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Abstract:

 The effect of brush thickness on the loading of gold nanoparticles (AuNPs) within stimuli-responsive poly-(N,N-(dimethylamino ethyl) methacrylate) (PDMAEMA) polyelectrolyte brushes is reported. Atom transfer radical polymerization (ATRP) was used to grow polymer brushes via a “grafting from” approach. The brush thickness was tuned by varying the polymerization time. Using a new type of sealed reactor, thick brushes were synthesized. A systematic study was performed by varying a single parameter (brush thickness), while keeping all other parameters constant. AuNPs of 13 nm in diameter were attached by incubation. X-ray reflectivity, electron scanning microscopy and ellipsometry were used to study the particle loading, particle distribution and interpenetration of the particles within the brush matrix. A model for the structure of the brush/particle hybrids was derived. The particle number densities of attached AuNPs depend on the brush thickness, as do the optical properties of the hybrids. An increasing particle number density was found for increasing brush thickness, due to an increased surface roughness.
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1. Introduction

Brushes that are tethered to a surface have attracted much interest in the last few years. Because they are chemically end-grafted to the substrate, they provide a higher stability than physically adsorbed films. Neutral polymer brushes and polyelectrolyte brushes are widely used for the modification of surfaces, due to their advantageous specific properties, such as mechanical and chemical stability, their adsorption behavior [1] and permeability [2] and the possibility to tune their structure by varying external stimuli. For instance, the structure of a weak polyelectrolyte brush depends on pH [3,4,5,6,7,8], temperature [9,10,11], salt [12,13,14,15] and solvent [16,17,18]. More precisely, the swelling/shrinking of the studied poly-(N,N-(dimethylamino ethyl) methacrylate) (PDMAEMA) brushes can be manipulated by adjusting the pH of the surrounding environment to values below and above the pKA. PDMAEMA brushes are temperature-sensitive; they will be swollen below their lower critical solution temperature (LCST), and collapsed above the LCST (∼50–60 °C). Furthermore, it could be shown that the swelling/shrinking of PDMAEMA brushes can be manipulated by applying voltage. Positive voltages (positive electrode connected to the brush) were shown to cause swelling; negative voltages caused deswelling [19].

Polymer brushes cover a wide range of applications. Due to their responsive nature, they are an important tool for the development of smart surfaces and for sensor and actuator applications in nanotechnology [20,21,22]. Further, they come into play in biological applications [23,24,25,26,27] and for biomedical applications as drug delivery systems [2,28,29,30,31,32,33]. Brushes can be used as matrices for the immobilization of nanoparticles, resulting in nanocomposite materials with interesting features, such as tunable optical, magnetical or mechanical behavior. In the present study, polyelectrolyte brushes are used as a matrix for the immobilization of gold nanoparticles (AuNPs), which induce optical properties, due to their surface plasmon resonance (SPR) [34]. This can be exploited to construct a nanosensor, where the swelling/shrinking of responsive brushes can be monitored by detecting the surface plasmon resonance of the particles [20,22]. The brush/particle hybrids combine the specific properties of both materials. It is important to get a better understanding of particle self-assembly in the brush matrix to be able to tune the properties of the entire system.

It has been theoretically predicted that the interpenetration of particles strongly depends on particle size, brush grafting density and chain length (brush thickness) [35,36]. The interplay between those parameters will determine the structure of the formed brush/particle hybrid. Shorter brushes will induce 2D ordering of the particles. If the brushes are long enough, 3D ordering of particles should be observed, i.e., the particles should interpenetrate into the brush system. Bhat et al. [34] studied the assembly of AuNPs in two and three dimensions by generating concentration gradients of a self-assembled monolayer as a 2D template and molecular weight gradients of poly(acryl amide) as the 3D template. Using scanning force microscopy and UV-Vis spectroscopy, they found an increased particle uptake with increasing polymer molecular weight [34]. Using two different brush heights, 5.5 and 10 nm, they found that small particles (3.5 nm) can only form 3D assemblies with the thicker brush. Larger particles (16 nm) did not interpenetrate into brushes of 5.5 and 13 nm thickness at all. However, the reported brushes are fairly thin with a dry thickness in the range of the particle size. In the present paper, the brush thickness is varied from a dry thickness in the range of the particle size to a dry thickness approximately 10 times higher than the particle size. The mechanism of particle interpenetration and the complex internal interaction between brush, particles and solvent molecules is still unclear. Regarding this, the spatial distribution of the particles within the polymer brush is studied using X-ray reflectivity, a suitable tool to detect the inner structure of a material. Considering optical sensoring, a high particle density in the brush matrix is required to observe the particle-related surface plasmon resonance. 3D brush templates, which possess isolating properties and optical transparency, are ideal building blocks for the development of such optical devices.

