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Abstract Heterografted amphiphilic molecular brushes are highly grafted macromolecules with 

both hydrophilic and hydrophobic side chains attached to the backbone. These macromolecules 

display a unique combination of properties and can self-assemble in solution to form stable 

structures at very low concentration. Herein, we report a straightforward and robust 

methodology to access such macromolecules from precursors carrying xanthate side groups. 

Iterative aminolysis of a fraction of the xanthates and telomerization from the resulting thiols 

allow preparing heterografted molecular brushes with adjustable backbone dimensions, 

compositions, and grafting densities, which is exemplified with polymethacrylate hydrophobic 

grafts and poly(methacrylic acid), poly(acrylic acid) and poly(N-isopropylacrylamide) 

hydrophilic grafts. Yet, the molecular brushes display relatively high dispersities, which makes 

this approach not suited to synthesize well-defined heterografted molecular brushes. 

Nonetheless, the heterografted molecular brushes self-assemble in aqueous solution to form 

stable core-shell micelles, as observed by dynamic light scattering, with radii of gyration 

ranging from 30 to more than 100 nm, and critical micellar concentrations as low as 0.3 mg/mL. 
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1. Introduction 

Molecular brushes are polymers constituted of a linear backbone with densely grafted shorter 

side chains.[1-5] This structural feature endows these macromolecular objects with unique 

properties, leading to novel applications in fields as different as elastomers and super-soft 

elastomers,[6-8] molecular probes and sensors,[9, 10] lubricants,[11] coatings,[12] 

photoresists[13] and imaging.[14] Among the different structures of molecular brushes 

accessible, brushes with side chains of different natures are of specific interest.[15, 16] In 

particular, heterografted brushes that combine hydrophobic and hydrophilic side chains exhibit 

very interesting self-assembling properties in aqueous solution.[17-24] In comparison with low 

molecular weight surfactants and amphiphilic block copolymers, amphiphilic brushes form 

more stable micelles and display lower critic micellar concentrations (CMC),[20, 21] very 

appealing characteristics to design drug delivery systems for example.[25, 26]  

The synthesis of amphiphilic molecular brushes with hydrophobic and hydrophilic side 

chains randomly distributed along the backbone can be achieved via the grafting-from,[17, 20, 

24, 27] the grafting-through,[22, 28-33] and the grafting-onto methods.[34-36] A combination 

of these methods can also be used.[12, 19, 23, 37-39] These approaches allow preparing well-

defined heterografted brushes with good control over the grafting density, as well as the 

composition, molar mass, and dispersity of the backbones and side chains. The grafting-from 

approach typically relies on living/controlled polymerization techniques, such as reversible 

deactivation radical polymerization (RDRP) and ring opening polymerization. It often implies 

successive steps of deprotection, functionalization and polymerization after the growth of the 

first type of side chains. The synthetic route to heterografted amphiphilic brushes may be 
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simplified when grafting-through or grafting-onto methods are employed, or when they are 

combined with the grafting-from approach. However, the grafting-through and the grafting-

onto methods require the preparation of functional oligomers, which need to be quantitatively 

functionalized to obtain macromonomers and monofunctional oligomers, respectively. In 

addition, these macromonomers and functional oligomers are typically short grafts, limiting the 

range of architectures accessible with these two methods. The development of simple, 

straightforward and robust synthetic methodologies to prepare heterografted amphiphilic 

brushes remains a challenge to be addressed. 

Grafting from and transfer to thiols were recently combined to prepare molecular brushes 

with poly(meth)acrylate and polyamide side chains, by telomerization from backbones carrying 

thiol side groups.[40] This very simple methodology allows preparing brushes with good 

control over the backbone size and grafting density, but with high dispersities of the grafts. 

