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Abstract 
The thermoresponse of poly(di(ethyleneglycol) methyl ether methacrylate) (PMEO2MA) brushes has 

been investigated in the presence of monovalent anions at either end of the Hofmeister series using 

ellipsometry, neutron reflectometry (NR) and colloid probe atomic force microscopy (AFM). NR 

measurements in deuterium oxide showed no evidence of vertical phase separation perpendicular 

to the grafting substrate with a gradual transition between a block-like, dense structure at 45 °C and 

an extended, dilute conformation at lower temperatures. All three techniques revealed a shift to a 

more collapsed state for a given temperature in kosmotropic potassium acetate solutions, while 

more swollen structures were observed in chaotropic potassium thiocyanate solutions. No 

difference was observed between 250 mM and 500 mM thiocyanate for a 540 Å brush studied by 

ellipsometry, while the lower molecular weight ~200 Å brushes used for NR and AFM measurements 

continued to respond with increasing salt concentration. The effect of thiocyanate on the 

temperature response was greatly enhanced relative to PNIPAM with the shift in temperature 

response at 250 mM being five times greater than a PNIPAM brush of similar thickness and grafting 

density.  

Keywords (up to 10) 
Thermoresponsive polymer 

Responsive polymer 

Polymer brush 

Lower critical solution temperature 

Poly oligo(ethylene glycol methacrylate) 

Specific ion effect 

Neutron reflectometry 

Atomic force microscopy 

 



4 
 

Introduction1 
Thermoresponsive polymers that undergo significant conformational changes in response to small 

changes in temperature have a wide range of potential applications including controlled drug release 

and rheology modification.1, 2 Poly(N-isopropylacrylamide) (PNIPAM) has been studied extensively 

owing to its limited response to environmental conditions (e.g. salt, pH, polymer concentration) and 

the fact that its lower critical solution temperature (LCST) occurs at a biologically relevant 

temperature (~32 °C in aqueous solution).2 However, we have demonstrated anion specific 

conformations in PNIPAM brushes.3 In recent years, polymers formed from oligo ethylene glycol 

methacrylate (macro)monomers have emerged as viable alternatives to PNIPAM.4 The LCST of these 

poly oligo(ethylene glycol methacrylate) (POEGMA) polymers increases with the number (n) of 

hydrophilic ethylene glycol (EG) moieties in the side chain; statistical copolymerization using 

monomers with different values of n allows the LCST to be tuned between ~28 °C 

(poly(di(ethyleneglycol) methyl ether methacrylate, PMEO2MA, Figure 1, n = 2) and 90 °C (n ~8.5).5 In 

addition, the PEG side chains impart biocompatibility,6 while PNIPAM is cytotoxic at ~37 °C.7 

                                                           
1 Abbreviations 

PNIPAM - poly(N-isopropylacrylamide) 

LCST - lower critical solution temperature 

POEGMA - poly oligo(ethylene glycol methacrylate) 

PEG – poly(ethylene glycol) 

PMEO2MA - poly(di(ethyleneglycol) methyl ether methacrylate 

MW – molecular weight 

NR – neutron reflectometry/reflectivity 

AFM – atomic force microscopy/microscope 

ARGET ATRP - activators continuously regenerated by electron transfer atom transfer radical 
polymerization 

HMTETA – 1,1,4,7,10,10-hexamethyltriethylenetetramine 

bipy - 2,2’-bipydridine 

SMFS – single molecule force spectroscopy 
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POEGMA polymers show a comparable response with PNIPAM to polymer concentration and 

molecular weight (MW).4 Densely end-grafting these polymers to surfaces to form polymer brushes 

allows the switching of interfacial properties such as adhesion or lubrication and leads to 

applications as cell-culture substrates,8-11 anti-fouling coatings12, 13 and controlled transport through 

membranes14 and chromatography materials.15  

 

Figure 1. Structure of poly(di(ethyleneglycol)) methyl ether methacrylate (PMEO2MA) 

 

The thermoresponse of homo- and copolymer POEGMA brushes in aqueous solution has been 

characterized using ellipsometry,16 quartz crystal microbalance,17 contact angle,16-18 atomic force 

microscopy (AFM)19-21 andneutron reflectometry (NR) measurements.13 POEGMA brushes exhibit a 

smooth transition in bulk hydration and thickness over a broad temperature range (20 – 30 °C), as 

predicted by self-consistent field theory.17, 22, 23 Equilibrium contact angle measurements show that 

the surface of the brush collapses over a much narrower temperature range, giving indirect evidence 

of a first-order phase transition.17 However, no direct evidence of vertical phase separation was seen 

in the NR measurements of Gao et al.13 AFM adhesion measurements show that POEGMA brushes 

are less adhesive than PNIPAM brushes.19, 21 While highly reversible, Kessel et al. report time 
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dependent adhesion at temperatures greater than the LCST.20 This parallels the observation that the 

hydrophilic PEG side chains on free POEGMA chains in solution rearrange themselves to maximize 

contact with the solvent at temperatures above the LCST.24 

Specific ion effects are any phenomena which depend on the identity of the ions present in solution 

and not simply their concentration.25 First identified by Franz Hofmeister in 1888 for work on protein 

stability,26 they have since been observed to affect a wide range of systems including responsive 

polymer gels27 and brushes,3, 28-31 bubble coalescence32 and the stability of colloidal particles.33 

Specific ion effects have been widely characterized for free PNIPAM34 and POEGMA35 chains in 

solution, and are found to depend on the location of the ions in the Hofmeister series. In particular, 

salts containing hard, strongly hydrated anions lower the LCST while those containing soft, poorly 

hydrated anions will raise the LCST at low-to-intermediate concentrations. The specific ion responses 

of POEGMA variants are expected to be more significant than that of PNIPAM as a result of the 

extensive hydration of the side chains.35 We have previously reported that the presence of salt 

translates the swollen state of PNIPAM brushes to lower or higher temperatures in the presence of 

acetate and thiocyanate anions respectively.3, 36 However, the initial swelling of the brush was found 

to be less temperature sensitive in the presence of thiocyanate anions. Several studies of POEGMA 

copolymers have demonstrated that physiological buffer solutions have a salting out effect relative 

to pure water.13, 37, 38 While biologically relevant, the choice of a single buffer does not allow the 

specific ion response to be systematically investigated. 

