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ABSTRACT: Polyelectrolyte brushes have received extensive attention due to their swelling behavior in aqueous solutions, which 
is a result of their ionic nature and nonelectrostatic (polymer-polymer and polymer-solvent) interactions. While the nonelectrostatic 
contributions are typically assumed to be negligible compared to the ion osmotic pressure, we present herein a systematic investi-
gation of how the nonelectrostatic interactions dramatically affect the swelling behavior of polyelectrolyte brushes. Using a modular 
synthesis procedure, polyelectrolyte brushes with similar chain lengths, grafting densities and charge densities but with various side 
chains were synthesized. The swelling behaviors of the brushes were then thoroughly investigated as a function of grafting density 
and ionic strength using ellipsometry. A theoretical mean-field approach was also developed to quantify the contributions of the ion 
osmotic and nonelectrostatic effects. Accordingly, it was both experimentally and theoretically demonstrated how fundamentally 
different swelling behaviors can exist depending on the relative contributions of ion osmotic and nonelectrostatic effects. This new 
insight reveals new opportunities for applications of polyelectrolyte brushes based on their tunable hydrophobicity and provides 
new ideas for fundamental investigations of these systems.

1 INTRODUCTION 

The swelling behavior of a polyelectrolyte brush in an aqueous medium is the result of a balance between various forces, 
such as the osmotic pressure of counterions (the ion osmotic effect), solvent-dependent excluded-volume effects (nonelec-
trostatic effects), and chain elasticity.1–3 The swelling behavior of polyelectrolyte brushes has been theoretically described by 
scaling relations, which suggest various regimes depending on the brush grafting density (σ), chain charge fraction (f) and 
ionic strength (cs) of the solution.4–8 These scaling relations are typically obtained for θ-solvent conditions and thus neglect 
the contributions of nonelectrostatic interactions and describe the brush thickness (h) within three regimes of swelling be-
havior with respect to ionic strength. The so-called osmotic brush regime (h ~ cs0 σ0 and h ~ cs1/3 σ-1/3 for strong and weak 
polyelectrolyte brushes, respectively) is found at low ionic strength; the salted brush regime (h ~ σ1/3 cs-1/3) is found at inter-
mediate ionic strength; and the “quasineutral” brush regime is found at high ionic strength. The scaling relations have been 
evaluated experimentally although, rarely under θ-solvent conditions.9-18 Thus, the results of those studies often show devia-
tions from the theoretical predictions for both strong and weak polyelectrolyte brushes. 10–18 In contrast to predictions based 
on the scaling laws, experimental studies of  polyelectrolyte brushes demonstrate an increase in the thickness with the graft-
ing density in the osmotic brush regime and further a more gradual variation in thickness with ionic strength in the osmotic 
and salted brush regimes.10–16, 18 Both quantitative and qualitative discrepancies between the theoretical and experimental 
data have mainly been attributed to an interplay between nonelectrostatic effects (which under most real conditions, cannot 



 

be neglected) and the ion osmotic pressure (which was originally assumed to dominate the polyelectrolyte brush swelling 
behavior).2,11,13,19,20 

With respect to nonelectrostatic effects, theoretical studies of polyelectrolyte brushes predict a transition from the swollen 
to the collapsed state under poor solvent conditions.21,22 Further, the formation of lateral morphologies (e.g., cylindrical ag-
gregates) has been shown under poor solvent conditions using molecular dynamics simulations.23,24 Several experimental 
studies have demonstrated an impact of nonelectrostatic effects by varying either the solvent quality for a certain polyelec-
trolyte brush25–27 or the brush chemistry.28–31 Wang et al.27 have shown that the swelling and collapse of a polyelectrolyte 
brush become less pronounced by increasing the methanol content in a water/methanol mixture. Willot et al.30 investigated 
the swelling behavior of three weak polyelectrolyte brushes of varying monomer hydrophobicities. With enhanced monomer 
hydrophobicity, the thickness in the neutral brush regime was reduced, and the transition from the neutral to the osmotic 
brush regime was shifted to larger ionic strengths. However, despite these scattered observations, the interplay between the 
ion osmotic effect and the nonelectrostatic effects is still poorly understood. Thus, instead of providing additional experi-
mental evidence for the deviation between the original scaling law and real brush behavior, we aim to deliver a full but rela-
tively simple explanation for the swelling behavior of polyelectrolyte brushes. 

