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ABSTRACT  

The behavior of matrix-free assemblies based on poly(lauryl methacrylate) (PLMA)-grafted 

nanoparticles of alumina (NP-PLMA) or silica (Si-PLMA), has been investigated by varying the 
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molecular weight and grafting density of the PLMA chains. The obtained results have been 

compared to other studies and model systems presented in the literature. Surface-initiated atom 

transfer radical polymerization (SI-ATRP) of lauryl methacrylate (LMA) was performed from the 

surface of nanoparticles of Al2O3 and SiO2 to obtain NP-PLMA-H and Si-PLMA-H with different 

polymer lengths by varying the polymerization time. In order to accomplish this, 3-

aminopropyl(diethoxy)methylsilane (APDMS) was attached to the surface of the nanoparticle, and 

subsequently the ATRP initiator was added. After ATRP, the grafting densities were decreased by 

hydrolyzing the Al-O-Si bonds of the NP-PLMA-Hs with methanol and the Si-O-Si groups of the 

Si-PLMA-H by mild cleavage using tetrabutylammonium fluoride (TBAF), obtaining NP-PLMA-

L and Si-PLMA-L respectively. The grafting densities decreased from 0.05 chains/nm2 to roughly 

0.015 chains/nm2 for the NP-PLMAs, and from ⁓0.2 to ⁓0.13 chains/nm2 for the Si-PLMAs. 

PLMA chains were cleaved off and molecular weights were assessed by SEC ranged between 23 

000 and 285 000 g/mol. The different brush regimes were also estimated, resulting in mushroom 

graft conformation for all NP-PLMAs, and a variety of mushroom, semi-dispersed polymer brush 

(SMPB) and concentrated polymer brush (CPB) regimes for the Si-PLMAs. DLS on the Si-

PLMAs showed a change in PLMA graft “stiffness” or length, upon decreasing the graft density. 

DSC on all samples show a bulk-polymer like melting and crystallization (Tm and Tc) for samples 

containing > 40 vol% PLMA. This behavior could be also observed in TEM as a most efficient 

packing of the PLMA graft on the alumina surface. More interestingly, DSC also suggest up to 2 

new types of ordering on the PLMA, depending on grafting density, polymer length and quantity, 

independently of nanoparticle size and calculated brush regime.  

 

Introduction 
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In recent years, nano-scaled materials such as inorganic nano-spheres have been modified by 

adding polymers to their surfaces for different applications, creating nano-hybrids/hairy 

nanoparticles to improve the interphase between the nano-objects and the targeted matrix. 

However, it is a challenge to study the inherent properties of the nano-hybrid materials. High 

concentrated polymer brush (CPB), semi-diluted polymer brush (SDPB) and polymer mushroom 

are the suggested polymer graft conformations that can be found in the a planar surface as the 

number of brushes in the surface decreases.1 However, these definitions do not apply in the same 

way for spherical surfaces, in which the distance between the brushes increases along the polymer 

chain. In addition, different effects related to a higher stability in the tethered polymer compared 

to the bulk by its confinement, due to a decrease in the degree of freedom, have been previously 

confirmed. 2, 3-4 For example, Koerner et al. grafted PS (120 kDa) to silica nanoparticles (16 nm in 

diameter) at grafting densities 0.1, 0.05 and 0.01 chains/nm2 , respectively, in order to observe the 

transitions between the CPB and SDPB regimes.5 It was found that a decrease in grafting density 

increases the ability of the grafts to be diluted within the matrix, solvent and, more importantly, 

within neighboring grafts. Kim and Archer grafted poly(ethylene glycol) (PEG) at very high 

grafting densities, showing a decrease in the size of crystalline domains and the crystallinity of the 

tethered polymer, compared to the bulk polymer.4 Choudhury et al. studied these materials by 

rheology and other means, finding that spaces/voids between nanoparticles was filled by polymer 

grafts try to be filled up by entropy, decreasing this ability with increasing grafting density due to 

the steric repulsion between closer grafts.6 Finally, a decrease in polymer chain relaxation for the 

lower grafting density and molecular weight nano-hybrids due to interchain coupling of grafts 

within the nanoparticles, such as temporary cross-links within tethered chains was observed for 

the same materials.7  
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Furthermore, attempts have been undertaken to understand the physics behind polymer grafts or 

brushes supported by computer simulations. A certain conformational order can be calculated in 

systems with high enough polymer to nanoparticle volume ratios, i.e. with a high enough amount 

of polymer distributed in a small number of chains.8 Simulations on high grafting density models 

indicate the possibility of crystallization even in amorphous polymers, starting from the surface of 

the nanoparticle and extending along the brush to the polymer chain ends.9 This ordering has also 

been observed by Milchev et al. through Monte Carlo simulations, obtaining long-range 

orientational order in solution.10 Egorov et al. presented semi-stiff brushes in contrast to flexible 

brushes, giving preference to the existence of the Gaussian chain over the excluded volume regime. 

This means that the polymer chains interact with each other instead of forming separated brushes, 

resulting in a decrease of free volume per chain and thus, higher polymer densities.11 Meng et al. 

have developed a molecular dynamic simulation method in which it is demonstrated that polymer 

grafts, at increasing volume polymer content, can give rise to structures ranging from long range 

order to “open” disordered counterparts, including a mix of both systems.12 Moreover, the 

transition between these two systems would depend solely of the polymer density in the system, 

in the case of very high polymer ratios. In this case, the order in the system would decrease due to 

the polymer filling a bigger void volume, destabilizing the colloidal crystal or more ordered phase.  