Herein we present an investigation of the influence of specific ions from the two extremes of the 

Hofmeister series on the thermoresponse of homopolymer PMEO2MA brushes using complementary 

ellipsometry, NR and AFM force measurements. The presence of the anions results in a greater shift 

in the temperature response compared to the more widely studied PNIPAM system. In contrast to 

PNIPAM brushes,3 the NR density profiles reveal no evidence of vertical phase separation during the 

temperature induced collapse. 
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Materials and Methods 
Materials  
Native oxide silicon wafers (100 mm diameter, 10 mm thick) were purchased from El–Cat Inc. (USA) 

for specular neutron reflectometry (NR) experiments. Native oxide silicon wafers for ellipsometry 

and atomic force microscopy (AFM) experiments were purchased from Silicon Valley 

Microelectronics (USA). Potassium hydroxide (Chem-Supply Pty Ltd, AR grade) was used during 

surface preparation steps. Surface functionalization reagents (3-aminopropyl)triethoxysilane (APTES, 

>99%) and 2-bromoisobutyryl bromide (BIBB, >99%) were purchased from Sigma-Aldrich and used as 

received. The tetrahydrofuran (THF, Honeywell Burdick and Jackson, >99%) and triethylamine 

(Eth3N, Sigma-Aldrich, 99%) were dried over 4 Å molecular sieves (ACROS Organics) before use. 

Polymerization reagents including the catalyst copper(II) bromide (CuBr2, 99.999%), ligands 

2,2’-bipydridine (bipy, ≥99%) and 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA, 97%), 

and reducing agent (+)-sodium L-ascorbate (>98%) were purchased from Sigma Aldrich and used as 

received. 2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA, Sigma-Aldrich, 95%) was gravity fed 

through a 10 cm long, 2 cm diameter alumina column (activated, basic) to remove the 100 ppm 

hydroquinone monomethyl ether and 300 ppm butylated hydroxytoluene inhibitors immediately 

prior to use. Aqueous solutions of potassium acetate (KCH3COO, Alfa Aesar, >99%) and potassium 

thiocyanate (KSCN, Alfa Aesar, >98%) were prepared and used. The pH of the electrolyte solutions 

was controlled at pH 5.5 ± 0.1, with adjustment made by the addition of potassium hydroxide (Chem 

Supply Pty Ltd, >99%) and acetic acid (Ajax Finechem Pty Ltd, 100%, for acetate solutions) or nitric 

acid (RCI Labscan Ltd, AR grade, for thiocyanate solutions). Appropriate corrections for pD were used 

during NR experiments. Ethanol (Ajax Finechem Pty Ltd, absolute) was distilled before use, methanol 

(Sigma Aldrich, anhydrous, 99.8%) was used as received and MilliQTM water (Merck Millipore, 18.2 

MΩ·cm at 25 °C) was used throughout. Specular neutron reflectometry measurements were 
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performed in pure deuterium oxide (D2O) with all salt solutions prepared using pre-filtered (0.45 µm 

disk filters) D2O. 

PMEO2MA Brush Synthesis 
Silicon wafers for ellipsometry and AFM were cleaned and initiator-functionalized following our 

established protocol, with the method up-scaled for the 100 mm NR silicon wafers.3 The ‘grafted 

from’ activators continuously regenerated by electron transfer atom transfer radical polymerization 

(ARGET ATRP) method39 was used to synthesize PMEO2MA brushes from the surface bound bromine 

initiator moieties. Two separate ARGET ATRP recipes were utilized for synthesis depending on 

desired brush thickness. A combination of MEO2MA/CuBr2/bipy/sodium ascorbate in the molar 

ratios of 2500/1/10/10 was used with a solvent mixture of methanol/H2O at 4:1 v/v to prepare the 

thin brushes for NR and colloid probe AFM experiments. To prepare the thicker brush required for in 

situ ellipsometry experiments MEO2MA/CuBr2/HMTETA/sodium ascorbate in the molar ratios of 

2500/1/10/10 was used with methanol as the solvent to increase the polymerization rate (see Figure 

S1 and accompanying discussion). The ratio of solvent mixture to MEO2MA monomer was 1:1 v/v. 

For a more detailed brush synthesis protocol see the Supporting Material.  

Table 1 summarizes the different brushes synthesized for this study with dry thickness determined 

by ellipsometry and single molecule force spectroscopy (SMFS) respectively as outlined below and in 

the Supporting Material. The brush thickness used for each technique was chosen to optimize the 

quality of the data; ellipsometry required a thicker brush to get reliable changes in measured Δ and 

Ψ values, while resolution effects in neutron reflectometry mean that the upper limit of the swollen 

brush thickness should be 1000 Å or less. Relatively thin brushes were synthesized for the SMFS 

study to ensure all adhesion events were within the translation range of the AFM scanner. Colloid 

probe AFM measurements are sensitive to a smaller population of higher MW chains with a lower 

effective grafting density at the periphery of the brush and, consequently, it is difficult to separate 

the contribution of MW and the lower local concentration of polymer (both shown to affect the 

specific ion response of free chains in solution). Such a distribution of chains becomes more 
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probable in thicker brushes (with increasing synthesis time), so a relatively thinner brush was also 

used for colloid probe AFM experiments.    

Table 1. Details PMEO2MA brush samples studied by each technique used. 

Experiment Ligand and 
Solvent 

Dry brush thickness by 
ellipsometry (Å) 

Grafting density by 
SMFS (nm-2) 

Ellipsometry HMTETA 
MeOH 

540 ± 30 0.07 ± 0.02 AFM (SMFS) 250 ± 20 
Neutron 

reflectometry 
 

Bipy 
MeOH:H2O (4:1) 

140 ± 10 

0.05 ± 0.01 AFM (colloid probe) 215 ± 10 
AFM (SMFS) 148 ± 10 

 

Ellipsometry 
Ellipsometry experiments were conducted on a Nanofilm EP3 single wavelength (532 nm green 

laser) imaging ellipsometer controlled by EP3View software. WVASE32 software was used to model 

the ellipsometric parameters (Δ and Ψ). The experimental methodology of dry and in situ 

ellipsometry measurements was identical to our earlier study.36 All brushes are referred to by their 

dry thickness as measured by ellipsometry (shown in Table 1), as all brushes were characterized 

using this technique. In situ ellipsometry measurements were performed on a 540 ± 30 Å dry 

thickness PMEO2MA brush. The following sigmoidal function was used to fit the thickness as a 

function of temperature T: 