Herein, we assess the possibility of extending this methodology to the synthesis of amphiphilic 

heterografted molecular brushes, through successive telomerizations of the side chains. A series 

of brushes with polymethacrylate hydrophobic side chains and poly((meth)acrylic acid) or 

polyacrylamide hydrophilic side chains could be prepared. The grafting densities of the brushes 

was kept constant, while the impact of the composition and side chain length on the self-

assembly of the amphiphilic brushes in aqueous solution was investigated. Starting from a 

single polyxanthate precursor, molecular brushes with molar masses ranging between 

480 kg/mol and 935 kg/mol, and with average degrees of polymerization (DPs) of the side 

chains comprised between 45 and 185 were prepared. These objects self-assembled in water to 

produce stable core-shell micelles, with CMCs as low as 0.3 mg/L. 
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2. Experimental section 

2.1. Materials 

Unless otherwise noted, reagents and solvents were commercially available and used without 

further purification. Butyl methacrylate (BMA, 99%), methyl methacrylate (MMA, 99%), 

benzyl methacrylate (BenzMA, 98%), tert-butyl acrylate (tBA, 99%) and tert-butyl 

methacrylate (tBMA, 99%) were purified by passing through a column filled with basic alumina 

to remove inhibitors or antioxidants. Azobisisobutyronitrile (AIBN) was recrystallized from 

methanol and N-isopropylacrylamide (NIPAM) was recrystallized twice from hexanes. 

2.2. Methods 

Nuclear magnetic resonance (NMR) spectroscopy. 1H spectra were recorded at 297 K on 

a Bruker AVANCE 400 spectrometer at 400 MHz, and referenced to the residual solvent peak 

(1H, δ 7.26 for CDCl3). Monomer conversions were determined by 1H NMR. 

Size exclusion chromatography (SEC). SEC analyses were performed on a Viscotek 

GPCmax/VE2001 connected to a quadruple detection array (Viscotek TDA 305; refractometer, 

viscosimeter, static light scattering and UV detection at 250 nm) using three thermostated 

columns (LT5000L) in THF as eluent at 35 °C and at a flow rate of 1 mL.min-1. Molar masses 

(Mn and Mw) and dispersities (Ð) of isolated brushes were obtained by triple detection. The 

apparent molar masses and dispersities of non-isolated polymers were determined with a 

calibration based on linear poly(methyl methacrylate) (PMMA) standards. 

Fourier-transform infrared (FTIR) spectroscopy. FTIR spectroscopy was conducted on a 

Tensor 37 spectrometer from Bruker. Polymers, before and after tert-butyl ester hydrolysis, 

were dissolved in dioxane, spread on a diamond and analyzed at 120°C to remove the dioxane 

and obtain a film of polymer. 

CMC determination. CMC measurements were performed using a fluorescence 

spectrometer Jasco FP-8200. Pyrene was used as a fluorescence probe to determine the CMC 
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value of amphiphilic brush copolymers. In a typical experiment, a solution of pyrene (1.2 × 10-

4 M) in acetone was prepared in advance. Micellar solutions of polymer brushes (1 g.L-1) were 

diluted to a series of concentrations ranging from 1 × 10-5 to 1 × 10-2 g.L-1with deionized water. 

100 µL of the pyrene solution was added to different vials and the acetone was allowed to 

evaporate at room temperature under a fume hood. Then, polymer solutions at various 

concentrations were added to the different vials to reach a pyrene concentration of 6 × 10-7 M. 

The pyrene/copolymer solutions were equilibrated at room temperature in the dark for 24 h 

before measurements. Analyses were performed from 310 to 350 nm using an excitation 

wavelength of 373 nm. 

Dynamic light scattering (DLS). DLS measurements were performed on a ALV/CGS230-

3 Compact Goniometer System with a He-Ne laser (λ = 632.8 nm). 3 mL of diluted solutions 

were introduced in glass cuvettes and analyzed from 30° to 150°. 

Transmission electron microscopy (TEM). TEM observations were performed with a CEM 

902 Zeiss microscope operated under a voltage acceleration of 80 kV. The samples were 

prepared by placing a drop of micellar solution on copper grids coated with thin film of carbon. 

After complete evaporation of water, the sample was stained with ruthenium tetroxide. 

2.3. Synthesis 

The synthesis of xanthate ethyl methacrylate (XEMA), 4-(2-acryloxyethoxy)benzaldehyde 

(4-AEBA) and polyxanthate brush precursors were carried out according to literature 

procedures.[40, 41] 

General procedure for the synthesis of heterografted brushes by telomerization. The 

heterografted brushes were synthesized via a two-step process.  