To further understand the behavior of grafted polymers, surface-initiated atom transfer radical 

polymerization (SI-ATRP) of lauryl methacrylate (LMA) targeting different molecular weights 

and two grafting densities has been carried out from aluminium oxide and silicon oxide 

nanoparticles. As mentioned previously, a large enough volume ratio between the polymer and the 

nanoparticle in the nano-hybrids is required to observe any difference in graft behavior. For that 

reason lauryl methacrylate, one of the monomers in the methacrylate family with a high molecular 
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weight and a polyethylene-like side chain, was chosen. Poly(lauryl methacrylate) (PLMA) is a 

semi-crystalline polymer, showing a Tm of ~-30 ºC with ~14% crystallinity, and the first 

homologue in the methacrylate family to exhibit crystallinity due to its 12 carbon side chain.13 

Different strategies for grafting polymers from planar or nanoscale surfaces have been 

developed.14-22 Surface-initiated controlled radical polymerization techniques (SI-CRPs) offer 

possibilities to tailor the molecular weight and keep the polydispersity low. SI-ATRP, as a SI-CRP 

type, is the perfect candidate to perform controlled polymerizations from acrylates and 

methacrylates, and in this work the final molecular weights are intended to increase with increasing 

reaction time. In addition, the grafting densities in the nano-hybrids are varied by cleaving a 

quantity of PLMA grafts from the surface of the nanoparticle. The key parameter is to attach the 

appropriate initiating system that can be subjected to cleavage under mild conditions.  A common 

approach is to add an alkoxysilane moiety prior to the attachment of the ATRP initiator. For this 

matter, 3-aminopropyl(diethoxy)methylsilane (APDMS) was chosen due to its ability to form a 

monolayer of Si-O-Al-bonds and their sensitivity towards hydrolysis.23-25 This latter APDMS 

characteristic facilitates the partial cleavage of Si-O-Al bonds from the surface of the alumina 

nanoparticles after polymerization, reducing the grafting density of the nano-hybrids. However, 

due to the higher stability of the Si-O-Si bonds compared to the Si-O-Al, a mild cleavage with 

tetrabutylammonium fluoride (TBAF) for 2 hours is required to potentially de-attach the PLMA 

grafts from the silica surface. The reason behind using two types of nanoparticles with two 

different sizes and polydispersity sizes (20 nm diameter and low polydispersity for silica, 45 nm 

for alumina with very high polydispersity) is to investigate if these variables could affect the 

results, besides the already mentioned bond stability related to APDMS. Finally, the 
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characterization of these nano-hybrids is intended to connect the mentioned model simulations 

with the obtained experimental data and previous observations. 

 

Experimental section 

Materials. Aluminium oxide nanoparticles (Al2O3, alumina NPs) with an average diameter of 

40-50 nm (NPs, Nanodur 99.5%) were purchased from Nanophase Inc. USA (70 wt% -phase and 

30 wt% -phase). Alumina NPs were placed in a round bottomed flask and introduced in an oil 

bath heated to 150 ºC and kept for 22 h under vacuum in order to remove impurities and bound 

water. Silicon oxide (SiO2, silica NPs), 40wt% in H2O with a diameter of 20 nm were purchased 

from Alfa Aesar™. Chemicals were used as received from Sigma-Aldrich unless stated otherwise; 

3-aminopropyl(diethoxy)methylsilane (APDMS, 97%), 2-bromoisobutyryl bromide (-BiB, 

98%), copper(I) bromide (Cu(I)Br, 98%), copper(II) bromide (Cu(II)Br2, 99%), 4-

(dimethylamino) pyridine (DMAP, 99%), triethylamine (TEA, 99%), 1,1,4,7,10,10-

hexamethyltriethylenetetramine (HMTETA, 97%), tetrabutylammonium fluoride in 

tetrahydrofuran (TBAF, 1 M). Lauryl methacrylate (LMA, 96%) was destabilized prior to use by 

passing it through a column of Al2O3 (neutral). Deionized water, ethanol (EtOH, 96%), 

tetrahydrofuran (THF, analytical grade), dichloromethane (DCM, analytical grade), methanol 

(HPLC-grade), diethyl ether (HPLC-grade) methanol (MeOH, HPLC-grade) and toluene (HPLC-

grade) were used without further purification.  

 

Synthesis of High (NP-PLMA-H) and Low (NP-PLMA-L) Grafting Density Poly(lauryl 

methacrylate)-Grafted NPs. The grafting of poly(lauryl methacrylate) -from Al2O3 NPs by 

surface-initiated atom transfer radical polymerization (SI-ATRP) has been published. 23 NPs (8.1 
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g) were dispersed by ultrasonication (30% amplitude, 90 s) in ethanol and water (400 mL, 1:1 by 

volume). APDMS (1.8 g, 8.1 mmol) was added dropwise to the mixture and left stirring (23ºC, 18 

h). The APDMS-modified NPs were purified two times with a mixture of ethanol and THF (300 

mL, 1:1 by volume) and two centrifugation and ultrasonication cycles before finally dispersing 

them in THF (100 mL) and stored. Subsequently, -BiB as ATRP initiator (1.9 g, 8.3 mmol), 

DMAP (~15 grains) and TEA (1.0 mL, 7.5 mmol) were added to the APDMS-modified NPs and 

left in the shaking table for 24 h. The initiator-modified NPs were purified with THF, DMF and 

toluene (80 mL) by two centrifugation and ultrasonication cycles per solvent, keeping the obtained 

NPs dispersed in toluene (80 mL). Characterization using FT-IR and TGA from these two 

modifications have been performed by our group and can be found in literature.23 

SI-ATRP of PLMA was performed from the initiated NPs (~0.25 g, 0.01 mmol inititiator) and 

toluene (5.01 g) and placed in a 10 mL round-bottomed flask with a stirrer. HMTETA (5.31 mg, 

23.03 µmol) and LMA (2.40 g, 9.43 mmol) were added and two degassing cycles (Argon + 

vacuum, 5 min each) were applied. Cu(I)Br (2.97 mg, 2.07 µmol) and Cu(II)Br2 (0.52 mg, 0.22 

µmol) were carefully added to the mixture, followed by another degassing cycle. The flask was 

placed in an oil bath at 100ºC and polymerizations were conducted from 10 min to 6 h. The 

obtained NP-PLMA-H were passed through a neutral alumina column for copper removal. THF 

(5 mL, 3 times) was used to purify the NP-PLMA-H by centrifugation and ultrasonication cycles. 