 𝑦𝑦 = 𝐴𝐴 + 𝐵𝐵
1+exp (𝑘𝑘(𝑇𝑇0−𝑇𝑇))

 (1) 

where A (Å) and B (Å) are constants related to the thickness at low and high temperature 

respectively, k (°C-1) is a constant related to the steepness of the transition and T0 is the temperature 

at which the thickness has increased by 50 %. T0 has been used as the reference swelling state for 

the swollen-collapse transition. As with our earlier study, in situ measurements were measured from 

high to low temperature to prevent bubble formation within the cell.36 
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X-ray Reflectometry 
A Panalytical X’Pert Pro X-ray reflectometer (with CuKα radiation λ = 1.541 Å) was used to 

characterize the dry brush (143 ± 2 Å) prepared on the 100 mm silicon wafer prior to neutron 

reflectometry. Specular reflectometry measurements were made as a function of the scattering 

vector, 𝑄𝑄 = 4𝜋𝜋
𝜆𝜆

sin 𝜃𝜃, where λ is the wavelength and 𝜃𝜃 is the angle of incidence. Data were analyzed 

using the MOTOFIT package.40 

Neutron Reflectometry 
NR measurements were carried out on the Platypus time-of-flight reflectometer at the OPAL 20 MW 

reactor (Australian Nuclear Science and Technology Organisation, Sydney, Australia).41 Specular 

reflectivity measurements were performed at angles of incidence of 0.8° and 3.8° (0.6° and 2.8° in 

air) furnishing reflection data over the Q range of 0.009 to 0.31 Å-1 (0.007 to 0.24 Å-1 in air) at a 

constant dQ/Q resolution of 8%.41 Experiments were carried out in a standard solid-liquid fluid cell 

with the temperature set by temperature control jackets. Temperature was changed from high to 

low; matching the ellipsometry measurements. Initial measurements at an angle of incidence of 0.8° 

revealed that the sample was thermally equilibrated within ~1 min of the sample reaching the target 

temperature. Sample temperature was monitored via a thermocouple attached to the silicon block. 

Our previous study confirmed through conductivity measurements that the volumes used in solution 

changes were adequate for complete solvent exchange.42 

Analysis of Neutron Reflection Data 
Neutron reflectometry is sensitive to changes in scattering length density (SLD, 𝜌𝜌N) perpendicular to 

the substrate. Data were analyzed using a custom model implemented in MOTOFIT.3, 40 The model 

consisted of a native SiO2 layer followed by a small number of layers (≤3) of constant volume fraction 

that represents the interior (i.e. closest to the substrate) of the brush. The interfaces between these 

layers are smoothed with Gaussian roughness. If required, an analytical Gaussian decay was used to 

model the dilute, tail region of the brush:43 

 𝜙𝜙(𝑧𝑧) = 𝜙𝜙0 exp �− (𝑧𝑧−𝑧𝑧0)2

𝐻𝐻2 � (2) 
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where 𝜙𝜙(𝑧𝑧) is the volume fraction at distance 𝑧𝑧 (Å) , 𝑧𝑧0 (Å) is the distance at the start of the tail 

region of the brush, H (Å) is the characteristic height of the exterior tail region, 𝜙𝜙0 is the initial 

volume fraction at the boundary between the interior and exterior tail regions. To calculate the 

reflectivity, the tail region was discretized into 50 layers of constant volume fraction with a small 

Gaussian roughness term equal to a third of the layer thickness connecting each layer. To give the 

profile a finite thickness, the tail was truncated at 𝜙𝜙(𝑧𝑧) = 0.005. The SLD of each brush layer was 

then calculated from the volume fraction weighted sum of each component: 

 𝜌𝜌N(𝑧𝑧) = 𝜙𝜙(𝑧𝑧)𝜌𝜌𝑁𝑁,PMEO2MA + (1 − 𝜙𝜙(𝑧𝑧))𝜌𝜌N,Solv (3) 

where 𝜌𝜌N,Solv is the SLD of the solvent. The reflectivity was then calculated using the Abeles matrix 

method.40 

Initial fitting showed that increasing the SLD of the native SiO2 layer greatly improved the quality of 

the fits at high temperatures. Co-refinement of the NR measurements on the brush in air and at the 

highest temperature for each salt condition showed 13.5 % solvent penetration into the SiO2 layer; 

this value was applied to all subsequent fits (see Figure S2). At high temperatures, only a single layer 

of collapsed polymer was required to fit the data, increasing up to three layers as the brush began to 

swell at lower temperatures. A combination of a single interior layer and a Gaussian tail was only 

required for the most swollen conditions. Fitting parameters for each condition are summarized in 

Tables S1-4. 

The feasibility of each fit was checked by calculating the effective dry thickness, δ = ∫ 𝜙𝜙(𝑧𝑧)𝑑𝑑𝑧𝑧∞
0 , as 

the covalent binding of the polymer to the surface means that δ should be constant throughout all 

dry and wet measurements. The constant nature of δ between measurements in air and salt 

solutions allowed the polymer SLD (0.94 × 10-6 Å-2) and corresponding bulk density (1.26 g cm-3) to be 

determined using the co-refinement method of Murdoch et al3 and is within error of the values 

determined by Laloyaux et al. using XRR.17 A Lagrange multiplier was used to penalize fits with 

unreasonable adsorbed amounts during the minimization process.3 
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The average brush thickness, 𝐿𝐿1𝑠𝑠𝑠𝑠, was determined by twice the normalized first moment of the 

volume fraction profile:  

 𝐿𝐿1𝑠𝑠𝑠𝑠 = 2 ∫ 𝑧𝑧𝑧𝑧(𝑧𝑧)𝑑𝑑𝑧𝑧∞
0

𝛿𝛿dry
 (4) 

A factor of 2 is used in Equation 4 as this corresponds to the thickness of a step-density profile with 

the same normalized first moment.44 

Atomic Force Microscopy 
Normal force measurements were performed using a Bruker MultiMode 8 AFM with a vertical 

engage EV scanner in contact mode equipped with a closed fluid cell (Bruker, USA). The entire AFM 

was housed in an incubator allowing accurate temperature control (within 0.5 °C) between 10 and 

40 °C. The sample was equilibrated overnight in pure water prior to initial measurements. Each 

condition was measured from 10 to 40 °C in order to minimize potential evaporation through the 

fluid cell spring clip and reduce the time spent at high temperature for the AFM electronics. A 

minimum of 15 min was allowed for equilibration once the cell temperature had been reached. 