In the present paper, the effect of brush thickness on particle loading will be reported. Variations in the spatial structure of the brush due to particle attachment will be discussed. Ellipsometry, X-ray reflectivity and scanning-electron microscopy will be combined to study the inner structure of the hybrid system. In order to achieve a systematic study, a new type of sealed reactor was used, which allows the preparation of samples where all parameters are fixed, except one (e.g., thickness). Brushes with a very high molecular weight (thickness) could be synthesized. This is also important for creating biosensors where a high brush thickness is required for a high signal-to-noise ratio to detect the analyte [37].



2. Experimental Section


2.1. Instruments

Ellipsometry: Ellipsometric measurements were performed with a polarizer-compensator sample analyzer (PCSA) ellipsometer (Optrel GbR, Sinzing, Germany), which works at a wavelength of 632.8 nm. The angle of incidence was set to 70° (a near Brewster angle of Si/air interface) for measurements under controlled humidity and ambient conditions and to 60° for measurements in water. A home-built humidity cell was used to perform measurements at different humidities, as introduced earlier [38]. For data manipulation, the software, Ellipsometry: simulation and data evaluation (Optrel, v. 3.1), was used. For the initiator-coated samples, a two-layer-model with air as the fronting (continuum, n = 1.000), silicon as the backing (continuum, n = 3.885 − 0.180 i), silicon oxide as the first layer (n = 1.46) and the layer of the initiator as the second layer (n = 1.500) was assumed. For the brush samples, the model was expanded by a further layer, i.e., a three-layer model was used for the calculation of thickness and the refractive index.

Atomic-force microscopy (AFM): Topographic imaging was carried out in air at room temperature with a Cypher AFM (Asylum Research, Santa Barbara, CA, USA) at scan rates between 1 and 2 Hz. For imaging, Al-coated silicon cantilevers (Olympus, Tokio, Japan) with a resonant frequency of 320 Hz, a tip radius of 10 nm, a length of 160 µm and a force constant of 42 N/m were used. The Asylum Research Software, a package of IgorPro (Wavemetrics, Inc., Portland, OR, USA), was used for data analysis. The surface roughness was calculated using the formula:
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(1)




where σ is the root-mean-square roughness of the considered scan area, N is the number of pixels in this area and yi is the z value of a specific pixel. To correct any tilting of the samples, all AFM images were corrected using a line fit. The reported roughness was calculated out of three AFM measurements, which were taken at different positions of the wafer.
X-ray reflectivity (XRR): Measurements were carried out using a Bruker-AXS D8 Discover XRD diffraction system (Bruker AXS GmbH, Karlsruhe, Germany) long-fine focus KFLCu2K-tube at λCu-Ka = 0.1542 nm. X-ray data were fitted with the IgorPro (Wavemetrics, Inc., Portland, OR, USA) package, Motofit [39]. The specular reflectivity is calculated using the Abeles [40] formulation as a function of the perpendicular momentum transfer Qz:
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The measured specular reflectivity (R) is the ratio of reflected intensity over incident intensity. A layer model was used for fitting the data with silicon as the backing (ρe = 0.71 Å−3), air as the fronting (ρe = 0 Å−3) and silicon oxide as the first layer (h = 1.5 nm, ρe = 0.71 Å−3). For the polymer/brush particle hybrids, three layers were added.