In this study, we employed a modular synthesis method that enabled a systematic comparison of brushes with various 
chemical structures. The polyelectrolyte brushes were obtained by synthesizing poly(2-dimethylaminoethyl) methacrylate 
(PDMAEMA) brushes with controlled grafting densities followed by postpolymerization quaternization with various alkyl 
halides. Consequently, the chain length, chain dispersity, grafting density, and charge density were all fixed, whereas the side 
chains were systematically varied. This rational molecular design enables a direct experimental investigation of the nonelec-
trostatic effects on polyelectrolyte brushes. Additionally, a simple mean-field model was developed that accounts for both ion 
osmotic and nonelectrostatic effects. With this direct comparison between experimental data and theoretical predictions, we 
are able to quantify the relationships among the molecular structure, solvent quality and swelling behavior of polyelectrolyte 
brushes. 

2 EXPERIMENTAL SECTION 

2.1 Materials 

(3-Aminopropyl)triethoxysilane (APTES), toluene, dichloromethane, tetrahydrofurane (THF), α-bromoisobutyrylbromide, 
triethylamine, methanol, 2,2’- bipyridine (BPy), (2-dimethylaminoethyl) methacrylate (DMAEMA), ethyl α-bromoisobutyrate 
(EBiB), copper (I) bromide (CuBr), iodomethane, 1-bromobutane, 1-bromodecane, hydrogen bromide (HBr), sodium hydrox-
ide (NaOH), and sodium bromide (NaBr) were obtained from Sigma Aldrich and were used as received. Propionyl bromide 
was purchased from Tokyo Chemical Industry Co. (TCI) and used as received. Aqueous solutions were prepared using ul-
trapure water with a resistance of 18.2 MΩ.cm (Sartorius Arium Pro). Sodium bromide was used to adjust the ionic strength, 
and sodium hydroxide/hydrogen bromide was used to adjust the pH. 

2.2 Synthesis of PDMAEMA brushes and quaternization 

Thermally oxidized silicon wafers (Wafer Net, USA) were washed with acetone, ethanol, and deionized water 3 times fol-
lowed by plasma cleaning for 3 minutes (Harrick Plasma) under 500 mTorr water vapor. Afterwards, a solution of APTES in 
toluene (volume ratio: 1:1) was used to functionalize the silicon wafers with amine groups via vapor deposition for 24 h. The 
samples were then washed with toluene, ethanol, and acetone and dried under a stream of argon. The grafting density of the 
samples was adjusted by using a mixture of an inactive acyl bromide (propionyl bromide) and an active initiator (α-bromoiso-
butyrylbromide).32–34 For the higher grafting density sample, a mixture of dichloromethane (20 mL) and triethylamine (960 
mg, 9.5 mmol) was prepared, and then α-bromoisobutyrylbromide (1.85 g, 8.1 mmol) was added dropwise at 0 °C. For the 
lower grafting density sample, a similar procedure was employed, but a mixture of propionyl bromide (1.0 g, 7.3 mmol) and 
α-bromoisobutyrylbromide (185 mg, 0.8 mmol) was used instead of pure α-bromoisobutyrylbromide. The reaction mixture 
was stirred at room temperature overnight. After rinsing with dichloromethane, acetone, and ethanol, the initiator grafted 
surfaces were dried under argon and used immediately for the polymerization reaction. 