Description of the cantilevers used in this study, the preparation of the silica colloid probe and 

cleaning protocols are provided in the Supporting Material. Single molecule force spectroscopy 

(SMFS) experiments were performed on PMEO2MA brushes (from each polymerization recipe) of dry 

thicknesses 250 Å and 148 Å, while the colloid probe measurements were performed on a 

PMEO2MA brush of dry thickness 215 Å (see Table 1). Details of the SMFS and colloid probe 

measurements are provided in the Supporting Material.  

 

Results and Discussion 
Thermoresponse in Pure Water 
Self-consistent field theories of polymer brushes predict a broadening of the swollen-collapsed 

transition of brushes with decreasing solvent quality;45 thermoresponsive polymers with an LCST 

type transition are therefore expected to exhibit a collapse over a wider temperature range than the 
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ungrafted chain transition as temperature is increased.23 Figure 2 demonstrates that a broad 

collapse is indeed evident in the response of a 540 Å brush measured by ellipsometry, with the brush 

responding over a temperature range of 30 °C in water. The reported temperature range is 

approximately double that of a PNIPAM brush of comparable grafting density and dry thickness.36 

While the LCST transition of ungrafted chains measured by transmittance is sharp for both PNIPAM 

and PMEO2MA,4 POEGMA polymers have been shown to continue to dehydrate at temperatures 

above the LCST;24 continued dehydration of the sidechains likely contributes to the broadening of 

the collapse transition. A sigmoidal fit to the PMEO2MA data in water gives a transition temperature 

of 21.2 ± 0.2 °C which is close to the value of 22.2 °C reported by Laloyaux et al. for a 920 Å 

PMEO2MA brush, who report a transition width of 20 – 30 °C.17  

 

Figure 2. Ellipsometric thickness of a 540 ± 30 Å PMEO2MA brush as a function of temperature for 

solutions of differing salt concentration and identity. Lines are sigmoidal fits to the data (Equation 1). 

The swelling ratio is the wet thickness at each condition normalized by the dry brush thickness. 
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Neutron reflectivity data for the temperature response of a PMEO2MA brush in D2O, and associated 

volume fraction profiles, are presented in Figure 3. Reflectivity data in Figure 3a has been presented 

as RQ4, which highlights features arising from deviation to the Q-4
 decay predicted by Fresnel’s law 

for a bare interface. At high temperature (≥ 30 °C) the reflectivity is dominated by strong Kiessig 

fringes, indicating a well-defined, block-like, collapsed, profile. The overestimation of the depth of 

minima around 0.08 Å-1 by the model reflectivity data likely arises from a degree of lateral 

inhomogeneity in the polymer film.3 As the temperature is decreased, Kiessig fringes are damped 

and the minima shift to lower values of Q as the brush swells to form an extended, diffuse interface. 

The model for the swollen brush data requires a thin, dense layer of polymer near the substrate, and 

is associated with the oscillation in the reflectivity at Q ~ 0.05 Å-1. These thin layers are often present 

in model volume fraction profiles of brushes in NR experiments and may result from polymer 

adsorption to the substrate3, 46-49 or bimodal molecular weight distributions50 that aren’t accounted 

for in most polymer brush theories. The volume fraction profiles, Figure 3b, show the swelling 

response of the PMEO2MA brush, where the single, dense slab conformation at low high 

temperature transitions to an inner slab with extended, well-hydrated tail at low temperatures. 

Consistent with Gao et al.13 and in contrast to PNIPAM brushes investigated by NR,3, 51, 52 there is no 

evidence of vertical phase separation of the brush; that is, no distinct separation into a bilayer 

profile is observed for temperatures measured. The grafting density of the brush22 and the dynamic 

rearrangement of the ethylene glycol side chains for temperatures above the LCST24 may also 

contribute to the smooth transition between a block-like and extended conformation. 
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Figure 3. (a) Neutron reflectivity data and (b) corresponding volume fraction profiles for a 140 ± 10 Å 

PMEO2MA brush in D2O showing the transition from a dense, uniform block of mostly dehydrated 

polymer at high temperatures to an extended, solvated polymer brush as the temperature is 

reduced. Data in (a) is offset for clarity, with the data for 45 °C plotted using measured values. 

 

Figure 4 shows representative AFM force versus apparent separation curves for a colloid probe 

interacting with a 215 ± 10 Å PMEO2MA brush in water as a function of temperature. The approach 

curves in Figure 4a consist of a long-range attraction, followed by a repulsive, compressive region 

that is highlighted in the log-linear inset plot. The linear nature of this region demonstrates that the 

increase in force during the compression of the brush is approximately exponential as predicted by 
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the Alexander–de Gennes and Milner–Witten Cates theories for polymer brushes in a good solvent.31 

Attraction on approach has been seen previously for neutral polymer brushes and is associated with 

bridging interactions between the colloid probe and extended chains.3, 53 Upon retraction, Figure 4b, 

adhesive interactions are observed. As the probe penetrates and compresses the brush during the 

approach phase individual chains within the brush interact directly with the colloid probe. These 

chains are then stretched over a significant distance upon retraction of the probe before detaching. 

The shape of the curve represents the continuous detachment of multiple-chains rather than single 

pull-off events.20 Whilst the silica probe will be negatively charged at the solution pH used it is 

unlikely this interaction is electrostatic in origin as the PMEO2MA brush is uncharged. Oligo(ethylene 

glycol) molecules are well-known to exhibit strong hydrogen bonding,54 and it is likely there is a 

hydrogen-bond type interaction between to ethylene glycol side chain of the MEO2MA residues and 

the silica probe. In addition, adhesion will occur due to dispersive van der Waals interactions as the 

brush and probe are forced into contact. The observed trend in the magnitude of the adhesion is 

consistent with a transition from an extended hydrophilic brush to a simultaneous detachment of 

multiple chains promoted by preferred polymer-polymer interactions with increasing temperature.20, 

55 This is consistent with Yu et al., who observed an increase in the adhesion between a PNIPAM 

brush and a gold colloid as the brush was progressively more collapsed.55 
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Figure 4. Force versus apparent separation measured in water for the interaction of a 15 µm colloid 

probe and a 215 ± 10 Å PMEO2MA brush during (a) approach and (b) retraction. Inset to (a) shows 

the approach data at close separation on a log-linear scale. 