Scanning Electron Microscopy (SEM): SEM measurements were carried out using a Zeiss DSM 982 GEMINI (LEO, Oberkochen, Germany). The SEM was operated at acceleration voltages of 5 kV for the thinnest brush sample and 8 kV for all the other samples in top view. For imaging the cross-sections, 20 kV were used for the thicker brush and 10 kV for the thinner brush.

Transmission Electron Microscopy (TEM): The samples were prepared using 5 µL of solution on a TEM copper grid with carbon support film (200 mesh, Science Services, Munich, Germany), which were pretreated using 10 s of a glow discharge. After drying, inserting into the sample holder (EM21010, JEOL GmbH, Eching, Germany) and transferring to a JEOL JEM 2100 (JEOL GmbH), TEM was carried out at an acceleration voltage of 200 kV. Images were recorded digitally using a bottom-mounted 4k × 4 k CMOS camera system (TemCam-F416, TVIPS, Gauting, Germany) and processed with a digital imaging processing system (EM-Menu4.0, TVIPS).



2.2. Synthesis

For both the synthesis of the initiator-covered self-assembled monolayer and the synthesis of the brushes, a new reactor type was developed by the authors (Figure 1). The advantage of this reactor is that 16 samples can be placed inside at the same time, which can be removed independently while the polymerization is carried out. This is advantageous for tuning brush thickness by varying the polymerization time. If those 16 samples (previously coated with initiator) are placed in the reactor and ATRP is carried out, it is possible to remove them independently after different polymerization times. For example, the first sample can be removed after 1 h, the second sample after 2 h, etc. All other parameters that might affect the resulting brush (deoxygenation time, amount of dissolved CuCl in the solution, any sort of weighting errors, etc.) will be exactly the same for all 16 samples. The reaction is carried out under nitrogen, and nitrogen is pouring inside the reactor whenever a sample is removed to assure an oxygen-free atmosphere. The possibility of realizing different polymerization times by using only one reaction solution leads to directly comparable results.

Figure 1. Schematic of the new reactor type developed for growing polymer brushes on flat substrates.
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Atom transfer radical polymerization (ATRP) was used to synthesize polyelectrolyte brushes via a “grafting from” approach. Control over the polymerization is obtained through dynamic equilibrium between the active alkyl radicals and dormant alkyl halides [41]. ATRP was extensively reported, because it is easy to process and yields polymers with low polydispersity [42,43]. The ability to perform ATRP at room temperature [44] and in aqueous solution [43,45,46] was a huge progress in the history of ATRP. The activation rate of ATRP depends on many parameters, such as the ligand structure [47,48,49], the initiator structure [50,51], the solvent/temperature [52], Cu(II) [53,54] and the monomer [55]. The activating/deactivating transition metal species CuCl/CuCl2 was used because of the preference for alkyl chlorides to be formed over alkyl bromides [56].



Chemicals: All chemicals used for synthesis were received from Aldrich and used without further purification.

Synthesis of the initiator, BTPAm: The synthesis of 2-bromo-2-methyl-N-(3-(triethoxysilyl)propyl) propanamide (BTPAm) was performed according to literature procedure [57]. A solution of toluene (25 mL) with α-bromoisobutyrate (BiBB) (0.825 mL, 6.6 mmol) was added dropwise to a cold solution of 2-aminopropyltriethoxysilane (APTES) (1.485 mL, 6.6 mmol) in toluene (20 mL) with triethylamine (TEA) (1.11 mL, 7.4 mmol) at 0 °C. The solution was magnetically stirred for 3 h at 0 °C and then for another 12 h at room temperature. For removal of the salts, the mixture was passed through filter paper and 3 times washed with toluene. The unreacted TEA was removed by evaporating the filtrate under reduced pressure. BTPAm was recovered as a yellowish oil, which could be characterized by 1H-NMR: δH (400 MHz, CDCl3/ TMS): 0.58 (2H, t, SiCH2); 1.17 (9H, t, CH3CH2OSi); 1.58 (2H, m, CH2); 1.96 (6H, s, CH3C); 3.27 (2H, q, CH2NH); 3.82 (6H, q, CH3CH2OSi); 6.85 (1H, s, NH). The product was stored under nitrogen, and another 1H-NMR spectrum was recorded after 5 months to prove its stability.