PDMAEMA was synthesized using surface-initiated atom transfer radical polymerization (SI-ATRP).35–37 The monomer 
(DMAEMA) was purified by passing it through an alumina column. Initiator-grafted surfaces from the previous step were 
placed into a solution of DMAEMA (8.4 g, 53 mmol) in methanol (20 mL). Subsequently, the sacrificial initiator (EBiB) (11 mg, 
0.06 mmol) and the ligand (BPy) (166 mg, 1.1 mmol) were dissolved, and the mixture was bubbled with argon for 40 minutes. 
Afterwards, the catalyst (CuBr) (77 mg, 0.54 mmol) was added to initiate polymerization. The reaction mixture was purged 
with argon for an additional 15 minutes and stirred under a positive pressure of argon at 25 °C. The molar ratio of reactants 
was [DMAEMA]:[EBiB]:[CuBr]:[BPy]=100:0.1:1:2. 

Conversion of the weak polyelectrolyte brushes (PDMAEMA) to the strong polyelectrolyte brushes was carried out via 
quaternization of the amine groups by using excessive amounts of alkyl halides.31,38–40 The strong polyelectrolyte brush with 
the methyl side group (PDMAEMA-QC1) was synthesized using 1000 mM iodomethane in 10 mL THF at 40  °C for 18 hours. 
To employ bromide as the counterion, the sample was subsequently exposed to an ion exchange process using 3 cycles of 
immersion in a 100 mM NaBr solution for 10 minutes followed by rinsing and then 3 cycles of immersion in 3.0 M NaBr 
solution for 10 minutes followed by rinsing with copious amounts of water.41,42 Strong polyelectrolyte brushes with longer 
side groups (PDMAEMA-QC4 and PDMAEMA-QC10) were synthesized using 100 mM 1-bromobutane and 1-bromodecane, 
respectively, in 10 mL THF at 40 °C. The quaternization reaction was continued until the samples showed no significant effect 
of unreacted basic groups, as verified by the pH response (Supporting Information, S2). Based on the dry thicknesses and the 



 

estimation of the grafting density in a swollen brush, we confirmed that no degrafting occurs during the quaternization reac-
tion (Supporting Information, S3). 

In total, 8 samples were examined in this study, including two sets of samples with a lower or higher grafting density (L or 
H), and in each set, there were 4 samples (PDMAEMA, PDMAEMA-QC1, PDMAEMA-QC4, and PDMAEMA-QC10). To distinguish 
between the samples, the nomenclature PDMAEMA(-QCx)-L/H is used, where x denotes the number of carbon atoms in the 
side group (1, 4 or 10) and L and H stand for the lower grafting density and higher grafting density, respectively. 

2.3 Ellipsometry 

The thickness of the brushes was determined using spectroscopic ellipsometry (M-2000U, J. A. Woollam Co., Inc.). The in-
strument's standard liquid cell (5 mL heated liquid cell) was used for the measurements in solution. In situ measurements 
were conducted over a wavelength range between 245 and 1000 nm and at an angle of incidence of 75°. The brush was con-
sidered to be under equilibrium when the variation in thickness was lower than 0.2 nm over a 10-minute period. The ionic 
strength studies were conducted at pH 6.00 ± 0.05 unless otherwise stated. The data analysis was conducted using the instru-
ment software (CompleteEASE, J.A. Woollam Co., Inc.). The employed optical model comprises a thick Si substrate, an inter-
mediate roughness layer, a SiO2 layer (99.0 nm, as obtained from the bare wafer data), and a transparent polymer layer with 
unknown thickness and optical constants. The Cauchy relation (n = A + B/λ2) was used to describe the optical dispersion of 
the hydrated brush. The optical dispersions of the saline solutions were estimated from measurements on a bare silicon wafer 
(Supporting Information, S4). The cross-correlation factors for the model parameters were always lower than 0.9, indicating 
that the free parameters (thickness, A, and B) are not coupled; in addition, the uniqueness of the estimated thickness was 
investigated using thickness-mean square error (MSE) plots, and the reproducibility of the ellipsometry results was verified 
(Supporting Information, S5). 