 

The techniques used above were measured in a single ramp with temperature either increasing or 

decreasing due to instrumental and time considerations (as explained in the Materials and Methods 

section). Recent work by Varma et al., has demonstrated that swelling hysteresis is not observed for 
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thermoresponsive PNIPAM brushes with dry thickness less than 150 Å.56 PNIPAM chains free in 

solution show significantly larger hysteresis than POEGMA based polymers.4 Furthermore, no 

hysteresis was observed for a 780 Å dry thickness PMEO2MA brush by Zhuang et al.16 Therefore, no 

significant swelling hysteresis is expected for the brushes reported in this article. 

 

Thermoresponse in Aqueous Salt Solutions 
The thermoresponse of PNIPAM3, 34, 36 and POEGMA35 variants in aqueous salt solutions is dependent 

on the ionic strength and the location of the ions in the Hofmeister series. Changing the anion tends 

to produce a larger specific ion response, in part due to a wider range of polarizable volumes of 

anions.25 We have probed the specific ion response of POEGMA brushes using potassium salts with 

anions at either end of the Hofmeister series; strongly hydrated acetate ions (kosmotropic) and 

weakly hydrated thiocyanate (chaotropic). The LCST of free POEGMA and PNIPAM in solution is 

lowered in the presence of kosmotropic salts as they can polarize H-bonded water and make 

hydration of the hydrophobic backbone of the polymer unfavourable.34 Chaotropic thiocyanate 

anions, which have an affinity for hydrophobic interfaces,25, 57, 58 can bind directly to the polymer 

chain, increasing the charge. The higher charge on the chains provides electrosteric stabilization and 

raises the LCST. Importantly, binding is a saturation phenomenon34, 59 and sufficiently high 

concentrations of thiocyanate will lower the LCST of the polymer. 

Ellipsometry data in Figure 2 shows the swelling of a 540 ± 30 Å brush in response to temperature, 

ionic strength, and anion identity. Consistent with our previous studies of PNIPAM brushes,3, 36 the 

principal impact of the addition of salt is a translation of the overall temperature response along the 

temperature axis. Increasing acetate concentration shifted the response to lower temperatures 

while increasing thiocyanate concentration up to 250 mM shifts the response to higher 

temperatures. A further increase in the concentration of thiocyanate to 500 mM did not significantly 

shift the swelling response, suggesting that the direct binding mechanism was saturated. Higher 

concentrations of potassium acetate were not studied as condensation on cell windows precludes 
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access to the lower temperatures required to observe any further movement of the 

thermoresponse. 

Figure 5 demonstrates the effect of temperature and salt concentration and identity on the 

conformation of a 140 ± 10 Å polymer brush measured by NR. Corresponding reflectivity data may 

be found in Figure S3. Similar to the response in pure D2O (Figure 3), at high temperatures block-like 

conformations are formed with a relatively small increase in brush hydration with decreasing 

temperatures. At low enough temperature the brush starts to swell significantly through the 

formation of a single dilute swollen phase. Further decreasing the temperature results in the gradual 

extension of this swollen phase. This behavior is consistent with the change in average height 

(Equation 4) with decreasing temperature as shown in Figure 6, i.e. a region of constant thickness at 

high temperature and a monotonic increase in thickness with decreasing temperatures at lower 

temperatures. The volume fraction profiles and average thicknesses show that extended, decaying 

profiles are more prevalent across the temperature ranges studied with increasing thiocyanate 

concentration up to at least 500 mM. Conversely, in 250 mM acetate the brush swells to a lesser 

extent, even at the lowest temperature measured. Again, condensation at low temperature and an 

expected shift in the LCST to lower temperatures in D2O solutions, ~1.4 °C reported previously for 

ungrafted POEGMA copolymer in salt-free D2O,24 limit the accessible concentration range for acetate 

solutions. 
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Figure 5. Extracted volume fraction profiles as a function of temperature brush of a 140 ± 10 Å 

PMEO2MA immersed in (a) 250 mM potassium acetate, (b) 250 mM thiocyanate, and (c) 500 mM 

thiocyanate D2O solutions. The extent of the diffuse tail of the brush is seen to be strongly 

influenced by the identity of the anion. 
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Figure 6. Average brush thickness as a function of solution temperature for a 140 Å PMEO2MA brush 

immersed in pure D2O and salt solutions of varying anion identity and concentration. Thicknesses are 

extracted from the volume fraction profiles (Figure 5) determined by neutron reflectometry. The 

swelling ratio is the wet thickness at each condition normalized by the dry brush thickness. 

 

Approach data for the AFM colloid probe salt study is shown in Figure 7.  The NR and ellipsometry 

data show that the PMEO2MA brushes are collapsed in 250 mM potassium acetate, relative to water, 

for a given temperature below the swelling transition. The inset data in Figure 7a and 7b,  

corresponding to 10 °C and 20 °C, appear to contradict this as they show a larger range of 

compression in acetate. However, the absolute separation between the colloid probe and underlying 

silica surface is not known, with zero corresponding to the separation at which constant compliance 

is reached; hence direct comparison is difficult. A better comparison is to compare the range over 

which attractive bridging interactions are observed. Consistent with the volume fraction profiles 

shown in Figure 5, force curves in salt-free water display a longer range attraction than in 250 mM 

acetate which suggests that there is a longer, dilute tail region that can interact with the probe 

before the bulk of the brush is reached. At 10 °C, the approach curves are purely repulsive in the 
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presence of thiocyanate at 250 and 500 mM suggesting a stronger degree of hydration of the brush 

reducing direct contact between polymer chains and the probe.20 At 20 °C only the 500 mM 

thiocyanate approach is purely repulsive, with a weak, long range attraction observed in 250 mM 

thiocyanate. Further increase in temperature to 30 °C results in a reduction in the range of bridging 

for all conditions. NR data for a brush of similar thickness (Figures 3 and 5) show that the brush is in 

a collapsed, block-like conformation that contains ~10 % water at 40 °C for all solutions. A block-like 

structure is consistent with short range of compression observed in the AFM data at 40° C (Figure 

7d) in all conditions. The retention of short-range bridging interactions suggests the presence of a 

small population of dilute chains that aren’t detected by NR measurements. 
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Figure 7. Force versus apparent separation curves for the approach of a silica colloid probe toward a 

215 ± 10 Å PMEO2MA brush in pure H2O, 250 mM potassium acetate, 250 mM potassium 

thiocyanate and 500 mM potassium thiocyanate. Inset plots (log-linear) highlight the repulsive 

region of the approach curves. The strength and range of the attractive interaction are indicative of 

the presence of a diffuse tail of polymer extending into the solution, as shown in the volume fraction 

profiles in Figure 5. 