Step 1. In a typical experiment, the polyxanthate precursor and toluene (same volume as the 

volume of monomer used in the subsequent telomerization) were charged in a Schlenk flask 

placed under nitrogen atmosphere. Butylamine (0.6 eq. with respect to xanthate functions) was 
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added and the reaction mixture was stirred at room temperature for 24 h. Deoxygenated MMA 

(60 eq. with respect to thiol groups) and a 100 μL solution of AIBN (0.01 eq. with respect to 

thiol groups) in anisole were added to the reaction mixture. Then, the flask was placed in an oil 

bath thermostated at 65 °C for 24 h. Samples were withdrawn periodically under N2 atmosphere 

for monomer conversion and molar mass determination. The reaction was stopped by placing 

the flask in an ice-water bath, and the polymer was isolated by successive precipitations into 

methanol. 

Step 2: one-pot process. In a typical experiment, a brush polymer obtained according to step 

1 and toluene (1 to 2.5 times the volume of monomer used in the subsequent telomerization) 

were charged in a Schlenk flask placed under nitrogen atmosphere. Butylamine (2.5 eq. with 

respect to the remaining xanthate functions) was added and the reaction mixture was stirred at 

room temperature for 24 h. Deoxygenated tBMA (60 eq. with respect to thiol groups) and a 

100 μL solution of AIBN (0.01 eq. with respect to thiol groups) in anisole were added to the 

reaction mixture, and the flask was then placed in an oil bath thermostated at 65 °C for 24 hours. 

Samples were withdrawn periodically under N2 atmosphere for monomer conversion and molar 

mass determination. The reaction was stopped by placing the flask in an ice-water bath, and the 

polymer was isolated by successive precipitations into methanol. 

Step 2: two-pot process. In a typical experiment, a brush polymer obtained according to step 

1 and DMF (30 wt% solution) were charged in a Schlenk flask placed under nitrogen 

atmosphere. Butylamine (2.5 eq. with respect to the remaining xanthate functions) was added 

and the reaction mixture was stirred at room temperature for 24 h. The polymer was isolated by 

successive precipitations into dry diethyl ether and dried under vacuum. The resulting polymer 

was then dissolved in toluene (volume identical to the volume of tert-butyl acrylate; DMF was 

used instead of toluene for the telomerization of NIPAM), deoxygenated tert-butyl acrylate 

(115 eq. with respect to thiol groups) and a 100 μL solution of AIBN (0.01 eq. with respect to 
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thiol groups) in anisole were added. The flask was then placed in an oil bath thermostated at 

65 °C for 3.5 hours. The reaction was stopped by placing the flask in an ice-water bath, and the 

polymer was isolated by successive precipitations into methanol. 

General procedure for the hydrolysis of the tert-butyl ester functions of PtBMa and PtBA. 

This procedure is adapted from literature.[42] The heterografted brush copolymer containing 

PtBMA or PtBA grafts is dissolved in dioxane (10 wt% in solution) and concentrated HCl is 

added. The mixture is refluxed for 4.5 h and the polymer is precipitated into diethyl ether and 

dried under vacuum at 50°C.  

Preparation of micellar solutions. The amphiphilic brush is dissolved in DMF at a 

concentration of 1 wt%. Deionized water is added under vigorous stirring with a flow rate of 

0.7 mL/min until reaching a concentration of 1g/L. Then, the dispersion is stirred for 2 h at 

room temperature. DMF is then removed by dialysis (MW cutoff, 7.0 kDa) against deionized 

water for 24 h. Deionized water is regularly replaced with fresh deionized water. The obtained 

dispersion displays a bluish tinge characteristic of colloidal aggregates. No macroscopic phase 

separation is observed upon standing at room temperature for several weeks, suggesting the 

formation of stable aggregates. 

Thiol titration of heterografted polymer brushes. This protocol is adapted from 

literature.[40] Thiol titration after the first step of the heterografted brush synthesis: 0.5g of the 

isolated brush carrying hydrophobic side chains is used for thiol titration. Since the remaining 

xanthate functions have strong UV absorbance, the first step consists in the deprotection of the 

remaining xanthate moieties. To this aim, the polymer is dissolved in THF and 2.5 equivalents 

of butylamine with respect to the xanthate functions are added. The mixture is stirred for 24h 

at room temperature and the polymer is recovered by successive precipitations into dry diethyl 

ether. The polymer is dissolved in THF. Then, 5 equivalents of 4-AEBA with respect to the 

initial concentration of xanthate side groups, two drops of tributylphosphine and one drop of 



 8 

water are added. The mixture is stirred at room temperature for 3 days. The polymer is then 

recovered by successive precipitations into methanol, dried under vacuum and dissolved in THF 

for UV analysis.  