To obtain NP-PLMA-L, two extra centrifugation and ultrasonication cycles in MeOH (5 mL) were 

conducted after the first THF cycle. Material characterization was performed by FT-IR, TGA, DSC 

and TEM.  

The procedure for the cleavage of PLMA grafts from the NPs surface is also presented in 

literature. 23 TBAF (5 mL THF, 0.1 M) and ~100 mg of NP-PLMAs were added to a vial and 
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placed in the shaking table for 72 h. The mixture was centrifuged and the supernatant recovered 

and roto-evaporated. Diethyl ether (5 mL) was added to the mixture to precipitate the TBAF and 

the resultant cleaved polymer recovered and characterized by SEC.         

Instrumentation and characterization methods 

Molecular weights of the cleaved polymers were determined with a Verotech PL-GPC 50 Plus 

system with a PL-RI Detector and two Mixed-D (300 × 7.5 mm) columns from Varian. Polystyrene 

standards with a range of 580-400 000 g/mol were used for calibration and the solvent used was 

chloroform at 30 °C at a 1 mL/min flow rate. 

Fourier transformation infrared spectroscopy, FT-IR: Perkin-Elmer Spectrum 2000 FT-IR 

equipped with a MKII Golden Gate, single reflection ATR System (from Specac Ltd., London, 

U.K.). The ATR-crystal was a MKII heated Diamond 45° ATR Top Plate.  

Thermogravimetric analysis (TGA) was performed with a TA Instruments Hi-Res TGA 2950 

analyzer under nitrogen flow at a heating rate of 10 C/min. The heating rate was 10 C/min and 

heating was performed from 40 to 700 C. 

Differential scanning calorimetry (DSC) was performed with a DSC 1 from Mettler-Toledo. 

Samples of 5-10 mg were measured through a cycle of heating-cooling-heating, with a starting 

temperature of -60 ºC and up to 160 ºC at a heating/cooling rate of 10 ºC/min. 

Holy carbon 400 mesh copper grids (Ted Pella, Inc., USA) were used to characterize the 

nanoparticles. A Hitachi HT7700 transmission electron microscope (TEM) at 100 kV was used.  

A Malvern Zetasizer NanoZS was used to measure the size of the nano-hybrids at concentrations 

of around 0.1 g/L in toluene at 25 °C. 

Equations related to the calculation of the different parameters related to the nano-hybrids can 

be found in the supporting information: 
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- According to previous studies, graft density, ρ23, Figure S1. 

- Reduced tethered density, ∑=ρ.π.Rg
2, where Rg is radius of gyration of the polymer coil 

and ρ is the grafting density. If ∑<1, the brush regime is in mushroom state (M), ∑=1 

the brushes are semi-concentrated (SCPB), and for ∑>1 the polymer grafts are very 

close together in the concentrated regime (CPB) and supposedly, fully stretched.   

Results and discussion 

Synthesis of NP-PLMA-H, NP-PLMA-L, Si-PLMA-H and Si-PLMA-L. Initially, NP-PLMA 

nano-hybrids with similar PLMA quantities were synthesized with two grafting densities in order 

to investigate the effect of both average degree of polymerization and quantity of PLMA. To 

investigate whether the results depended on the size or the size distribution of the alumina 

nanoparticles (⁓45 nm diameter) a second system, with smaller and more regularly sized silica 

nanoparticles (⁓20 nm diameter), was also developed. The molecular weight and grafting density 

of the PLMA grafts were varied, and the matrix-free nanoparticles obtained were characterized by 

SEC, TGA, FT-IR, DSC and TEM. 

Table 1 presents data for the nano-hybrids obtained and the different synthetic routes shown in 

scheme 1. The samples were named X-PLMA-YL/H-Z, where X denotes the nanoparticle type, 

NP for Al2O3 and Si for Silica, Y the grafting density (between 0 and 1), L for low and H for high 

grafting density, and Z denotes the wt % of PLMA grafted from the surface as determined by TGA. 
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Scheme 1. Schematic overview of the different synthetic steps to obtain the X-PLMA-Y-Z nano-

hybrids very nice!! 

Table 1. Reaction times, molecular weight (Mn), polydispersity index (ĐM), PLMA weight %, 

grafting density (ρ), PLMA volume % and ∑brush regime of the graphs (M=mushroom, 

SDPB=semi-dispersed polymer brushed, CPB=concentrated polymer brush) of Al2O3 (NP) and 

SiO2 (Si) NPs modified with PLMA 

sample 
 time 

(min) 
Mn

a  ĐM
a 

PLMA 

wt%b 

ρc 

chains

/nm2 

PLMA 

vol% 
∑/ brush regime 

PLMA** - 131 000 1.4 - - 100 - 

NP-PLMA-L-4 20 53 000 1.1 3.5 0.01 13.3 0.07/M 

NP-PLMA-L-7 40 50 000 1.5 7.1 0.012 24.5 0.08 /M 

NP-PLMA-L-10 60 91 000 1.2 9.6 0.013 31.1 0.15/M 

NP-PLMA-L-16 180 165 000 1.3 16.5 0.018 45.6 0.39/M 

NP-PLMA-L-26 360 225 000 1.2 26.5 0.024 60.5 0.71/M 

NP-PLMA-H-4 10 - - 3.9 - 14.7 - 

NP-PLMA-H-8 20 23 000 1.4 7.7 0.054 26.2 0.16/M 

NP-PLMA-H-13 40 42 000 1.3 13.5 0.054 39.9 0.30/M 

NP-PLMA-H-24 60 83 000 1.2 24.5 0.056 58.0 0.61/M 
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Si-PLMA-L-7 60 23 000 1.1 6.9 0.103 17.4 0.31/M 