3 RESULTS AND DISCUSSION 

3.1 Experimental results 

 

Figure 1 summarizes the synthesis route of the investigated brush samples. Two PDMAEMA brushes were first synthesized 
with an estimated number-average molecular weight (Mn) of 105 kg·mol-1, one with a low grafting density (PDMAEMA-L, 
0.086 chain·nm-2) and the other with a high grafting density (PDMAEMA-H, 0.257 chain·nm-2) (Supporting Information, S1). 
Next, each PDMAEMA brush was converted to strong polyelectrolyte brushes with varying side chains using postpolymeriza-
tion quaternization with C1, C4, and C10 alkyl halides (Supporting Information, S2). The employed synthesis design enables 
controlled variation of the side group hydrophobicity and bulkiness, which allows for a systematic investigation of nonelec-
trostatic effects on the swelling behavior of the polyelectrolyte brushes. 

Figure 2 summarizes the swelling behavior of all the brushes studied as a function of ionic strength. Since PDMAEMA should 
be fully charged at pH 4, the number of charges are independent of ionic strength, and we can thus directly compare the 
swelling behavior of PDMAEMA brushes at pH 4 to the swelling behavior of the strong polyelectrolyte brushes (see details of 
the analysis of the PDMAEMA brush as a function of pH and ionic strength in Supporting Information, S6). Figure 2a displays 
the thickness of PDMAEMA brushes at pH 4.0 as a function of ionic strength. Here, it is seen that both the PDMAEMA-H and 
PDMAEMA-L brushes are found in the swollen osmotic brush regime at ionic strengths lower than 10 mM. For ionic strengths 
above 100 mM, the brush enters the salted brush regime, where the thickness decreases with increasing ionic strength. Here, 
it should be noted that the thickness of PDMAEMA-H is greater than that of PDMAEMA-L regardless of the ionic strength, 
which contradicts the predictions from the simple scaling relations for the osmotic brush regime.6 This effect of grafting den-
sity can be explained by the interplay between the ion osmotic effect and the nonelectrostatic effects, which were not included 
in the original scaling relations. Thus, increased grafting density results in a higher local concentration of repeating units, 
leading to increased nonelectrostatic effects. 

Next, PDMAEMA is converted to a strong polyelectrolyte brush with methyl side groups (PDMAEMA-QC1), as shown in 
Figure 2b. This conversion not only changes each of the 



 

 

Figure 1. Synthesis route and schematic illustration of the polyelectrolyte brush samples; starting from the substrate, the initiator 
was grafted with two different grafting densities. SI-ATRP was conducted on the samples to obtain PDMAEMA brushes. Next, 
PDMAEMA brushes were converted to PDMAEMA-QC1, PDMAEMA-QC4, and PDMAEMA-QC10 brushes. 

 



 

 

Figure 2. a) Thickness of PDMAEMA-H (solid line, ○) and PDMAEMA-L (dashed line, □) as a function of ionic strength at pH=4.0, b) 
thickness of PDMAEMA-QC1-H (solid line, ○) and PDMAEMA-QC1-L (dashed line, □) as a function of ionic strength and c) thickness 
of PDMAEMA-QC4-H (solid line, ○), PDMAEMA-QC4-L (dashed line, □), PDMAEMA-QC10-H (solid line, ○), and PDMAEMA-QC10-L 
(dashed line, □) as a function of ionic strength. 

basic groups to have a permanent charge but also changes the polymer-polymer and polymer-solvent interactions in the 
brush. Thus, when comparing the swelling behavior of the PDMAEMA-QC1 brushes with the PDMAEMA brushes at pH 4 
(when they are fully charged), we expect the differences to mainly be due to nonelectrostatic interactions. For each grafting 
density of the PDMAEMA-QC1 brushes, three brush regimes are observed, i.e., the osmotic brush regime, the salted brush 
regime, and the quasineutral brush regime. At the highest ionic strength studied (3.0 M), the thickness of PDMAEMA-QC1 is 
evidently greater than that of PDMAEMA for similar grafting densities (PDMAEMA-QC1-H (97 nm) > PDMAEMA-H (73 nm) 
and PDMAEMA-QC1-L (63 nm) > PDMAEMA-L (35 nm)). Since the ion osmotic effect is negligible in the quasineutral brush 
regime, the significant difference in the thickness could be attributed to a better solvent quality of PDMAEMA-QC1 than of 
PDMAEMA under aqueous conditions. Even in the osmotic brush regime, the thickness of PDMAEMA-QC1 is significantly 
higher than that of PDMAEMA, demonstrating the significant effect of solvent quality in the osmotic brush regime. To this end, 
it should be noted that the slightly bulkier repeating units in PDMAEMA-QC1 compared to in PDMAEMA are insufficient to 
account for the large difference in thickness of the two brushes. 