Thiol titration after the second step of the heterografted brush synthesis: 0.5g of the isolated 

polymer is used for thiol titration. The polymer is dissolved in THF and 5 equivalents of 4-

AEBA with respect to the initial concentration of xanthate side groups, two drops of 

tributylphosphine and one drop of water are added. The mixture is stirred at room temperature 

for 3 days. The polymer is then recovered by successive precipitations into methanol, dried 

under vacuum and dissolved in THF for UV analysis. 

3. Results and Discussion 

3.1. Synthesis, characterization and self-assembly of a poly(PMMA-stat-PMAA) 

heterografted brush 

3.1.1. Synthesis and characterization of a poly(PMMA-stat-PMAA) heterografted brush 

It has been reported recently that polymers with pendant thiols can be used to access 

molecular brushes with poly(meth)acrylate and polyamide side chains.[40] With this 

methodology, the side chains grow sequentially via telomerization over very short periods of 

time, in sharp contrast to molecular brushes prepared using RDRP techniques, for which the 

side chains grow continuously and uniformly during the entire course of the polymerization 

(Scheme S1). As a consequence, the synthesis of molecular brushes by telomerization provides 

poor control over side chains dispersity.  
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Scheme 1. Synthesis of a poly(MMA-stat-MAA) heterografted polymer brush, P0: (i) AIBN, 

cumyl dithiobenzoate; (ii) butylamine; (iii) MMA, AIBN; iv) butylamine; (v) tBMA, AIBN; 

(vi) hydrochloric acid. 

Alkyl xanthates are efficient thiol protecting groups. They can be used to prepare polymers 

with thiol side groups through radical (co)polymerization of (meth)acrylate monomers carrying 

a xanthate moiety and subsequent aminolysis of the xanthate functions with primary alkyl 

amines.[41, 43] Interestingly, the quantitative aminolysis of xanthates can be performed at room 

temperature in various solvents, without the need to use a large excess of primary amines.[44, 

45] Furthermore, the O-thiocarbamate by-product released during the xanthate aminolysis does 

not interfere with the telomerization of methacrylates, allowing to conduct thiol deprotection 

and subsequent telomerization from the resulting polythiol in a single-pot.[40] These attributes 

could offer the possibility to prepare heterografted molecular brushes with side chains randomly 

distributed along the brush backbones via iterative sequences of xanthate deprotection and 

telomerization (Scheme 1). 

To test this possibility, a protected polythiol with a Mn of 25 kg/mol (DP of ca. 130) and 

30 mol% of XEMA repeating units was prepared by reversible addition-fragmentation chain 

transfer (RAFT) copolymerization of XEMA and BenzMA. The growth of the brush side chains 

was then performed in two steps. In the first step, approximately half of the xanthates were 

turned into thiols by aminolysis with butylamine (Scheme 1). The deprotection was monitored 

by 1H NMR, using the benzylic protons of BenzMA as a standard (Figure S1). NMR analysis 

indicated that 46% of the pendant xanthates were aminolyzed into thiols. Without polymer 
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isolation, PMMA side chains were grown via transfer to the pendant thiols. To do so, 60 

equivalents of MMA and 1 mol% of AIBN with respect to the thiol moieties were added and 

the mixture was heated at 65°C for 24 h. The final MMA conversion was 68 % according to 1H 

NMR analysis. The SEC traces of the brush copolymer shifted toward lower elution volume 

(higher molecular weight) with monomer conversion and the signal associated to the backbone 

decreased rapidly with monomer conversion (Figure 1). In the second step, the remaining 

xanthate protecting groups were removed quantitatively by aminolysis, using 2.5 eq. of 

butylamine with respect to the xanthates, and PtBMA side chains were grown by telomerization 

using a ratio [Monomer]0/[SH]0/[AIBN]0 similar to the step 1, i.e. [tBMA]0/[SH]0/[AIBN]0 = 