Si-PLMA-L-17 120 42 000 1.1 17.2 0.158 37.2 0.87/M-SDPB 

Si-PLMA-L-27 120 80 000 1.0 26.6 0.145 50.8 1.52/ CPB 

Si-PLMA-L-33 180 170 000 1.1 33 0.093 58.4 2.06/CPB 

Si-PLMA-L-54 240 285 000 1.1 53.6 0.13 76.7 4.85/CPB 

Si-PLMA-H-11 60 23 000 1.1 11.1 0.173 26.2 0.52/M 

Si-PLMA-H-23 120 42 000 1.1 23.2 0.23 46.3 1.27/CPB-SDPB 

Si-PLMA-H-38 120 80 000 1.0 37.7 0.242 63.3 2.54/ CPB 

Si-PLMA-H-41 180 170 000 1.1 41.1 0.132 66.5 2.93/CPB 

Si-PLMA-H-59 240 285 000 1.1 58.6 0.159 80.1 5.93/CPB 

a Determined by chloroform SEC on the cleaved polymer c Determined by TGA from the weight 

loss of the volatiles d Calculated from the Mn and TGA weight loss % d Calculated from the radius 

of gyration and the grafting density 

 

SI-ATRP was performed to obtain the corresponding X-PLMA-L/H nano-hybrids, Table 1. The 

overall grafting density of the NP-PLMA-H was found to be 0.055 chains/nm2 and values up to 

0.242 chains/nm2 for the Si-PLMA-H. This significant difference in grafting density can be due to 

the difference in specific surface area (SSA, 41 m2/g for alumina and 200 m2/g for silica) and in 

the radius of curvature of the nanoparticles. The radius of curvature is smaller for larger particle 

sizes, and it is then difficult to achieve high grafting densities as less volume is available for the 

next polymer to grow. SSA values depend in a variety of factors, such as the size of the object and 

the porosity of the material, and the value increases as the nanoparticle size decreases.  

A mild hydrolysis of the Al-O-Si bonds after polymerization, using MeOH for 10 min, was 

sufficient to decrease the grafting density of the NP-PLMA-H from 0.055 to ca. 0.015 chains/nm2 

to form NP-PLMA-L. A mild TBAF-mediated cleavage of the PLMA grafts from the Si-PLMA-

H systems, to result in Si-PLMA-L, reduced the grafting densities by 20-40%. Cleavage of the Al-
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O-Si bonds by hydrolysis gave similar grafting densities, whereas the results for the Si-PLMA-H 

were strongly dependent on the original quantity of PLMA and it molecular weight. It can be 

understood as the accessibility of the Si-O-Si bonds decreased with increasing molecular weight 

and higher grafting densities, resulting in a less efficient hydrolysis why fewer chains were cleaved 

off.  

It is important to point out that the purification and work-up of the X-PLMA-L is crucial in order 

to remove any traces of unbound PLMA from the final NPs. Nanoparticles without free polymer 

could indeed be obtained, but Si-PLMA-L NPs were partially trapped within the free polymer in 

the PLMA-rich hybrids after purification with ether 

FT-IR spectra and TGA thermograms of the NP-PLMA nano-hybrids are presented in figure 1, 

left. The amount of PLMA was assessed from the weight loss (wt%) due to the release of volatiles 

measured by TGA. The signals detected by FT-IR correspond to the carbonyl and PLMA side 

chains at ca. 1680 and 3000 cm-1 and the intensities were similar for all samples containing similar 

amounts of PLMA. The molecular weights estimated by SEC were between 23 000 and 83 000 

g/mol for the NP-PLMA-H and between 50 000 and 225 000 for NP-PLMA-L. The wt% of PLMA 

found in the NP-PLMAs ranged between 4 and 26%, which corresponds to 13.3 and 60.5 vol%. 

The FT-IR spectra of the Si-PLMA-H and TGA thermograms for Si-PLMA-H and Si-PLMA-L 

are depicted in figure 1, right. The same conclusions can be drawn for the Si-PLMAs except that 

the quantity of PLMA cleaved from the Si-PLMA-H was not large enough to affect the intensity 

of the corresponding peaks in the FT-IR spectra. The molecular weights of the Si-PLMAs ranged 

between 23 000 and 285 000 g/mol, and the wt% of PLMA in the systems ranged between 7% and 

59%, which corresponds to 17.4 and 80.1 vol%. The larger amount of PLMA observed in the Si-
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PLMAs than in the NP-PLMAs is a consequence of the greater grafting densities associated with 

the smaller nanoparticle and the more stable chemical bond. 

Hydroxyl groups at around 1600-1660 cm-1 were found in the spectra from NP-PLMA-L-7 and 

NP-PLMA-L-4, most probably due to the post-treatment with MeOH. This could be explained as, 

a fraction of the Al-O-Si-PLMA bonds were removed from NP-PLMA-L due to the hydrolysis of 

Si-O-Al bonds, the hydrophilic alumina nanoparticles are more exposed and sensitive towards 

adsorption of hydrophilic moieties. The bound hydroxyl groups could be removed after heating 

the NP-PLMA-L to 200 ºC for 5 min, see supporting information, figure S2.  

 

Figure 1. FT-IR spectra (top) and TGA thermograms (bottom) for the NP-PLMAs (left) and Si-

PLMAs (right) 

Characterization of NP-PLMAs and Si-PLMAs. Table 2 show the results of DSC analyses 

conducted to  characterize the thermal behavior of the materials between -60 and 220 °C, 

thermograms for NP-PLMAs from cooling and  second heating are shown in the supporting 

information, figures S3 and S4, respectively.  
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The melting temperature, Tm of the PLMA observed during the second heating was around -35 °C, 

and the crystallization peak, Tc was also observed. These peaks were observed for the NP-PLMA-

L-26, NP-PLMA-H-24 and NP-PLMA-H-13 which had 61, 58 and 40 vol%, PLMA respectively, 

as well as in almost all Si-PLMA-Hs and SI-PLMA-Ls with PLMA volume fractions over 58%. 