 

The complementary AFM retraction data to Figure 7 are displayed in Figure S4. These data confirm 

the anion-specific thermoresponsive behavior of the PMEO2MA brush observed in the approach 

data. At 10 °C, Figure S4a, the data in water and the three salt solutions is qualitatively similar; an 

adhesion upon retraction that extends to over 4000 Å apparent separation. In each case the range of 

adhesion is far greater than the corresponding interaction upon approach and is indicative of a 
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swollen brush. As the temperature is increased to 20 °C the retraction data changes markedly in 250 

mM acetate only (Figure S4b). Here the range of the interaction is significantly decreased, and the 

return to the zero-force baseline is much sharper. Since the brush is collapsed at 20 °C in 250 mM 

acetate, see Figures 2 and 6, there is reduced interaction between the polymer chains and the 

colloid during contact. As the temperature is increased further the AFM retraction data supports the 

ellipsometry, NR and AFM approach data; at 30 °C the brush is collapsed in pure water (Figure S4c), 

but only collapses in the presence of thiocyanate anions at 40 °C (Figure S4d). Across this range 

there is little change in the approach data in 250 mM acetate, indicating the brush may be fully 

collapsed. Interestingly at 40 °C, where the brush is collapsed in all solutions, the range of adhesion 

upon retraction is similar in all cases but the magnitude is much greater in salt-free water. This 

indicates the presence of salt is modulating the interaction between the collapsed brush and the 

colloid probe. 

For these thermoresponsive brushes, defining an LCST is unhelpful given the breadth of the 

temperature response. Instead, we can assess the influence of salt on the thermoresponse of 

PMEO2MA brushes by comparing the shift in temperature to achieve the same swelling state. The 

ellipsometry and NR data in Figures 1 and 6 are both measures of average brush thickness.16  

Comparing the data in these Figures, there is a clear trade-off between the complexity of the 

analysis offered by NR (e.g. volume fraction profiles in Figures 3 and 5) and the density of data 

points. The greater temperature range and resolution readily afforded by ellipsometry (NR 

experiment time is scarce) allows the half-height of a sigmoidal fit to the data calculated from 

Equation 1 to be used as a reference swelling state, with the temperature shift relative to H2O 

shown in Figure 8. This fitting indicates the saturation of the thiocyanate response may have 

occurred in the ellipsometry experiment, with the maximum temperature shift in thiocyanate being 

~ 10 °C. To estimate the temperature shift for the NR data a brush thickness of 215 Å was chosen as 

a reference point, corresponding to the average brush thickness in 250 mM acetate at 15 °C. This 

thickness value was chosen as it is achieved in all conditions and represents a marked increase in 
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swelling ratio relative to collapsed state. This estimate shows that the response in potassium acetate 

is similar for the brushes used for both ellipsometry and NR measurements and is of similar 

magnitude to free POEGMA chains in solution of sodium acetate.35  

 

 

Figure 8. Temperature shift of the reference swelling state of PMEO2MA brushes immersed in 

solutions of differing salt concentration and identity, relative to salt-free water. Solid lines 

correspond to a 540 ± 30 Å brush measured by ellipsometry with the half-width of a sigmoidal fit 

used as the reference point. Dotted lines correspond to a 140 ± 10 Å brush measured by NR, with a 

swollen brush thickness of 215 ± 10 Å used as the reference state. 

 

In contrast to the ellipsometry data, the NR response in potassium thiocyanate does not saturate in 

the concentration range studied. While a reference swelling state is difficult to determine, the AFM 

colloid probe measurements also show a continued shift in response up to at least 500 mM. Given 

the similar grafting densities (Table 1) of the brushes from the two synthetic conditions, there may 

be a contribution of polymer MW to the interaction with thiocyanate; recall that due to instrumental 

limitations the brush measured by ellipsometry was thicker than that used in NR experiments. A 

broader range of salt concentration and brush thickness would need to be investigated to further 
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elucidate the relationship between chaotrope saturation and MW in polymer brushes. Spectroscopic 

ellipsometry measurements would be capable of reliably measuring changes in solvated brushes 

over a wide range of brush thickness. Moreover, the MW dependency on the salt response of 

neutral thermoresponsive polymer has been studied previously by Zhang et al.60 for a range of MW 

for free PNIPAM chains. Both the salt concentration dependence and magnitude of the peak 

increase in LCST in the presence of chaotropes were found to increase with decreasing MW. They 

proposed that increased intrachain interactions with increasing MW reduce the number of potential 

binding sites for chaotropes.60 The saturation of the thiocyanate response shown in Figure 8 for the 

higher MW is therefore consistent with the behavior of free PNIPAM chains in solution. 

We have previously reported a shift in temperature response of a 566 ± 14 Å PNIPAM brush in 

250 mM salt solutions as +2 °C and –6 °C in the presence of thiocyanate and acetate respectively.36 

These shifts are considerably smaller than the equivalent ± 10 °C shifts reported in Figure 8. 