60/1/0.01. The final conversion of tBMA was lower (ca. 30%) than that of MMA at the end of 

the first step. This result is consistent with the lower concentration of tBMA (30 vol%) used in 

the second telomerization, as compared to a concentration of MMA (50 vol%) used in the first 

step. Indeed, a larger volume of toluene had to be employed to completely dissolve the brush 

carrying PMMA side chains. The SEC traces of the molecular brush shifted toward lower 

elution volume with the progress of the polymerization, indicating that side chains grew 

continuously from the backbone in the second step (Figure 1). The brush copolymer 

poly(PMMA-stat-PtBMA) was isolated by precipitation into methanol and subsequently 

analyzed by SEC triple detection in THF, to determine its absolute number average molar mass 

(Mn = 151 kg/mol) and dispersity (Đ = 1.8). The isolated brush copolymer was also 

characterized by 1H NMR (Figure S2), which confirmed the presence of both PMMA and 

PtBMA side chains. Based on the final MMA and tBMA conversions measured at the end of 

each telomerizations, the ratio BenzMA/MMA/tBMA in the final poly(PMMA-stat-PtBMA) 

brush should be 1/8.16/4.1. The 1H NMR characterization of the isolated heterografted brush 

copolymer gave a ratio BenzMA/MMA/tBMA of 1/9.07/2.66. Therefore, the ratio 

BenzMA/MMA measured by 1H NMR (1/9.07) matched well the theoretical ratio calculated 
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from monomer conversion (1/8.16), while the SEC traces did no show the presence of free 

oligomers during the growth of the PMMA side chains (Figure 1). The slightly higher 

BenzMA/MMA ratio in the isolated brush (+11 %), as compared to the theoretical one, likely 

results from a combination of inaccuracies in weighing and margin of errors of NMR 

measurements. In sharp contrast, the ratio BenzMA/tBMA measured by 1H NMR analysis of 

the isolated poly(PMMA-stat-PtBMA) brush was significantly lower (-35.3 %) than the 

theoretical ratio calculated from monomer conversion. This discrepancy indicates that free 

oligomers were formed during the growth of the PtBMA side chains. This hypothesis is 

consistent with the tail towards low molar masses observed on the SEC traces of the molecular 

brushes during the growth of the PtBMA side chains (Figure 1). The formation of free PtBMA 

chains during the second step of the brush synthesis is likely the consequence of the high 

dilution that had to be employed for the telomerization of the PtBMA side chains. 

 

Figure 1. Evolution of SEC traces during the synthesis of the PMMA and PtBMA side chains 

of the poly(PMMA-stat-PtBMA) heterografted brush used as a precursor of the amphiphilic 

poly(PMMA-stat-PMAA) brush copolymer P0. 
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The poly(PMMA-stat-PtBMA) heterografted molecular brush was subsequently turned into 

an amphiphilic brush with PMAA hydrophilic side chains, by acidic hydrolysis of the tert-butyl 

ester functions of the tBMA repeating units. Based on the integration of the characteristic peak 

of the tert-butyl group in 1H NMR, more than 93% of the tert-butyl esters were hydrolyzed 

(Figure S3). FTIR spectroscopy was also used to confirm the hydrolysis. A broad band between 

2500 to 3500 cm-1, characteristic of the stretching vibration of bonded OH functions of 

carboxylic acids, was clearly visible (Figure S3). In addition, the carbonyl stretching vibration 

at 1700 cm-1 slightly shifted to lower wavelength number after hydrolysis of the t-butyl ester 

moieties, which is consistent with the transformation of a fraction of the ester groups of the 

methacrylate repeating units into carboxylic acids. DSC characterization of the brush 

copolymers before and after hydrolysis of the tert-butyl ester moieties further confirmed the 

composition of the copolymer. While the poly(PMMA-stat-PtBMA) brush showed only one Tg 

at 113 °C (Figure S4), the poly(PMMA-stat-PMAA) heterografted brush P0 displayed two Tgs, 

(113 and 213 °C), corresponding to Tg of PMMA and PMAA side chains, respectively. These 

results further confirm the efficient hydrolysis of PtBMA. 