Building a self-assembled monolayer (SAM) with the initiator BTPAm: As a first step, the substrates were etched using piranha solution (H2SO4/H2O2, 1:1 v/v). This procedure generates hydroxyl terminating groups and renders the surface hydrophilic and very reactive. The freshly cleaned substrates were placed into the reactor containing a 10 mM solution of BTPAm in anhydrous toluene. The whole setup was flushed with nitrogen for 15 min. The reactor was sealed and the reaction was carried out for 24 h at room temperature. After the reaction, the initiator-coated samples were rinsed with toluene, sonicated 5 min in toluene, cleaned with ethanol and dried under a stream of nitrogen.

ATRP of poly-(N,N-(dimethylamino ethyl) methacrylate (PDMAEMA): The synthesis was carried out following the literature [58], but with the difference of using the new reactor. Further, the literature recipe was modified by changing the CuCl/CuCl2 ratio in order to slow down the reaction to achieve more dense polymer brushes [59]. In a typical reaction protocol, 2,2’-bipyridyl (2.00 g, 12.80 mmol), 2-(dimethylamino ethyl) methacrylate (33.30 mL, 0.20 mol), ultrapure water (MilliQ, 19.2 mΩ×cm, 6.07 mL) and methanol (0.57 mL) are mixed in the reactor. Then, CuCl and CuCl2 (variable amounts) were added quickly. At this point, the color of the solution changed from colorless to dark brown. After the mixture was deoxygenated for another 60 min by rigorous nitrogen bubbling under stirring (600 rpm), the initiator-coated substrates were put into the reactor under constant nitrogen flux. Then, the reactor was provided an airtight seal, and polymerization was conducted for a given polymerization time at room temperature. The polymerization was stopped after that time by exposing the reaction mixture to air. The substrates were sonicated in methanol and water, cleaned with acetone/ethanol and dried under a stream of nitrogen gas.

Synthesis of AuNPs: Spherical AuNPs of two different sizes were prepared following the literature [60] and provide citrate-coated particles. AuNP-13 were synthesized following a procedure, as first introduced by Enüstün and Turkevich [61]. One hundred milliliters of a HAuCl4 solution (5 × 10−4 M) were heated (external heat ≈ 220 °C) under stirring at 500 rpm. At the time the HAuCl4 solution started boiling, 5 mL of a 1 wt% sodium citrate solution were added quickly under continuous stirring at 500 rpm. After 3 min, the solution color changed to red. At this time, the external heat was reduced to 190 °C and the speed was reduced to 150 rpm. After 17 min, the heat was turned off, and the solution was stirred at 150 rpm overnight. The diameter of particles prepared by that method was found to be 13.24 ± 0.86 nm, as determined by TEM.

PDMAEMA/AuNP hybrids: AuNPs are adsorbed by incubation of the samples into the gold solution for at least 16 h to assure a high particle adsorption. In order to achieve the same conditions for the different samples, a special vessel was used where all samples can be incubated simultaneously with exactly the same time period and sample tilting (around 70°). After incubation, the samples were removed, sonicated in MilliQ water for 10 min to remove any loosely attached particles, cleaned with MilliQ twice and dried with nitrogen.




3. Results and Discussion


3.1. Results


3.1.1. Initiator Self-Assembled Monolayer (SAM)

For the BTPAm SAM, a thickness of 1.2 ± 0.1 nm was measured by ellipsometry. As previously reported in the literature, the theoretical value calculated from bond lengths of a stretched BTPAm molecule (∼1.2 nm) is in the same range [57]. This validates the existence of a monolayer and not a multilayer. AFM images are generated at ambient conditions. The roughness was calculated from a (2 × 2) µm2 area and displays a smooth surface (273 ± 33 pm).