Magnusson et al. reported that the salt response of POEGMA chains in solution is greater than 

PNIPAM.35 They proposed that strong hydration of the hydrophilic side-chains would result in a 

greater response to Hofmeister anions. This may be sufficient to explain the enhanced shift to lower 

temperatures in potassium acetate solution. However, the larger polymer–aqueous solution 

interface introduced by the side chains would be expected to make the polymer more susceptible to 

an increase in interfacial tension at high chaotrope concentration that would result in a decrease in 

the LCST; an additional mechanism is therefore required to explain the impact of thiocyanate.34 The 

magnitude of increase in the LCST by chaotropes is directly related to the number of accessible 

binding sites34, 60 and implies that there are more available in the reported PMEO2MA brushes. The 

origin of this greater availability is unclear, but is possibly related to the comb architecture of the 

polymer chains. A systematic study of the temperature response of POEGMA copolymers with 

different side chain lengths or the use techniques sensitive to the binding of ions at interfaces such 

as vibrational sum frequency spectroscopy59 would allow the enhanced specific ion response to be 

studied in more detail. 
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Conclusions 
We have investigated the effect of salt concentration and identity on the temperature response of 

PMEO2MA brushes using ellipsometry, NR and colloidal probe AFM measurements. The width (> 

30 °C) and midpoint (21.2 ± 0.2 °C) of the temperature induced collapse transition in salt-free water 

of a PMEO2MA brush with dry thickness 540 ± 30 Å  is consistent with reported values.17 NR 

measurements showed a continuous transition between a collapsed, block-like structure at high 

temperatures to a single, swollen phase at low temperatures with no evidence of vertical phase 

separation, as previously observed for PNIPAM brushes.3, 51, 52 These structures are reflected in the 

transition from long to short range interactions in the AFM force curves with increasing 

temperature. 

All three techniques show a large shift in the swelling transition of the brush to higher and lower 

temperatures with the addition of kosmotropic potassium acetate and chaotropic potassium 

thiocyanate respectively. The magnitude of this shift was greater than reported values for PNIPAM 

brushes of comparable thickness and grafting density,3, 36 with a five-fold increase in the observed 

response to 250 mM thiocyanate. This is consistent with behavior of free POEGMA chains in solution 

reported by Magnusson et al.35 The MW of the brush was also found to affect the thermoresponse 

of the brush in potassium thiocyanate solution. A thicker brush showed no difference when 

increasing salt concentration from 250 to 500 mM, while thinner brushes continued to respond in 

this concentration range. This was attributed to a higher density of potential anion binding sites.34, 60 

Future experiments will investigate whether increasing the average length of PEG side chains results 

in further enhancement of the specific ion response as well as taking advantage of a recently 

developed neutron confinement cell for studying the structures formed by the brushes under 

mechanical confinement.61-63 The large shift in temperature response at physiological concentrations 

of salts provides a pathway for modulating the thermoresponse in temperature sensitive 

applications. 
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PMEO2MA Brush Synthesis Details 
 

Functionalized wafers were placed in 30 mL glass vials and deoxygenated for 15 min under vented N2 

flow. CuBr2, ligand (bipy or HMTETA), MEO2MA monomer and solvent were combined in a round 

bottomed flask and deoxygenated while stirring for 15 min. The sodium ascorbate was then added 

and the solution deoxygenated for a further 15 min over which time the solution changed color from 

a transparent blue/green to transparent dark brown. 10 mL of the polymerization solution (enough 

to submerge the functionalized wafers) was then syringed into the reaction vials to initiate the brush 

polymerization. This was carried out under slight positive N2 pressure at ambient temperature 

(22±0.5 °C). When the target polymerization time was reached the wafers were removed from the 

reaction vial and rinsed with ethanol followed by copious water then dried under a stream of N2. 

This procedure was up-scaled for the 100 mm neutron reflectometry silicon wafer. Typical growth 

kinetics for the two recipes are given in Figure S1. Both recipes produce controlled growth for 

synthesis times ≤ 2 h as evidenced by the approximately linear increase in brush thickness.1 Different 

growth kinetics allow better targeting of optimum brush thicknesses for the various characterization 

techniques. The faster growth in the HMTETA recipe is a result of HMTETA being a more active ATRP 

ligand than bipy.2 

 

Figure S1: Polymerization kinetics of PMEO2MA brushes as a function of ligand. Lines are given to 
guide the eye. 

  



S3 
 

Additional Neutron Reflectometry Tables and Figures 
 

Tables S1–4 present the parameters for the model volume fraction profiles for each salt type. The 

silicon dioxide layer used for all fits was 16 Å with a 3 Å roughness to the silicon substrate. An SLD of 

3.83 × 10−6 Å−2 was determined for the native oxide layer in D2O solutions (based on 13.5% solvent 

penetration, see Figure S2). 

 

Figure S2. Comparison of fits of neutron reflectometry data with and without solvent penetration in 
native oxide correction. Data corresponds to for a 140 ± 10 Å PMEO2MA brush in D2O at 45 °C.  
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Table S1. Tabulated data for D2O model parameters 

Temperature (°C) 45 40 35 30 25 20 15 
χ2 6 7 10 3 2 3 4 

Number Interior Layers 1 1 1 2 3 3 3 
Int. Thick. 1 (Å)a 154.4 156.7 161.8 20.5 19.5 20.2 19.2 

φ1 0.90 0.89 0.86 0.93 1.00 0.98 0.93 
Rough. 1b 2.0 2.0 2.0 2.0 2.0 2.0 2.0 

Int. Thick. 2 (Å)    144.2 147.6 196.9 262.6 
φ2    0.80 0.65 0.45 0.35 

Rough. 2c 
   6.2 13.0 13.1 10.5 

Int. Thick. 3 (Å)     33.4 80.2 199.1 
φ3     0.52 0.28 0.10 

Rough. 3     15.0 38.0 91.0 
Rough. Ext.|Solv. (Å)d 15.8 16.5 18.6 22.5 29.8 69.8 100.0 

aInterior layer thickness, bInterior roughness with previous layer, cFits are largely insensitive to this parameter, dRoughness 
between exterior and solvent 

Table S2. Tabulated data for 250 mM potassium acetate model parameters 

Temperature (°C) 40 35 30 25 20 15 
χ2 5 5 6 4 3 4 

Number Interior Layers 1 1 1 2 2 2 
Int. Thick. 1 (Å)a 149.2 151.2 154.2 19.0 21.4 20.2 

φ1 0.90 0.89 0.87 0.90 0.90 1.00 
Rough. 1b 2.0 2.0 2.0 2.0 2.0 2.0 

Int. Thick. 2 (Å)    138.0 152.3 198.4 
φ2    0.82 0.72 0.55 

Rough. 2c 
   1.0 6.4 10.3 

Int. Thick. 3 (Å)       
φ3       

Rough. 3       
Rough. Ext.|Solv. (Å)d 15.9 16.7 18.2 20.3 25.1 40.4 

aInterior layer thickness, bInterior roughness with previous layer, cFits are largely insensitive to this parameter, dRoughness 
between exterior and solvent 
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Table S3. Tabulated data for 250 mM potassium thiocyanate model parameters  