3.1.2. Self-assembly of the poly(PMMA-stat-PMAA) heterografted brush P0 

The amphiphilic poly(PMMA-stat-PMAA) molecular brush P0 could not be directly 

dissolved in pure water and a co-solvent was used to induce self-assembly of the molecular 

brushes in water. The brushes were dissolved in DMF (1 wt%) and water was added dropwise 

under vigorous stirring to reach a concentration of 1 g/L. A transparent solution was thus 

obtained (Figure S5), with a pH around 4.5. This co-solvent method was also applied to 

poly(MMA-stat-tBMA) brush copolymer, i.e. before the hydrolysis step. Precipitation of the 

polymer was systematically observed immediately after the introduction of few drops of water 

(Figure S5). The solution of poly(MMA-stat-MAA) was then dialyzed to remove the DMF and 

aqueous solutions at various concentrations were prepared. 
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Figure 2. DLS measurements. A) Determination of the radius of gyration of the poly(PMMA-

stat-PMAA), P0, heterografted brush in DMF (1g/L) by plotting log(I) vs. q²; B) Plot of the 

hydrodynamic radius of the poly(PMMA-stat-PMAA), P0, heterografted brush in water (1g/L) 

as a function of the scattering angle. 

DLS measurements were first performed in DMF, a good solvent of the poly(PMMA-stat-

PMAA) heterografted brush, P0. A hydrodynamic radius, Rh, of 15 nm was determined, while 

a radius of gyration, Rg, of 18 nm was extracted from the plot of log (I) as a function of q² 

(where I the intensity of the scattered light and q the wave vector) using Guinier approximation 

(Figure 2). The ratio ρ, defined as Rg/Rh, was equal to 1.2, which is significantly smaller than 

the standard ratio ρ of a polymer random coil in a good solvent (1.505), but agrees well with 

the branched structure of the molecular brush P0. DLS was then performed at different angles 

(from 30 to 150°) on aqueous solutions of P0. The measured Rh in water was about 33 nm and 

was independent of both the measurement angles (Figure 2) and the polymer concentration 

(Table S1). This observation is consistent with the formation of micelles resulting from the 

self-assembly of the amphiphilic poly(PMMA-stat-PMAA) brush copolymer to minimize the 

interactions between water and the hydrophobic PMMA side chains. For a polymer 

concentration of 0.1 mg/L, no signal was recorded by DLS, which can be attributed to a loss of 

the self-assembly or to a concentration lower than the detection limit. For homogeneous sphere, 
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ρ is equal to 0.775. This ratio was significantly lower in our case, with a value of ca. 0.58 (Table 

S1). This result is again consistent with the formation of micelles displaying a core-shell 

structure,[46] with an hydrophobic core made of PMMA side chains and a hydrophilic corona 

composed of hydrated PMAA side chains. 

TEM was performed to further confirm the presence of micelles resulting from the self-

assembly in water of the poly(PMMA-stat-PMAA) heterografted brush, P0 (Figure 3). The 

aggregates were quite spherical, with diameters ranging from 80 to 100 nm. This value is higher 

than the one determined by DLS (Dh = 66 nm), which probably reflects the flattening of micelles 

upon drying. 

A fluorescence technique, using pyrene as a probe, was employed to determine CMC of the 

poly(PMMA-stat-PMAA) heterografted brush P0 in aqueous solution. Figure 3 shows the 

dependence of the fluorescence intensity ratio (I336.5/I333) of pyrene as a function of the 

concentration of the poly(PMMA-stat-PMAA) brush. A CMC of 0.3 mg/L was determined with 

this technique. This value is in good agreement with the DLS measurements, which gave a 

CMC between 1 and 0.1 mg/L. 

 
Figure 3. A) TEM image of an aqueous solution (1g/L) of poly(PMMA-stat-PMAA) brush P0 

dried at RT and stained with ruthenium tetraoxide. (b) Fluorescence intensity ratio I336.5/I333 (λex 

= 373 nm) of pyrene as a function of the concentration of poly(PMMA-stat-PMAA) brush P0 

in aqueous solution. 
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3.2. Modulation of the structural parameters of the heterografted brushes and study of 

their self-assembly in water 

The synthesis of molecular brushes by telomerization from a polythiol macrotransfer agent is 

not only a simple and robust approach, it constitutes a versatile methodology with regards to 

the structure and composition of the molecular brushes that can be prepared. Indeed, varying 

the amount of xanthates deprotected and the monomer to pendant thiols ratio during the 

successive telomerizations allow tuning the lengths of the side chains and the ratio of 

hydrophobic and hydrophilic grafts (Scheme 2).  