This means that a large volume fraction of PLMA is required to obtain the crystallization/melting 

transitions of the polymer grafts. However, two small melting peaks, denoted Tm1 and Tm2 and a 

related Tc upon cooling, were found for samples NP-PLMA-L-10 and NP-PLMA-L-16. They were 

also observed in all the Si-PLMA-Ls and in the Si-PLMA-H with lower PLMA contents and lower 

grafting densities, as reported in the supporting information, figures S5 and S6. In the case of Si-

PLMA, Tm1 and Tc were wider and the peaks were less defined than for the NP-PLMAs. The values 

of Tm1 and Tc for the NP-PLMAs were ca. 142 °C and 108 °C, respectively, whereas for the Si-

PLMAs, Tm1 ranged between 73 °C and 190 °C, and Tc between 87 °C to 106 °C. Tm2 ranged 

between 184 °C and 190 °C for NP-PLMAs, but it was between 200 °C and 211 °C for Si-PLMAs. 

All these temperatures increased with increasing PLMA content and the related integral values 

increased slightly up to those of the samples containing more than 50 vol% of PLMA. At higher 

PLMA vol%, the peaks disappeared. 

Table 2. Data obtained from DSC measurements for NP-PLMAs and Si-PLMAs, temperature 

peaks (Tm from the bulk polymer, and Tm1 and Tm2 from polymer change entanglements) and the 

integral values, grafting density (ρ ) and PLMA vol% 

sample 
Tm (°C)/ 

(J/g)* 

Tm1 (°C)/ 

(J/g) 

Tm2 (°C)/ 

(J/g) 

Tc (°C)/ 

(J/g) 

ρc 

(molec.

/nm2) 

Vol% 

PLMA 

PLMA** -36.413/9.0 -/- -/- -/- - 100 

NP-PLMA-L-7 -/- -/- 183/ 0.1 -/- 0.012 24.5 

NP-PLMA-L-10 -/- 142/ 0.2 184/ 0.1 109/ 0.3 0.013 31.1 
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*Normalized crystallinity values compared to 100% pure PLMA synthesized by ATRP 

 

Meng et al.12 suggested that Tm1 and Tm2 define an intermediate behavior in which the polymer 

chains interact and/or reorganize between grafts, with chains from the same nanoparticle or a 

neighboring nanoparticle, as presented in scheme 2. In their simulations, they found two structures 

in polymer-grafted nanoparticles determined by the quantity of polymer. The structures appear to 

be a consequence of long-range order interactions in which the chains try to occupy the voids 

between chains to form slightly organized crystal-like structures.  

NP-PLMA-L-16 -/- 143/ 0.3 189/ 0.2 108/ 0.4 0.018 45.6 

NP-PLMA-L-26 -36.2/ 1.4 -/- 188/ 0.1 -/- 0.024 60.5 

NP-PLMA-H-8 -/- -/- 191/ ⁓0.01 -/- 0.054 26.2 

NP-PLMA-H-

13 
-34.6/ 0.4 -/- 184/ ⁓0.01 106/ ⁓0.01 0.054 39.9 

NP-PLMA-H-

24 
-34.9/ 1.2 -/- -/- -/- 0.056 58.0 

Si-PLMA-L-7 -/- 73.2/0.29 202.6/0.07 86.2/0.15 0.103 17.4 

Si-PLMA-L-17 -/- 73.0/0.32 203.0/0.04 88.9/0.29 0.158 37.2 

Si-PLMA-L-27 -/- 102.8/0.46 199.7/0.03 86.7/0.25 0.145 50.8 

Si-PLMA-L-33 -42.0/ 0.11 164.9/0.13 208.9/⁓0.01  100.9/⁓0.01 0.093 58.4 

Si-PLMA-L-54 -38.4/ 0.57 196.1/⁓0.01 205.8/⁓0.01 - / - 0.13 76.7 

Si-PLMA-H-11 -/- 70.7/0.2 203.2/⁓0.01 70.8/0.19 0.173 26.2 

Si-PLMA-H-23 -39.2/ 0.11 80.2/0.18 204.5/0.18 89.2/0.2 0.23 46.3 

Si-PLMA-H-38 -36.5/ 0.3 93.5/0.23  -/- 103.4/0.14 0.242 63.3 

Si-PLMA-H-41 -37.0/ 0.54 189.7/⁓0.01 211.4/⁓0.01 91.9/0.16 0.132 66.5 

Si-PLMA-H-59 -36.6/ 0.74 115.0/0.2 -/- 106.1/0.3 0.159 80.1 
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This would explain why materials with lower grafting density seem to exhibit this behavior, since 

the polymer grafts could organize easier with more space between adjacent chains. Tm1 and Tm2 

may originate from different crystalline morphologies.   

 

Scheme 2. Idealized scheme inner-outer reorganization model explaining the existence of Tm1 and 

Tm2. PLMA reorganization is indicated in red, and amorphous and molten PLMA in blue.  

Tm2 was also observed for some of the NP-PLMA-H materials, probably due to closer polymer 

interactions in the same nanoparticle as an effect of the shorter distances between grafts. Tm1 was 

also observed in the Si-PLMA-H systems with the highest vol% of polymer, which may be 

interpreted as indicating the existence of a larger number of interactions between neighboring 

nanoparticles due to the smaller and more regular size of the silica than of the alumina. The overall 

interactions in the Si-PLMA systems would then be more like an “interaction cloud”, which would 

explain the wider Tm1 peak indicating less defined crystals, whereas the interactions in the NP-

PLMA systems would be more localized being hindered by the different nanoparticle sizes.   