3.1.2. PDMAEMA Brushes

Variation of the brush thickness (molecular weight): The brush thickness can be tuned by varying the polymerization time or ratio of activator/deactivator CuCl/CuCl2 (see the Supporting Information). In the present study, the brush thickness was adjusted by varying the polymerization time. This approach allows the preparation of samples within the same polymerization solution using the new reactor and will lead to directly comparable results and, therefore, a systematic study. In contrast to that, several polymerization solutions must be prepared to adjust the thickness by varying the CuCl/CuCl2 amount. Different polymerization solutions will induce several varying parameters in addition to brush thickness. It should be pointed out that the samples obtained from Cu(I)/Cu(II) 14:1 have been used for the attachment of the particles in the present study. The roughness of PDMAEMA brushes calculated using AFM images of (4 × 4) µm2 is increasing with the brush thickness (Figure 2).

Figure 2. Dependence of AFM surface roughness recorded at ambient conditions on ambient brush thickness (as measured by ellipsometry).
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Swelling in humid air and water: The brush will be swollen during particle attachment (AuNPs are dissolved in water, a good solvent for PDMAEMA). Therefore, it is of interest to study the swelling behavior of the polymer before particle attachment. Swelling experiments of PDMAEMA brushes were carried out using ellipsometry for different relative humidities (<2%, 20%–30%, 50%–60%, 70%–80%, >90%) and in MilliQ water to study the effect of the brush thickness on the uptake of water. The water content in a swollen brush (in %) can be calculated using:
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(3)




where hsw is the swollen thickness at the respective humidity (or in water) and hdry is the dry thickness measured at <5% relative humidity (R.H.). The data show that there is no systematic change of the water uptake for the different brush heights, neither for swelling in humid air (Figure 3), nor for swelling in water (Figure 4). Due to water uptake in the brush, the refractive index (which was also fitted) is decreasing for increasing humidity (see the Supporting Information).






Figure 3. Water uptake in dependence of the relative humidity for various poly-(N,N-(dimethylamino ethyl) methacrylate) (PDMAEMA) brush thicknesses.
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Figure 4. Water uptake of PDMAEMA brushes swollen in MilliQ water in dependence of brush thickness.
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3.1.3. Brush/AuNP-13 Hybrids

Scanning electron microscopy (SEM): SEM was used to display the distribution and loading of attached nanoparticles on the polymer brushes (Figure 5). A high particle uptake was achieved for all brush thicknesses. SEM images of the cross-sections were collected from PDMAEMA/AuNP-13 with high thickness (200 nm, Figure 6b) and lower thickness (60 nm; Figure 6a). Both images show clearly that there is a dense layer of particles adsorbed at the polymer/air interface. Since the position of the interface cannot be located from the images due to measurement conditions (80° sample tilting), SEM does not reveal whether the dense layer is formed as a mono-or a multi-layer.

Figure 5. SEM images of PDMAEMA/AuNP-13 hybrids with different thickness. Images were recorded in top view.
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Figure 6. SEM cross-section images of the PDMAEMA/AuNP-13 hybrid with a (a) 60 nm and (b) a 200 nm thickness measured at 80° sample tilting.
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X-ray reflectivity (XRR): Since the electron densities of a metal (Au) and a polymer (PDMAEMA) are extremely different, XRR can be used to elaborate if the particles form a mono-or a multi-layer on top of the brushes. A three-layer model was used to fit the reflectivity data with Layer 1 assigned as the layer closest to the substrate. Experimental data and best fits are shown in Figure 7, and the results are summarized in Table 1. The thickness of Layers 2 and 3 together is in the range of the particle size (∼12 nm), which validates the existence of a particle monolayer. For Layer 2, high electron densities were found, increasing as a function of brush thickness, whereas the electron densities of Layer 3 are independent of thickness and very low.

Figure 7. Experimental X-ray reflectivity (XRR) data (symbols) measured at ambient conditions and fits (line) for different brush heights (top to bottom: 10 nm, 41 nm, 94 nm and 128 nm). The data were fitted using a three-layer model.
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Table 1. Data for brushes and brush/particle hybrids (AuNP-13) with varying brush thickness obtained by X-ray reflectivity (XRR) measured at ambient conditions.