Temperature (°C) 45 40 35 30 25 20 15 
χ2 5 4 2 2 2 3 4 

Number Interior Layers 1 2 2 3 3 1 1 
Int. Thick. 1 (Å)a 150.0 20.6 22.1 22.7 20.2 18.7 16.9 

φ1 0.88 0.91 1.00 1.00 1.00 0.98 0.98 
Rough. 1b 2.0 2.0 2.0 2.0 2.0 2.0 2.0 

Int. Thick. 2 (Å)  133.6 166.5 237.2 288.2 41.5 41.5 
φ2  0.85 0.66 0.37 0.29 0.19 0.19 

Rough. 2c  1.0 15.2 9.7 9.2 4.6 4.6 
Int. Thick. 3 (Å)    195.8 242.6 244.6 244.6 

φ3    0.14 0.10 0.51 0.51 
Rough. 3    87.9 97.9 35.5 35.5 

φ0      0.26 0.23 
Characteristic H (Å)d      475.2 574.3 
Rough. Int.| Ext. (Å)e      7.6 7.0 
Rough. Ext.|Solv. (Å)f 19.5 23.0 37.1 99.9 100.0 5.0 5.0 

aInterior layer thickness, bInterior roughness with previous layer, cFits are largely insensitive to this parameter, 
dcharacteristic height of tail, eRoughness between interior and exterior, fRoughness between exterior and solvent 

Table S4. Tabulated data for 500 mM potassium thiocyanate model parameters  

Temperature (°C) 45 40 35 30 25 20 15 
χ2 3 2 3 3 3 5 3 

Number Interior Layers 2 2 3 3 1 1 1 
Int. Thick. 1 (Å)a 21.6 22.3 22.3 20.1 18.6 16.7 15.6 

φ1 0.91 1.00 1.00 1.00 0.96 0.96 0.95 
Rough. 1b 2.0 2.0 2.0 2.0 2.0 2.0 2.0 

Int. Thick. 2 (Å) 130.3 157.9 217.5     
φ2 0.85 0.69 0.39     

Rough. 2c 1.1 13.1 10.3     
Int. Thick. 3 (Å)   141.4     

φ3   0.24     
Rough. 3   66.9     

φ0     0.3 0.2 0.2 
Characteristic H (Å)d     503.0 622.0 668.9 
Rough. Int.| Ext. (Å)e     7.6 6.9 6.6 
Rough. Ext.|Solv. (Å)f 22.2 34.6 99.6 100.0 5.0 5.0 5.0 

aInterior layer thickness, bInterior roughness with previous layer, cFits are largely insensitive to this parameter, 
dcharacteristic height of tail, eRoughness between interior and exterior, fRoughness between exterior and solvent 
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Figure S3. Reflectivity data as a function of temperature for a 140 ± 10 Å PMEO2MA brush immersed 
in (a) 250 mM potassium acetate, (b) 250 mM thiocyanate, and (c) 500 mM thiocyanate D2O 
solutions. Data is offset for clarity with the respective profile recorded at 45 °C plotted using 

measured data. 
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Atomic Force Microscopy experimental details  
 

Single-molecule force spectroscopy measurements (SMFS) were performed using a silicon nitride 
cantilever with backside reflective gold coating (DNP-10, Bruker, USA). For the colloid probe studies 
a single, dry native silica microsphere (Bangs Laboratories Inc., USA, diameter ~15 μm) was glued 
(using two-part epoxy resin) onto a tipless rectangular silicon nitride cantilever with an aluminium 
backside coating (HQ:NSC36/tipless/Al BS, Mikromasch, USA). The spring constant (kN) of the 
cantilevers used was measured using the built-in thermal noise method (an average of 5 discrete 
measurements). For the SMFS measurements two different cantilevers were used kN = 0.1 and 
0.6 N∙m−2, and for the colloid probe study kN = 1.0 N∙m−2 (measured before and after gluing of colloid 
probe). Prior to in situ measurements, the fluid cell, O-ring and cantilevers were cleaned via ethanol 
and water rinses. The cantilevers were then exposed to UV/O3 (15 min for SMFS cantilever and 2 min 
for colloid probe cantilever). 

For both the SMFS and colloid probe studies the PMEO2MA brush was first exposed to H2O at 22 °C. 
Upon completion of each solution condition, 10 – 20 mL of the next solution was flowed through the 
fluid cell, after which the brush was allowed to equilibrate for at least 20 min. Our studies revealed 
that this equilibration time was sufficient, with no drift observed in the measured force curves over 
time. Cantilever deflection vs displacement data were converted to normal force vs apparent 
separation curves using standard methods as outlined by Ralston et al.3  

All SMFS experiments were performed in pure water at <20 °C; an environment where the 
ellipsometry data in Figure 2 shows that PMEO2MA brushes are fully swollen. Consequently, these 
conditions provided the best opportunity to adhere and stretch individual chains which this analysis 
requires. The SMFS methodology and data analysis is explained in detail elsewhere.4  

The colloid probe force measurements were performed over approximately 60 hours with the 
PMEO2MA brush immersed in solution throughout. All force curves were collected using a piezo 
ramp size of 1.5 μm, a tip velocity of 0.3 μm∙s−1 during both approach and retraction, no surface 
dwell and at constant maximum indentation load. Force measurements were performed in pure 
water and in the presence of aqueous 250 mM potassium acetate and 250 mM potassium 
thiocyanate electrolyte at four different temperatures: 10, 20.5, 30 and 40 °C. The solution pH was 
maintained at 5.5 ± 0.1. A total of 25 curves were collected at each condition. Average approach and 
retraction curves were determined using a custom MATLAB script as described elsewhere and were 
used to select the most representative curve for presentation.4  
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AFM Retraction Curves 
 

 

Figure S4. Force versus apparent separation curves for the retraction of a silica colloid probe away 
from a 215 ± 10 Å PMEO2MA brush in pure H2O, 250 mM potassium acetate, 250 mM potassium 

thiocyanate and 500 mM potassium thiocyanate. 
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