Figure 3 summarizes the results for all the samples. The shaded area on the right of the upper 

diagram shows the samples with PLMA bulk behavior, and the red area shows the samples 

possessing Tm1 and Tm2. In these PLMA systems, grafted polymer volumes over 40% are required 

to obtain a semi-crystalline morphology. Not only does the volume fraction of PLMA affect 
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crystallinity, but the grafting density also plays an important role. Thus, crystallinity requires a 

lower grafting density and a high vol% of PLMA. This can be achieved by grafting longer polymer 

grafts from the surface of the nanoparticles. In the lower part of figure 3, the same diagram is 

related to the molecular weight of PLMA. In summary, Mn, grafting density and PLMA vol% can 

be tailored to obtain the desired behavior in the nano-hybrid system. 

 

  

Figure 3 (Top) relationship between DSC data, vol% PLMA and polymer chains per gram. The 

shaded, black area on the right shows to the samples showing Tm from the bulk polymer, and the 

red area indicates the samples showingTm1 and Tm2. (Bottom) relationship between molecular 

weight, vol% PLMA and polymer chains per gram, with results separated by the critical chain 

length of PLMA at around 80 000 g/mol. 
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TEM was used to characterize the NP-PLMAs, as shown in figure 4. NP-PLMA-L (top) and NP-

PLMA-H (bottom) images of the nano-hybrids are shown with increasing amount of PLMA left 

to right. The polymer is observed as a lighter aura round the darker NP, and the size or length of 

this aura indicates the PLMA quantity and/or chain length. No significant difference in the size of 

this aura was observed for the NP-PLMA-Ls, but the size of the aura in the NP-PLMA-Hs 

decreased dramatically from the 8 wt% sample. In the case of NP-PLMA-Ls, the large distances 

between grafts led to mainly “mushroom” polymer brush regimes, see table 2, which did not give 

any great difference in graft morphology, .The bulk behavior of the PLMA in these samples 

appears to give rise to a more packed and semi-crystalline structure, and thus might lead to a 

decrease in the size of the polymer aura. TEM images related to the Si-PLMAs were also acquired 

and can be found in the supporting information, figure S7. The polymer could be observed around 

the silica, but the aura could not be defined and no further conclusions could be drawn from them.  

 

Figure 4. TEM images of NP-PLMA-L (top: 4, 7, 10 and 26 PLMA wt%) and NP-PLMA-H 

(bottom: 4, 8, 13 and 24 PLMA wt%), from left to right (scale bar 50 nm) 

DLS room temperature was also performed of the Si-PLMAs in toluene in order to investigate 

the relationship between hydrodynamic volume and molecular weights of the polymer grafted 

nanoparticles. As it can be observed in Figure 6, the size for all Si-PLMA-Ls is around 170 nm, 

being slightly higher for the sample with the highest degree of polymerization at 230 nm. For Si-
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PLMA-H, the radii increases with increasing molecular weight up to 80 000 g/mol, corresponding 

to 170 and 270 nm. , in which it decreases to 150 nm and starts increasing again, till 235 and 400 

nm with Mn. Since, theoretically, almost all samples are in the CPB regime and the sizes do not 

only vary with increasing Mn, other reasons must be found to explain these results. It is then 

suggested that the solvent is able to dissolve the PLMA in the Si-PLMA-Hs to a higher degree 

than in the Si-PLMA-Ls. This can be an effect of the already mentioned interactions occuring 

between grafted PLMA chains for the Si-PLMA-L systems, as the solvent is not going to  wet the 

polymer properly as all the voids are filled by this higher organized PLMA morphologies. Si-

PLMA-Hs would then dissolve more efficiently, resulting in longer polymers as it is measured by 

DLS. These two facts would confirm the existence of semi-stiffer polymer brushes in the Si-

PLMA-Ls compared to the Si-PLMA-Hs. The difference in size observed for the Si-PLMA-Hs in 

the samples possessing 42 000 and 80 000 g/mol, Si-PLMA-L-23 and Si-PLMA-L-38 

respectively, might be related to the quantity of PLMA, as the bulk polymer thermal behavior starts 

to be significant at around PLMA 63 vol% (Si-PLMA-L-38). That might make the polymer even 

more prone to be dissolved by the solvent as the Tm can be measured at lower temperatures than 

the actual DLS measuring temperature.  
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Figure 5. DLS measurements of the average size for Si-PLMA-H and Si-PLMA-L for molecular 

weights (23 000, 42 000, 80 000, 170 000 and 285 000 g/mol) 

 

Optical microscopy of solvent-casted films was performed of samples NP-PLMA-L-26, NP-

PLMA-16, NP-PLMA-H-24 and NP-PLMA-H-13 to investigate differences in the morphology, 

figure 6. Images corresponding to cross-polarized optical microscopy for the same samples are 

presented in the supporting information, Figure S8. NP-PLMA-L-26 forms a continuous film, 

whereas decreasing PLMA content to NP-PLMA-L-16 deteriorates the film-forming ability. 

Surprisingly, NP-PLMA-H-13, even with less PLMA than NP-PLMA-L-16, can form a 

continuous film, and NP-PLMA-H-24 forms almost phase-separated, block-copolymer shapes 

since it is in molten state. It can be possible to couple the film ability properties of the nanoparticles 

with the appearance of Tm from PLMA, evolving to free PLMA for NP-PLMA-H-24. Finally, 

nanoparticle clusters were also observed, being less evident for NP-PLMA-H samples. 
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Figure 6. Optical microscopy images of NP-PLMA-L-16 and NP-PLMA-L-26 (top, left-to-right), 

and NP-PLMA-H-13 and NP-PLMA-H-24 (bottom, left-to-right) (scale bar 100 μm).  