	
XRR Layer 1

	

	
XRR Layer 2

	

	
XRR Layer 3




	
h1 (nm)

	
ρe,1 (Å−3)

	

	
h2 (nm)

	
ρe,2 (Å−3)

	

	
h3 (nm)

	
ρe,3 (Å−3)






	
9

	
0.79

	

	
9

	
1.56

	

	
4

	
0.25




	
47

	
0.66

	

	
9

	
1.86

	

	
3

	
0.21




	
109

	
0.62

	

	
9

	
2.11

	

	
3

	
0.23




	
156

	
0.56

	

	
7

	
2.28

	

	
4

	
0.41













The total thickness increases after the attachment of AuNPs. This was also proven by scratching AFM (Table 2). Interestingly, the thickness of Layer 1 is higher than the total thickness of the brush before particle attachment (except for the thinnest brush). The swelling of Layer 1 can be calculated using:


Table 2. Total thickness of PDMAEMA brushes before particle attachment measured by ellipsometry compared to the thickness of PDMAEMA/AuNP-13 hybrids determined by AFM and XRR.



	
PDMAEMA

	

	
PDMAEMA/AuNP-13




	
hElli (nm)

	

	
hAFM (nm)

	
hXRR (nm)






	
10 ± 0.3

	

	
20 ± 1

	
22




	
41 ± 2

	

	
51 ± 2

	
58




	
94 ± 2

	

	
124 ± 3

	
121




	
128 ± 2

	

	
164 ± 4

	
167
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(4)




where h1 is the thickness of Layer 1 of the PDMAEMA/AuNP-13 hybrid and hPDM is the thickness of the PDMAEMA brush before particle attachment. As shown in Figure 8, the swelling of Layer 1 increases with increasing hybrid thickness. The electron density found for Layer 1 is higher than the electron density for a pure PDMAEMA brush without particles, as determined by XRR to be ρe = 0.37 Å−3 (for data, see the Supporting Information). Additionally, the electron density is slightly decreasing with brush thickness. The mutual effect of swelling and electron density is shown in Figure 8 as a function of the hybrid thickness. For the thinnest brush, where no increase in the thickness of Layer 1 was observed, the swelling was set to zero.




Taking into account the XRR electron densities, XRR layer thicknesses and SEM cross-section images, a model for the hybrid structure can be proposed (Figure 7, inset) with a monolayer of AuNPs attached on top of the brush and a very low amount of particles trapped inside Layer 1. Layer 3 is arising, because a certain roughness, due to the protruding of the particles, must be considered; the electron density of Layer 3 is therefore composed of polymer, particles and air, which is the reason for the lower value of the electron density.

Volume fractions: Knowing the electron densities ρe of components i and j of a hybrid system ij, the XRR volume fractions ϕi and ϕj, respectively, can be calculated using:



ρe,hybrid = ϕiρe,i + ϕjρe,j

= ϕiρe,i + (1 − ϕi) ρe,j 



(5)




Where ρe,hybrid is the electron density of the hybrid obtained by fitting the XRR data, exploiting ϕi + ϕj = 1. The XRR volume fractions of AuNPs in surface Layer 2 were calculated using electron densities of 4.5 Å−3 for gold (Motofit Database) and 0.37 Å−3 (measured by XRR, see the Supporting Information). They were found to be >30% and increase with increasing brush thickness up to 48%.
XRR particle numbers were calculated using:
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(6)




where VAuNP = 4/3πr3 is the volume of one single AuNP with radius r = 6.5 nm. An imaginary box with volume Vbox and a dimension of 1 µm length/width and 0.013 µm (= particle diameter) is designed (Figure 9). Assuming a perfectly flat monolayer attached on the brush surface, the box covers a (1 µm × 1 µm) area of the AuNP monolayer. Using Equation (6), the maximum number of particles within the designed box can be calculated (11,300 particles). This corresponds to a particle volume fraction of 100%. Using the calculated XRR volume fractions (30%–48%) it is possible to calculate the respective particle numbers attached within the box. Since the box height is equal to the particle size and the particles form a monolayer on top of the brushes, these values correspond to the particle number densities in terms of particles/µm2 . Number densities calculated from XRR volume fractions using the box model are assigned as XRR particle number densities.


