kremer et al. for a recent example24), multilayers, “polyplexes” (such as 
those between a polycation and DNA used for transfection), the driving forces for, and extent of, 
this phenomenon are poorly understood from a theoretical standpoint. Around the year 2000, 
there was a burst of theory activity aimed at explaining overcompensation for both 
polyelectrolyte complexes60-64 and multilayers.18, 21, 65, 66 These theories relied heavily on 
continuum electrostatics to define energy minima. We recently reasoned that electrostatics had 
little to do with the net driving force for polyelectrolyte association,16 illustrated by the near-
complete entropic character of complexation.16, 67 Pairing between polyelectrolyte repeat units or 
polyelectrolytes and counterions, represented in Scheme 1, must occur to maintain electrical 
neutrality but the “driving force” of formation, given quantitatively by the Gibbs free energy 
change between uncomplexed and complexed polymers, is provided by the change in entropy of 
bound counterions and their attendant water molecules.68 The small enthalpic changes observed 
were attributed to changes in hydration of repeat units and their counterions along a Hofmeister 
series.  

Recently, Zaldivar and Tagliazucchi modeled layer-by-layer film growth for uncharged 
polymer systems.69 Each layer was “frozen” in place after deposition, meaning the blended 
polymers were not at equilibrium throughout the film. Several elements observed 
experimentally, such as initial nonlinear followed by linear growth and surface 
overcompensation of about 10%, were reproduced in their treatment. Presumably, if the system 
were given enough time overcompensation would occur throughout the film, leading to 
exponential growth.  
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 Here we present a relatively straightforward approach for understanding why 
overcompensation occurs in polyelectrolyte complexes and, roughly, what equilibrium 
compositions might be expected. We have extensively developed the idea of an equilibrium 
distribution of counterions within a stoichiometric PEC, established in response to the solution 
concentration of salt CA.  

y(C+A-)aq + (Pol+Pol-)  (Pol+Pol-)1-y(Pol+A-) y(Pol-C+)y 

where each counterion in the PEC is associated with a polyelectrolyte repeat unit, as in a 
classical ion exchanger. y is the fraction of Pol+Pol- converted to Pol+A- and Pol-C+ or “doping 
level”53. At low y, doping is related to salt concentration as follows 

 検 噺  倦岷系畦峅 
 

(3) 

where k is an equilibrium constant, previously measured to be 0.3 for PDADMA/PSS PEC doped 
with NaCl.70 Nonstoichiometric PEC is made by adding additional polyelectrolyte (Pol+ in the 
following example)  

(Pol+Pol-) + j(Pol+A-)aq  (Pol+Pol-) (Pol+A-)j 

In the presence of solution salt CA, equilibrium doped, overcompensated PEC would result 

y(C+A-)aq + (Pol+Pol-)(Pol+A-)j  (Pol+Pol-)1-y(Pol+A-)j+y(Pol-C+)y 

with 購 the overcompensation level (from Equation 2).  

If a phase contains an excess population of fixed charges, such as those in a classical ion 
exchange resin, like-charged ions are excluded while oppositely-charged ions are included.71   
This generates a Donnan potential at the resin/solution interface.72, 73 Potentials at a PEC/solution 
interface are generated by excess polyelectrolyte in the PEC phase.74  Consequently, the 
observed redox potential of electrochemically active polyelectrolyte units shifts, as demonstrated 
by Calvo and Wolosiuk for a PEMU,73 and Zhang et al. for a polyelectrolyte monolayer.75 Unlike 
these examples (which contain no polymer in the solution), PEC films in the current study have 
the opportunity to add whatever combination of ions and polyelectrolyte is needed to achieve a 
Donnan equilibrium,76 where 

 岷系袋峅牒帳寵岷畦貸峅牒帳寵 噺 岷系袋峅鎚岷畦貸峅鎚 (4) 

neglecting the relatively minor (compared to [CA]) contribution of the polyelectrolyte to the total 
solution ion concentration, it is assumed [C+]s = [A-]s, thus  

 
 岷系袋峅牒帳寵岷畦貸峅牒帳寵 噺 岷系畦峅鎚態 

(5) 

Estimating concentrations within the PEC is now the key task. The molar volume of 
overcompensated PEC must be determined. Scheme 4 depicts all the components in a PEC 
overcompensated with polycation: Pol+Pol- (polymer/polymer ion pairs), Pol+A- from 
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overcompensation, Pol+A- and Pol-C+ from doping, and water molecules. “Free” or unassociated 
salt, which appears at high [NaCl], is also shown.   

 

 

Scheme 4.  As Pol+ overcompensates the Pol+/Pol- pair, many components are involved in calculating the 
concentration of ions in the film. This cartoon shows contributions from the Pol+Pol- polymer pair, the 
overcompensating Pol+A-, additional ions coming from doping and overcompensation as well as the total 
amount of water in the system. Unassociated ions resulting from the Donnan breakdown are also shown. 