Moreover, in the osmotic brush regime, the grafting density seems to have a minor effect on PDMAEMA-QC1 thickness, 
which suggests that compared to the case of the PDMAEMA brushes, in the case of PDMAEMA-QC1, the ion osmotic effect 
dominates significantly over nonelectrostatic contributions. To this end, we propose that PDMAEMA could have stronger 
intrachain and interchain interactions than those in PDMAEMA-QC1 due to its extensive ability to form hydrogen bonds. For 
PDMAEMA-QC1, this ability is partially lost, which is why the ion osmotic effect dominates. However, with increasing ionic 
strength, the ion osmotic effect is weakened, so the relative contribution of nonelectrostatic effects becomes progressively 
more pronounced. This is shown by a steeper collapse in the brush thickness in the salted brush regime for the sample with 
the lower grafting density than with the higher grafting density (where nonelectrostatic interactions naturally play a larger 
role). Similarly, in the quasineutral regime, the grafting density also has a notable effect, i.e., PDMAEMA-QC1-H shows a 
greater thickness. 

Finally, strong polyelectrolyte brushes with longer alkyl side groups, i.e., PDMAEMA-QC4 and PDMAEMA-QC10 with butyl 
and decyl side groups, are investigated (Figure 2c). A longer alkyl side group is expected to affect the nonelectrostatic inter-
actions in two ways: (i) an increased polymer hydrophobicity, favoring a collapsed brush conformation (“phase separation”), 
and (ii) an enhanced bulkiness, giving rise to larger steric effects and swelling. In general, our experimental results reveal that 
the ion osmotic effects on the brush thicknesses are negligible, suggesting that the first nonelectrostatic effect (hydrophobic 



 

collapse) is the controlling factor. However, while the collapse appears to be due to the hydrophobicity of the side groups, the 
actual collapsed brush thickness appears to be controlled by the second nonelectrostatic effect (steric repulsion), which first 
is shown by the higher grafting density brushes (PDMAEMA-QC4-H and PDMAEMA-QC10-H) having greater thickness than 
the lower grafting density brushes (PDMAEMA-QC4-L and PDMAEMA-QC10-L) at all ionic strengths and second is shown by 
the brush thickness increasing from PDMAEMA-QC4 with side groups that are less bulky to PDMAEMA-QC10 with side groups 
that are bulkier. 

3.2 Mean-field approach including nonelectrostatic contributions 

From the results presented in Figure 2, we demonstrate that nonelectrostatic effects, i.e., steric, polymer-polymer, and pol-
ymer-water forces, can notably contribute to the polyelectrolyte brush behavior. The original scaling relations of polyelectro-
lyte brushes were obtained by solving a force balance equation accounting for the ion osmotic effect and the chain elasticity.6,8 
Later, an improved mean-field model was developed based on the original theory by taking into account the finite extensibility 
of chains and the excluded volume effects in a good solvent.43 The results of the model were in good agreement with the data 
generated by the simulation methods. In this work, we extended this model by taking the full effect of nonelectrostatic con-
tributions into account (a detailed discussion of the used assumptions, estimation and variables are provided in the Support-
ing Information, S7). Briefly, we introduce a pressure balancing equation including a term describing the nonelectrostatic 
contributions, which are based on the Flory-Huggins free energy for a semidilute polymer solution: 6,21,44–47 