 

Conclusions 

Nano-hybrids of PLMA-grafted from Al2O3 and SiO2 nanoparticles with different molecular 

weights were successfully synthesized through ATRP (NP-PLMA-H ~0.05 chains/nm2, Si-

PLMA-H ~0.20 chains/nm2). A post-treatment with MeOH proved to be sufficient to hydrolyze 

part of the Si-O-Al bonds in the nano-hybrids, obtaining nano-hybrids with lower grafting densities 

(NP-PLMA-L, ~0.015 chains/nm2). The decrease in graft density for the silica NPs proceeded 

through a mild TBAF cleavage, with values ranging from 0.24 to 0.1 chains/nm2. SEC, FT-IR and 

TGA data confirmed the success of both ATRP polymerization from the surface of the nanoparticle 

and the effect on the post-treatment with MeOH and TBAF for both NP systems. 
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DSC thermograms showed different behaviors depending on grafting density and molecular 

weights of the grafted PLMA: at high PLMA quantities, 13-24 wt% for NP-PLMA-H and 16% 

NP-PLMA-L, grafted PLMA behaved like free PLMA. Film-ability characteristics of these 

materials were also observed by optical microscopy. 

However, for NP-PLMA-L (16 and 10% PLMA) new melting temperatures, Tm1 and Tm2 at 

around 140 ºC and 180 ºC, were obtained and associated to an inner-outer crystallization model of 

the PLMA around the nanoparticle. Tm2 could be observed in NP-PLMA-L-7, NP-PLMA-H-13 

and NP-PLMA-H-8, suggesting that Tm1 could be related to crystallization within alkyl chains of 

neighboring nano-hybrids and so dependent on the molecular weight of the grafted PLMA. 

The samples showing two melting temperatures also showed a crystallization temperature, Tc, 

at around 108 ºC associated to re-crystallization during the cooling process.  

Crystallinities of the nano-hybrids increased with increasing PLMA content, being higher for 

the nanocomposites possessing PLMA-free behavior. The decrease in halo size related to grafted 

PLMA with increasing PLMA content observed by TEM (mainly for NP-PLMA-H) could indicate 

a higher packing of the polymer around the nanoparticle, supporting this claim. 

DLS confirmed that the Si-PLMA-L were more difficult to swell by the solvent than Si-PLMA-

Hs, which can be related to the appearance of semi-stiff PLMA grafts in the lower graft density 

systems compared to softer ones for the Si-PLMA-Hs. 

In conclusion, a thorough investigation of Si-PLMAs and NP-PLMAs has been carried out and 

the results confirmed the existence of different PLMA morphologies that varied with PLMA 

quantity, Mn and grafting densities. Further characterization by XRD, SAXS and other X-ray 

scattering techniques would be required to obtain an in-depth understand on explaining the type of 

organizations or even crystals appearing in the materials. These systems could be potentially used 



 23 

for drug delivery applications or as nano- or micro- cleaning devices, as they potentially could trap 

molecules or even polymers within the grafts 

.  

ASSOCIATED CONTENT 

Supporting Information  

Equations for calculating grafting density, Tem micrographs of Si-PLMAs, DSC traces of the 

samples, and cross-polarized optical microscope images of NP-PLMAs can be found in the 

electronic supporting information. This material is available free of charge via the Internet at 

http://pubs.acs.org.  

AUTHOR INFORMATION 

Corresponding Author 

*Email: mavem@kth.se. Tel: +46 8 790 72 25 

Author Contributions 

The manuscript was written through contributions of all authors. All authors have given approval 

to the final version of the manuscript.  

Funding Sources 

Swedish Foundation for Strategic Research (SSF, EM11-0022). 

ACKNOWLEDGMENT 

The Swedish Foundation for Strategic Research (SSF, EM11-0022) is thanked for 

financial support. 



 24 

 

 

1. Wijmans, C. M.; Zhulina, E. B., Polymer brushes at curved surfaces. Macromolecules 

1993, 26 (26), 7214-24. 

2. Krishnamoorti, R.; Vaia, R. A., Polymer nanocomposites. J. Polym. Sci., Part B: Polym. 

Phys. 2007, 45 (24), 3252-3256. 

3. Agarwal, P.; Kim, S. A.; Archer, L. A., Crowded, confined, and frustrated: dynamics of 

molecules tethered to nanoparticles. Phys. Rev. Lett. 2012, 109 (25), 258301/1-258301/4. 

4. Kim, S. A.; Archer, L. A., Hierarchical Structure in Semicrystalline Polymers Tethered to 

Nanospheres. Macromolecules (Washington, DC, U. S.) 2014, 47 (2), 687-694. 

5. Koerner, H.; Drummy, L. F.; Benicewicz, B.; Li, Y.; Vaia, R. A., Nonisotropic Self-

Organization of Single-Component Hairy Nanoparticle Assemblies. ACS Macro Lett. 2013, 2 

(8), 670-676. 

6. Choudhury, S.; Agrawal, A.; Kim, S. A.; Archer, L. A., Self-Suspended Suspensions of 

Covalently Grafted Hairy Nanoparticles. Langmuir 2015, 31 (10), 3222-3231. 

7. Kim, S. A.; Mangal, R.; Archer, L. A., Relaxation Dynamics of Nanoparticle-Tethered 

Polymer Chains. Macromolecules (Washington, DC, U. S.) 2015, 48 (17), 6280-6293. 

8. Jayaraman, A.; Schweizer, K. S., Effective Interactions and Self-Assembly of Hybrid 

Polymer Grafted Nanoparticles in a Homopolymer Matrix. Macromolecules (Washington, DC, 

U. S.) 2009, 42 (21), 8423-8434. 

9. He, G. L.; Merlitz, H.; Sommer, J. U.; Wu, C. X., Polymer brushes near the 

crystallization density. Eur. Phys. J. E 2007, 24 (4), 325-330. 

10. Milchev, A.; Binder, K., Semiflexible polymers grafted to a solid planar substrate: 

Changing the structure from polymer brush to "polymer bristle". J. Chem. Phys. 2012, 136 (19), 

194901/1-194901/8. 