SEM particle number densities were determined from the respective SEM top view images (Figure 5) by image processing (ImageJ, Wayne Rasband, National Institutes of Health, Bethesda, MD, USA). For the thinner brushes (10 nm and 41 nm thickness), it is easier to distinguish between single attached particles, whereas for thicker brushes, a progressively nanoparticle crowding takes place until a maximum number of attached particles is reached (see also Figure 5). This maximum particle number density was found to be ∼4000 particles/µm2 and is reached for brush thicknesses >120 nm. Figure 10 shows a comparison between SEM and XRR particle number densities.

Figure 10. Particle number densities obtained by XRR (Layer 2) (squares) and SEM (circles) in dependence of PDMAEMA brush thickness.
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Both methods lead to the same qualitative behavior, although a higher particle number density was detected by XRR. There are two reasons for that. The described box model for the determination of the XRR particle number densities assumes a flat monolayer, neglecting the surface roughness. Due to this roughness, it may occur that one particle lies slightly beyond another particle. Thus, this particle might not be detected by SEM. Additionally, if the particles are close to each other, two particles might be detected as one particle by SEM image processing. Both will lead to a lower value for the SEM particle number densities compared to the respective value obtained by XRR, where all of the particles are detected in terms of the electron density. For XRR, only samples with initial brush thickness <140 nm were measured. Samples with higher thickness are too thick for the occurrence of Kiessig fringes, which allows no clear fitting results.

Ellipsometry: The optical properties of a material are described by the complex refractive index ñ = n + ik. The attached AuNPs induce an absorption term k into the hybrid system which can be measured by ellipsometry. Ellipsometric data of the PDMAEMA/AuNP-13 hybrids were collected at 21%–28% relative humidity to determine n and k; the thickness needed for fitting the data was known from scratching AFM measurements, which were carried out within the same humidity range. Figure 11 shows that n and k decrease as a function of brush thickness. The particle-related optical properties (absorption terms) are therefore decreasing as the brush thickness is increased.

Figure 11. The real part n and imaginary part k of the complex refractive index for PDMAEMA/AuNP-13 measured by ellipsometry.
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Figure 8. Swelling of Layer 1 (squares) and electron density of Layer 1 (circles) as a function of PDMAEMA/AuNP-13 hybrid thickness.
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Figure 9. Determination of XRR particle number densities by using a box model.
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3.2. Discussion

The thickness of the PDMAEMA brushes increases linearly with polymerization time (see the Supporting Information) and, therefore, shows similar growth behavior as observed for other polymers, like polystyrene (PSS) [62] and (hydroxyethyl) methacrylate (HEMA) brushes [43]. The surface roughness of the tethered brushes was found to increase with increasing brush thickness (Figure 2). It could be shown that the water content within PDMAEMA brushes swollen in humid air or water is independent of the brush thickness (Figure 3 and Figure 4). This is in agreement with recently published results from Rauch et al. [63], where the swelling ratios of PDMAEMA brushes in water were found to be independent of molecular weight.

Citrate-covered, negatively charged (zeta-potential around −40 mV) gold nanoparticles were attached by incubation. High particle uptake could be confirmed by SEM measurements. The pH of the gold solution (in water) is around 5.5–6. At this pH, PDMAEMA is positively charged (pKA 7.5), and therefore, a strong attractive ionic interaction between particles and polymer is expected. For lower brush thickness, the particles are homogeneously distributed over the brush surface, each particle can be distinguished. However, for higher brush thickness, the particles are rather tightly packed, and it is getting difficult to obtain single particles attached to the brush. It could be shown that the surface particle number density increases with increasing brush thickness (Figure 10). This is attributed to increasing surface roughness, since more binding sites for adsorbing NPs become available, due to increasing surface area. SEM images of the cross-sections (Figure 6) show that the particles form a dense layer on top of the brushes.