𝜋𝑖𝑜𝑛 + 𝜋𝑁𝐸 +  𝜋𝑒𝑙 = 0    (1) 
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former term could be positive or negative depending on the solvent quality. For small values of ∅m, the coefficients can be 
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trostatic effects and converting the pressure values to dimensionless contributions (C) gives the main balancing equa-
tion:6,8,43,48,49  

𝐶𝑖𝑜𝑛 +  𝐶𝑁𝐸2 +  𝐶𝑁𝐸3 +  𝐶𝑒𝑙 = 0   (3) 

𝐶𝑖𝑜𝑛 =
𝜋𝑒𝑙

𝑘𝐵𝑇
×

𝑟2𝑎

𝜎
= 𝑓𝑟 [ √(

2𝑐𝑠𝑎𝑟

𝑓𝜎
)2 + 1 −

2𝑐𝑠𝑎𝑟

𝑓𝜎
]  (4) 

𝐶𝑁𝐸2 = −
𝜏∅2

2𝑎3 ×
𝑟2𝑎

𝜎
=

−(χ−
1

2
)𝜗𝑚

2
𝜎

𝑎4    (5) 

𝐶𝑁𝐸3 =
𝜔∅3

3𝑎3 ×
𝑟2𝑎

𝜎
=

𝜗𝑚
3𝜎2

3𝑎5𝑟
    (6) 

𝐶𝑒𝑙 =
𝜋𝑒𝑙

𝑘𝐵𝑇
×

𝑟2𝑎

𝜎
= −𝑟3 3−𝑟2

1−𝑟2    (7) 

Here, Cion, CNE2, CNE3, and Cel represent the contributions of the ion osmotic pressure, the second virial term, the third virial 
term, and the polymer elasticity, respectively. Eq 4 is obtained based on the difference between the ion concentration inside 
the brush and in the medium assuming the absence of ion condensation, electro-neutrality in the brush, and Boltzmann dis-
tribution for the ions. The parameters f, r, cs, a, σ, and νm are the charge fraction, the relative height (thickness/contour length), 
the salt concentration in the medium, the size of the polymer segment, the grafting density, and the volume of each repeating 
unit, respectively. By solving eq. 3 for a given grafting density and ionic strength, the relative height is then obtained as a 
function of χ. 

Figure 3a shows the calculated relative brush height for a brush with and without the nonelectrostatic terms as a function 
of solvent quality in the osmotic brush regime (ionic strength of 1 mM) and for a grafting density of σ = 0.086 chain⋅nm -2 
(similar to the experimental samples with low grafting density). Accordingly, the nonelectrostatic effects could result in swell-
ing or collapse of the brush in the osmotic brush regime, depending on the solvent quality. Under good solvent conditions (χ 
<0.5), the brush is found in a more swollen state compared to the pure ion osmotic brush. In contrast, the poorer the solvent, 
the more collapsed the brush is compared to the pure ion osmotic brush. 

Since our experimental brush samples show partial hydrophobicity, we focus on the magnitude of the different relative 
contributions in the region of poor solvent conditions, χ >0.5 (see Figure 3b). At relatively low χ values (close to θ-solvent 
conditions), the ion osmotic and elastic terms dominate. However, with increasing χ, the relative contributions from the ionic 
and elastic terms notably decrease, whereas the contributions from the two nonelectrostatic terms progressively increase. 



 

This means that the brush behavior is closer to the behavior predicted by the scaling relations for χ values approaching 0.5 
(θ-solvent conditions). For high χ values (χ≈1.0), nonelectrostatic effects dominate, and the brush collapses to a thickness 
where the second and third virial terms are balanced. However, at intermediate χ values, both the ion osmotic pressure and 
nonelectrostatic effects contribute significantly, and the brush swelling behavior becomes complex. 