 

Scheme 2. Schematic representation of amphiphilic heterografted brushes prepared from a 

single polyxanthate precursor, displaying varying lengths of the side chains (P1 to P4) and 

ratios of hydrophobic and hydrophilic grafts (P5 and P6). 

This versatility was exemplified by preparing a set of amphiphilic molecular brushes from a 

single polyxanthate precursor (Mn of 41.7 kg/mol, DP of ca. 215 and Đ of 1.2) containing 70 

mol% of BenzMA and 30 mol% of XEMA. Heterografted brushes with similar numbers of 

hydrophobic and hydrophilic side chains of varying lengths were prepared (Scheme 2, P1 to 
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P4). In addition, heterografted brushes with different fractions of hydrophobic and hydrophilic 

grafts were also targeted (Scheme 2, P5 and P6). For this set of amphiphilic brushes, the 

hydrophobic PMMA segment was replaced by PBMA. Whereas the Tg of PMMA is superior 

to 100°C, the Tg of PBMA is significantly lower, and around RT. Therefore, PBMA is more 

readily solubilized at RT. As a consequence, less solvent was required to conduct the 

polymerization of the second type of side chains, which allowed reaching higher monomer 

conversions. The ratio of hydrophobic (PBMA) to hydrophilic (PMAA) side chains, and their 

respective DP, are important parameters that directly impact the size of the micelles formed by 

the self-assembly of amphiphilic brushes. The heterografted brushes were synthesized 

following the procedure described for the synthesis of the poly(PMMA-stat-PMAA) brush P0, 

simply replacing MMA by BMA for the polymerization of the hydrophobic side chains and 

decreasing the amount of solvent used in the second telomerization. Under these conditions, the 

final monomer conversion at the end of the different telomerizations was systematically 

between 60 and 70 %. The different poly(PBMA-stat-PtBMA) heterografted brushes were 

isolated at the end of the synthesis by precipitation into methanol. Molecular brushes free of 

linear contaminant were systematically obtained this way (Figure S6 for a representative 

example). The heterografted brushes were then transformed into amphiphilic brushes by acidic 

hydrolysis of the tert-butyl ester functions of the PtBMA side chains. Micellar solutions in 

water were prepared for every amphiphilic molecular brushes using the co-solvent method. The 

aqueous solutions of polymer were then analyzed by DLS to determine the Rh of the micelles 

resulting from the self-assembly of the heterografted brushes (Table 1).  
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Table 1. Molecular characteristics of the heterografted brushes and Rh of the micelles formed 

by self-assembly in watera 

Brush 

Theoretical 

number of PBMA 

side chains per 

brushb 

Theoretical 

number of PMAA 

side chains per 

brushb 

DP of the 

PBMA side 

chainsc 

DP of the 

PMAA side 

chainsc 

Mn, th
c 

(kg/mol) 

Mn, exp
d 

(kg/mol) 
Đd 

Rh
e 

(nm) 

P1 32 32 105 56 771 481 1.9 114 

P2 32 32 67 106 825 509 2.0 69 

P3 34 30 49 43 458 493 1.9 38 

P4 34 30 187 52 1170 935 1.8 - 

P5 49 15 81 85 784 532 1.8 129 

P6 15 49 71 70 677 720 1.7 38 

P7f 32 32 66 105 769 740 1.9 31 

a prepared from a single polyxanthate precursor: Mn = 41.7 kg/mol, Ð = 1.2; DP = 214, 30 mol% of XEMA, 70 

mol% of BenzMA; b determined by 1H NMR, assuming quantitative initiation from the deprotected thiols during 

the telomerization step; c based on monomer conversion (determined by 1H NMR) and assuming a quantitative 

initiation from the deprotected thiols during the telomerization steps; d determined by SEC triple detection in THF 

before tBMA or tBA hydrolysis; e determined by DLS on aqueous solutions at 1g/L; f PAA hydrophilic side chains 

instead of PMAA. 

 

3.2.1. Effect of side chains length on the self-assembly of heterografted brushes  

The influence of the length of the side chains was examined, keeping approximately 32 

hydrophobic and 32 hydrophilic side chains per brush (P1 to P4, Scheme 2 and Table 1). 