Since the location of the polymer/air interface cannot be distinguished from these cross-section images, they yield no information about the number of detected layers and particle distribution. X-ray reflectivity was used to address this question. For the PDMAEMA/AuNP-13 hybrids, a three-layer model was used to fit the XRR data, where Layer 1 is the layer closest to the substrate. Layer 2, consisting of polymer and particles, shows the highest electron density due to attached AuNPs. The electron densities of Layer 2 increase with increasing brush thickness and, therefore, confirm the results obtained from SEM, where the particle number density was found to increase with thickness. Layer 3 arises because a certain roughness must be considered; the particles are protruding out of the brush matrix. The electron density of Layer 3 is assumed to be a mixture of Au, PDMAEMA and mostly air, which explains the lower value of the electron density in Layer 3. Taking into account the obtained thicknesses, it is assumed that Layers 2 and 3 form a monolayer of particles attached at the brush surface. The electron densities of Layer 1 are slightly higher than the electron densities of a pure brush, revealing that a low amount of particles has interpenetrated into deeper regions of the brush.

Interestingly, the thickness of Layer 1 after particle attachment was found to be higher than the thickness of the pure brush before particle attachment. This effect gets more pronounced for increasing brush thickness. This could lead to the conclusion that more AuNPs have been attached within Layer 1 for increasing brush thickness. However, in that case, the electron density would have to increase with increasing brush thickness. However, this is not observed. In fact, the opposite behavior is found; the electron density decreases with increasing brush thickness. Decreasing electron density and simultaneously increasing thickness can be explained by an increasing water amount within the brush matrix. It is assumed that particle attachment will lead to the formation of cavities in the brush. Water will be trapped inside these cavities and will lead to an increased thickness. This swelling effect must be due to attached particles, because the swelling of pure PDMAEMA brushes was found to be independent of thickness. Further studies addressing “left-over” water in polymer brushes will be carried out.

A comparison of the SEM and XRR particle number densities shows the same trend: the particle number density increases with increasing brush thickness, and the slopes of the increase are the same for the SEM and XRR data. The particle number densities obtained from XRR are higher than the ones from SEM. The difference is due to the fact that a perfectly flat particle monolayer was assumed to determine XRR number densities, which is definitely an assumption, because the surface roughness of the brush was neglected.

In summary, the results lead to the conclusion that roughness is predominately affecting the particle attachment on the brush surface. Both roughness and particle uptake level off at a ∼120 nm brush thickness. Further particle absorption is hindered by electrostatic repulsion from already attached particles. Particles predominately stay at the brush surface; only a low amount of particles is attached within deeper regions of the brush.

The optical properties of the hybrid are a function of (1) brush thickness and (2) particle number density. For a fixed particle number density, the optical properties of the hybrid are progressively dominated by the polymer as the brush thickness is increasing. On the other hand, the particle-dominating optical properties of the hybrid will be enhanced for fixed brush thickness, while the particle number density is increasing. Figure 11 shows that n and k decrease as a function of brush thickness. The particle-related absorption term, decreasing with brush thickness, is therefore not dominated by the surface particle number density, which shows the opposite behavior (increases with thickness). The dominating factor for the average optical properties of the hybrid is the brush thickness.




4. Conclusions

The effect of the brush thickness on the loading of AuNPs on stimuli-responsive weak polyelectrolyte brushes, PDMAEMA, was investigated. Due to strong electrostatic interaction between positively charged polyelectrolyte brush and negatively charged AuNPs, a high particle loading was observed for each brush thickness. The particle number density increases with increasing brush thickness, due to increased surface roughness. A model for the structure of the hybrid was derived, where the particles form a monolayer attached on top of the brush, protruding out of the brush matrix. Further particle attachment is hindered due to a blocking effect by already adsorbed particles. A low amount of particles was found to be attached within deeper regions of the brush. Obviously, the brush is too dense to allow complete interpenetration of AuNP-13. Regarding better particle interpenetration, further studies will be carried out to optimize grafting density and particle size. Absorption coefficients decrease with thickness; the average optical properties of the hybrid are therefore dominated by the brush thickness. After attachment of AuNPs, the brushes are not able to shrink completely at ambient conditions. This effect was found to be dependent on the particle number density.
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