In an attempt to correlate this complex swelling behavior to our experimental observations (Figure 2), we use eq. 3 to 
predict the brush thickness changes as a function of ionic strength for three χ-values (χ = 0.5, 0.75, and 1.0), which represent 
the three scenarios discussed above (see Figure 3c). With this approach, the modeling data enable a more quantitative eval-
uation of the experimental swelling data (Figure 2) in terms of ion osmotic and nonelectrostatic contributions. From this data, 
PDMAEMA appears to have a swelling behavior similar to the theoretical brush with an intermediate χ value (χ=0.75), where 
both the ion osmotic and nonelectrostatic effects comparably influence the brush thickness. PDMAEMA-QC1 demonstrates 
swelling behavior similar to the theoretical brush with a relatively small χ  

 

Figure 3. a) Relative height (r) as a function of χ for a polyelectrolyte brush with a grafting density of σLD = 0.086 chain·nm-2 at an 
ionic strength of 1 mM and with nonelectrostatic interactions (red) and a pure ion osmotic brush (blue). b) Contributions of the ion 
osmotic effect (Cion), the second virial term of nonelectrostatic effects (CNE2), the third virial term of nonelectrostatic effects (CNE3), 
and the chain elasticity (Cel) as a function of χ (σLD = 0.086 chain·nm-2 and cs= 1 mM). c) Relative height (r) as a function of ionic 
strength with χ=0.5 (blue), χ=0.75 (black), and χ=1.0 (red) for brushes with grafting densities of σHD = 0.257 chain·nm-2 and σLD = 
0.086 chain·nm-2. 

value (χ=0.5), i.e., a significant contribution of the ion osmotic effects and a minor contribution of nonelectrostatic effects in 
the osmotic brush regime. Finally, the behavior of PDMAEMA-QC4 and PDMAEMA-QC10 brushes resembles that of the theo-
retical brush with a relatively large χ value (χ=1.0). Therefore, the various swelling behaviors of the brushes could be ex-
plained by the effect of solvent quality with the trend of PDMAEMA-QC1>PDMAEMA>PDMAEMA-QC4≈PDMAEMA-QC10. Last, 
in relation to the results presented in Figure 2, we speculated that the slightly higher thickness of PDMAEMA-QC10 than of 
PDMAEMA-QC4 is due to larger steric effects. This idea was also confirmed by the theoretical model, i.e., by varying the volume 
of the repeating unit (see the Supporting Information S8). 

4 CONCLUSION 

We systematically tuned the nonelectrostatic effects of a set of polyelectrolyte brushes while the charge fraction, chain length, 
chain dispersity, and grafting density (at two different values) were held constant to demonstrate the crucial impact of the 
nonelectrostatic effects on the swelling behavior of polyelectrolyte brushes. Additionally, we developed a simple mean-field 



 

model to quantify the ionic and nonelectrostatic effects on a polyelectrolyte brush as a function of solvent quality. Overall, we 
showed that increasing hydrophobicity (decreasing solvent quality) in polyelectrolyte brushes not only causes brush collapse 
but also decreases the relative contribution of the ion osmotic effects. Based on the experimental and theoretical results, we 
observed regimes of hydrophobicities/solvent qualities in which either the ion osmotic effects or the nonelectrostatic effects 
or a combination of the two govern the brush behavior. We believe this new insight increases the general understanding of 
polyelectrolyte brush behavior and the importance of nonelectrostatic contributions to brush swelling behavior. Further-
more, this work offers both a simple theoretical tool to predict and an experimental route to tune the swelling behavior of 
polyelectrolyte brushes based on nonelectrostatic effects. 
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of the weak polyelectrolyte (PDMAEMA) brush with respect to pH and ionic strength, theoretical model, and the effect of bulkiness 
of the repeating units  
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(32) Barbey, R.; Lavanant, L.; Paripovic, D.; Schüwer, N.; Sugnaux, C.; Tugulu, S.; Klok, H. A. Polymer Brushes via Surface-Initiated Controlled Radical 
Polymerization: Synthesis, Characterization, Properties, and Applications. Chem. Rev. 2009, 109 (11), 5437–5527. 

(33) Brown, A. A.; Khan, N. S.; Steinbock, L.; Huck, W. T. S. Synthesis of Oligo(Ethylene Glycol) Methacrylate Polymer Brushes. Eur. Polym. J. 2005, 
41 (8), 1757–1765. 