Using the molar volume of a Pol+Pol- ion pair as a reference, the volume of all components, 
when Pol+ overcompensates is calculated as follows: 

 
警牒墜鎮甜牒墜鎮貼貢椎墜鎮甜椎墜鎮貼 髪 購 警牒墜鎮甜貢椎墜鎮甜 髪 岫倦岷系畦峅鎚 髪 購岻 警凋貼貢凋貼 髪 倦岷系畦峅鎚 警寵甜貢寵甜 髪 兼 警張鉄潮貢張鉄潮  (6) 

 

The concentration, mol L-1, of A- or C+ is obtained by dividing the number of moles of A- or C+ 
by the total volume from Equation 6. The 岷畦貸峅牒帳寵 is 

 
岷畦貸峅牒帳寵 噺 倦岷系畦峅鎚 髪 購警鶏剣健髪鶏剣健伐貢喧剣健髪喧剣健伐 髪 購警鶏剣健髪貢喧剣健髪 髪 警畦伐岫倦岷系畦峅嫌 髪 購岻貢畦伐 髪 警系髪 倦岷系畦峅嫌貢系髪 髪 兼 警茎に頚貢茎に頚

 
(7) 

 
 

while 岷系袋峅牒帳寵 is 

 
岷系袋峅牒帳寵 噺 倦岷系畦峅鎚警鶏剣健髪鶏剣健伐貢喧剣健髪喧剣健伐 髪 購警鶏剣健髪貢喧剣健髪 髪 警畦伐岫倦岷系畦峅嫌 髪 購岻貢畦伐 髪 警系髪 倦岷系畦峅嫌貢系髪 髪 兼 警茎に頚貢茎に頚

 
(8) 
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The number of water molecules in overcompensated polymer is not calculated a priori, but is 
known from experimental results to be about 15.77 Using this value and estimates for all the other 
parameters, listed in Table S2 in Supporting Information, values for the calculated equilibrium 
overcompensation as a function of solution salt concentration obtained from Equation 5 are 
given in Figure 7. 

 

 

Figure 7. Overcompensation values obtained using Equation 5 with increasing solution salt 
concentrations while k is kept fixed (at 0.3) (solid black line), or using increasing k (doping constant) 
values (dotted purple line). The shaded area on the right shows the start of Donnan breakdown, where 
neutral salt is admitted to the PEC.  

We have found a dependence of k on doping level (k increases with y) for all the PDADMA/PSS 
systems we have evaluated.78 Part of this increase in k was attributed to loss of cooperative 
association between neighboring units,78 and part comes from Donnan breakdown as CA not 
associated with Pol+ or Pol- is introduced. Donnan breakdown means the internal PEC salt 
activity can be equilibrated with the external activity without doping, so less overcompensation 
is needed.  Prior work suggests breakdown begins for y > 0.3, shown by the shaded area in 
Figure 7.34 The predicted overcompensation when k is assumed to increase from 0.3 to 0.48 
between [NaCl] from 0 to 1.5 M is shown in Figure 7. Considering the approximations, Figure 7 
reproduces the experimental results for equilibrium overcompensation reasonably well. As a 
further check, the osmotic pressure between the PEC phase and the solution phase should be 
equal. i.e. [C+]PEC + [A-]PEC = [C+]s + [A-]s. Using Figure 7 (the dotted line) in 1 M NaCl the total 
ion concentration in the PEC is 2.16 M and the external concentration is 2 M. While this 
theoretical treatment requires experimental input, it shows how the distribution of ions between 
the PEC phase and the solution phase is responsible for overcompensation. The other feature 
implicitly reproduced is the independence of overcompensation on solution polymer 
concentration. The molecular weight dependence of Figure 6 is not accounted for.  
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Conclusions 
Using a combination of quaternary ammonium and aromatic sulfonate polymers it has been 

shown that equilibrium overcompensation of thin films of polyelectrolyte complex can be 
produced under a specific range of conditions. The time needed for excess polymer to distribute 
throughout the film is inversely related to the salt concentration (a detailed treatment of the 
kinetics is forthcoming).  Overcompensation is believed to extend throughout the film of blended 
polymers, and is around 40% for either excess negative or positive polyelectrolytes. The 
overcompensation level is not a strong function of molecular weight, but the stability of the PSS-
overcompensated PEC was compromised with sufficiently high molecular weights of PSS. It is 
not known whether this instability is due to slightly higher overcompensation or to a possible 
mismatch of molecular weight. This result points to a need to use narrow molecular weight 
distribution polyelectrolytes to maximize stability over the long term - important for biomedical 
applications to minimize leaching of polyelectrolyte from “exponential” films, which may have 
extensive overcompensation built in.  

Different kinetics but comparable levels of overcompensation were seen with the two 
mono/monovalent salts NaCl and KBr, which have different positions in the Hofmeister series. A 
mechanism for overcompensation mainly due to Donnan equilibrium was put forward. This 
simple approach requires an estimate of the number densities of various ion species within the 
PEC, whereby the only way to introduce more ions into the PEC is via doping or 
overcompensation. Consistent with the Donnan mechanism, overcompensation was independent 
of solution polyelectrolyte concentration.  At sufficient salt concentration Donnan breakdown 
(invasion of neutral salt) occurs, reducing the overcompensation required for Donnan 
equilibrium, a feature which may help stabilize overcompensated thin films. While the 
theoretical treatment reproduces the approximate level of overcompensation, it uses estimated or 
known parameters and not a priori computed values.  The weak effect of polymer molecular 
weight j ~ M0.15 is not reproduced by the theory.  
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