11. Egorov, S. A.; Hsu, H.-P.; Milchev, A.; Binder, K., Semiflexible polymer brushes and the 

brush-mushroom crossover. Soft Matter 2015, 11 (13), 2604-2616. 

12. Meng, D.; Kumar, S. K.; Grest, G. S.; Mahynski, N. A.; Panagiotopoulos, A. Z., 

Reentrant equilibrium disordering in nanoparticle–polymer mixtures. npj Computational 

Materials 2017, 3 (1), 3. 

13. Hempel, E.; Huth, H.; Beiner, M., Interrelation between side chain crystallization and 

dynamic glass transitions in higher poly(n-alkyl methacrylates). Thermochim. Acta 2003, 403 

(1), 105-114. 

14. Barbey, R.; Lavanant, L.; Paripovic, D.; Schuwer, N.; Sugnaux, C.; Tugulu, S.; Klok, H.-

A., Polymer Brushes via Surface-Initiated Controlled Radical Polymerization: Synthesis, 



 25 

Characterization, Properties, and Applications. Chem. Rev. (Washington, DC, U. S.) 2009, 109 

(11), 5437-5527. 

15. Beija, M.; Marty, J.-D.; Destarac, M., RAFT/MADIX Polymers for the Preparation of 

Polymer/Inorganic Nanohybrids. Prog. Polym. Sci. 2011, 36 (7), 845-886. 

16. Francis, R.; Joy, N.; Aparna, E. P.; Vijayan, R., Polymer Grafted Inorganic 

Nanoparticles, Preparation, Properties, and Applications: A Review. Polym. Rev. (Philadelphia, 

PA, U. S.) 2014, 54 (2), 268-347. 

17. Green, P. F., The Structure of Chain End-Grafted Nanoparticle/Homopolymer 

Nanocomposites. Soft Matter 2011, 7 (18), 7914-7926. 

18. Hui, C. M.; Pietrasik, J.; Schmitt, M.; Mahoney, C.; Choi, J.; Bockstaller, M. R.; 

Matyjaszewski, K., Surface-Initiated Polymerization as an Enabling Tool for Multifunctional 

(Nano-)Engineered Hybrid Materials. Chem. Mater. 2014, 26 (1), 745-762. 

19. Ojha, S.; Dang, A.; Hui, C. M.; Mahoney, C.; Matyjaszewski, K.; Bockstaller, M. R., 

Strategies for the Synthesis of Thermoplastic Polymer Nanocomposite Materials with High 

Inorganic Filling Fraction. Langmuir 2013, 29 (28), 8989-8996. 

20. Pyun, J.; Matyjaszewski, K., Synthesis of Nanocomposite Organic/Inorganic Hybrid 

Materials Using Controlled/"Living" Radical Polymerization. Chem. Mater. 2001, 13 (10), 3436-

3448. 

21. Radhakrishnan, B.; Ranjan, R.; Brittain, W. J., Surface Initiated Polymerizations from 

Silica Nanoparticles. Soft Matter 2006, 2 (5), 386-396. 

22. Wåhlander, M.; Nilsson, F.; Larsson, E.; Tsai, W.-C.; Hillborg, H.; Carlmark, A.; Gedde, 

U. W.; Malmström, E., Polymer-Grafted Al2O3-Nanoparticles for Controlled Dispersion in 

Poly(ethylene-co-butyl acrylate) Nanocomposites. Polymer 2014, 55 (9), 2125-2138. 

23. Cobo Sanchez, C.; Wahlander, M.; Taylor, N.; Fogelstrom, L.; Malmstrom, E., Novel 

Nanocomposite of poly(lauryl methacrylate)-grafted Al2O3 Nanoparticles in LDPE. ACS Appl. 

Mater. Interfaces 2015, 7 (46), 25669-25678. 

24. Ek, S.; Iiskola, E. I.; Niinistö, L., Gas-Phase Deposition of Aminopropylalkoxysilanes on 

Porous Silica. Langmuir 2003, 19 (8), 3461-3471. 

25. Palmai, M.; Nagy, L. N.; Mihaly, J.; Varga, Z.; Tarkanyi, G.; Mizsei, R.; Szigyarto, I. C.; 

Kiss, T.; Kremmer, T.; Bota, A., Preparation, Purification, and Characterization of Aminopropyl-

Functionalized Silica Sol. J Colloid Interface Sci 2013, 390 (1), 34-40. 

 



Supporting information 

Matrix-Free Nanocomposites based on Poly(lauryl 

methacrylate)-grafted Nanoparticles: effect of 

Graft Length and Grafting Density 

 

 

Carmen Cobo Sánchez, Eva Malmström* 

KTH Royal Institute of Technology, School of Engineering sciences in Chemistry, 

Biotechnology and Health, Department of Fibre and Polymer Technology, SE–100 44 

Stockholm, Sweden 

*Email: mavem@kth.se. Tel: +46 8 790 72 25 

 

 

 

 

 

 

 

 

 



 

 

 

Figure S1. Equation for grafting density (ρ). 

 

 

Figure S2. FT-IR spectra of NP-PLMA-L before (dashed) and after controlled cooling from 

200 ºC at 2 ºC/min 

 

 



 

Figure S3. DSC thermograms during the second heating for the NP-PLMA systems 

 

 

Figure S4. DSC thermograms during the cooling for the NP-PLMA systems. 

 



 

Figure S5. DSC thermograms during the second heating for the Si-PLMA systems 

 

 

Figure S6. DSC thermograms during the cooling for the Si-PLMA systems 



 

Figure S7. TEM micrographs of Si-PLMA-H-23, and Si-PLMA-H-59 (scale bar 100 nm) 

 

 

Figure S8. Optical microscope images observed through a cross-polarizing filter, left to right, 

of NP-PLMA-L-16 and NP-PLMA-L-26 (up), and NP-PLMA-H-13 and NP-PLMA-H-24 

(down) (scale bar 1 mm). 
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