(34) Bao, Z.; Bruening, M. L.; Baker, G. L. Control of the Density of Polymer Brushes Prepared by Surface-Initiated Atom Transfer Radical 
Polymerization. Macromolecules 2006, 39 (16), 5251–5258. 

(35) Zhang, J.; Cai, H.; Tang, L.; Liu, G. Tuning the pH Response of Weak Polyelectrolyte Brushes with Specific Anion Effects. Langmuir 2018, 34 
(41), 12419–12427. 

(36) Zoppe, J. O.; Ataman, N. C.; Mocny, P.; Wang, J.; Moraes, J.; Klok, H. A. Surface-Initiated Controlled Radical Polymerization: State-of-the-Art, 
Opportunities, and Challenges in Surface and Interface Engineering with Polymer Brushes. Chem. Rev. 2017, 117 (3), 1105–1318. 

(37) Edmondson, S.; Osborne, V. L.; Huck, W. T. S. Polymer Brushes Via Surface-Initiated Polymerizations. Chem. Soc. Rev. 2004, 33 (1), 14–22. 
(38) Galvin, C. J.; Genzer, J. Applications of Surface-Grafted Macromolecules Derived from Post-Polymerization Modification Reactions. Prog. Polym. 

Sci. 2012, 37 (7), 871–906. 
(39) Murata, H.; Koepsel, R. R.; Matyjaszewski, K.; Russell, A. J. Permanent, Non-Leaching Antibacterial Surfaces—2: How High Density Cationic 

Surfaces Kill Bacterial Cells. Biomaterials 2007, 28 (32), 4870–4879. 
(40) Cheng, N.; Bao, P.; Evans, S. D.; Leggett, G. J.; Armes, S. P. Facile Formation of Highly Mobile Supported Lipid Bilayers on Surface-Quaternized 

pH-Responsive Polymer Brushes. Macromolecules 2015, 48, 3095-3103.  
(41) He, Z.; Xie, W. J.; Liu, Z.; Liu, G.; Wang, Z.; Gao, Y. Q.; Wang, J. Tuning Ice Nucleation with Counterions on Polyelectrolyte Brush Surfaces. Sci. 

Adv. 2016, 2, No. e1600345.  
(42) Azzaroni, O.; Brown, A. A.; Huck, W. T. S. Tunable Wettability by Clicking Counterions Into Polyelectrolyte Brushes. Adv. Mater. 2007, 19, 151-

154.  
(43) Chen, L.; Merlitz, H.; He, S. Z.; Wu, C. X.; Sommer, J. U. Polyelectrolyte Brushes: Debye Approximation and Mean-Field Theory. Macromolecules 

2011, 44 (8), 3109–3116. 
(44) Polotsky, A. A.; Zhulina, E. B.; Birshtein, T. M.; Borisov, O. V. Collapse of a Weak Polyelectrolyte Star in a Poor Solvent. Soft Matter 2012, 8 (36), 

9446–9459. 
(45) Colla, T.; Likos, C. N.; Levin, Y. Equilibrium Properties of Charged Microgels: A Poisson-Boltzmann-Flory Approach. J. Chem. Phys. 2014, 141 

(23), 234902. 
(46) Polotsky, A. A.; Plamper, F. A.; Borisov, O. V. Collapse-to-Swelling Transitions in pH- and Thermoresponsive Microgels in Aqueous Dispersions: 

The Thermodynamic Theory. Macromolecules 2013, 46 (21), 8702–8709. 
(47) Flory, P. J. Thermodynamics of High Polymer Solutions. J. Chem. Phys. 1942, 10, 51-61. 
(48) Zhulina, E. B.; and Rubinstein, M. Ionic Strength Dependence of Polyelectrolyte Brush Thickness. Soft Matter 2012, 8, 9376-9383. 
(49) Cohen, A. A Padé Approximant to the inverse Langevin Function. Rheologica Acta 1991, 30, 270-273. 

 

 

 