Amphiphilic copolymers with similar molar masses, ca. 500 kg/mol, but different lengths of 

the hydrophilic and hydrophobic side chains were compared (P1 and P2, Scheme 2 and Table 

1). The brush P1 presents long hydrophobic side chains and shorter hydrophilic grafts, while 

P2 has long hydrophilic grafts and shorter hydrophobic side chains. The micelles formed by the 

self-assembly of these two molecular brushes displayed significantly different Rh, as 

determined by DLS of aqueous solutions containing 1 g/L of the respective brush. 

Hydrodynamic radii of 114 and 69 nm were found for the micelles resulting from the self-

assembly of P1 and P2, respectively. This significant difference of Rh is perfectly consistent 

with core-shell micelles with a hydrophobic core, for which the self-assembly is driven by 
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hydrophobic interactions between the PBMA grafts. This was further confirmed by comparing 

heterografted brushes with similar lengths of the hydrophilic side chains (DP of ca. 50) but 

increasing lengths of the hydrophobic side chains (P3, P1 and P4, Scheme 2 and Table 1). To 

verify that the targeted brushes displayed the desired structures, the side chain initiation 

efficiency was determined for the heterografted molecular brush P3. To this aim, the amount 

of unreacted pendant thiols remaining at the end of each telomerization steps was quantified by 

UV-Vis measurements. It was found that the brush P3 carried 31 PBMA and 26 PtBMA grafts 

in average, which corresponds to 91 and 87.3 %, respectively, of the number of PBMA and 

PtBMA side chains that should have been formed with a quantitative initiation efficiency from 

the thiol groups. 

Aqueous solutions containing 1 g/L of the poly(PBMA-stat-PMAA) heterografted brushes 

P3, P1 and P4 were then prepared. The solutions containing the amphiphilic brushes P3 and 

P1 were fully transparent, while the micellar solution containing P4 was opaque and difficult 

to filter before DLS analysis. For polymer P4, the PMAA hydrophilic grafts are not long 

enough, and/or in sufficient quantity, to stabilize the hydrophobic core constituted of long 

hydrophobic PtBMA segments.[26] As a consequence, large instable aggregates were formed. 

DLS measurements confirmed that the increase of the hydrophobic segments induces an 

increase of the Rh of the core-shell micelles, going from 38 to 114 nm for micelles obtained 

from P3 and P1, respectively (Table 1). This behavior is consistent with observations reported 

in the literature for amphiphilic random[47-49] and block[50] copolymers, as well as 

amphiphilic brushes.[23] 

3.2.2. Effect of the hydrophilic−hydrophobic balance on the self-assembly of 

heterografted brushes  

The synthesis of heterografted molecular brushes by telomerization also offers the possibility 

to vary the ratio of hydrophobic and hydrophilic side chains starting from a single polyxanthate 
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precursor. P5 and P6 brush copolymers both contains PBMA and PMAA grafts with DPs of 

approximately 70-80 (Table 1). P5 contains 49 PBMA and 15 PMAA side chains in average, 

while P6 contains 15 PBMA and 49 PMAA grafts in average. Micellization of P6 in water 

using the co-solvent method gave fully transparent solutions, while P5 gave opaque solutions. 

Similarly to what was observed with P4, the low content of hydrophilic stabilizing repeating 

units (low number of hydrophilic grafts in the case of P5, and low DP of the hydrophilic side 

chains as compared to the hydrophobic side chains in the case of P4) leads to the exposure of 

the hydrophobic domains to water and micelle destabilization is observed.[26] Micelles 

resulting from the self-assembly of P6 displayed a rather low Rh of 38 nm. On the other hand, 

a Rh of 129 nm was found for aggregates resulting from the self-assembly of P5, for which the 

hydrophobic content is too high to get stable micelles. Interestingly, the increase of the 

dimension of the micelles with the content of the hydrophobic grafts observed for the self-

assembly of the amphiphilic brushes follows a similar trend to that reported by Terashima et al. 

for well-defined amphiphilic random copolymers prepared by reversible deactivation radical 

polymerization.[47] 

The surfactant properties of the heterografted brushes depend on the ratio between 

hydrophilic and hydrophobic repeating units present in the grafts and backbone.[37, 51] Indeed, 

the amphiphilic heterografted brushes self-assemble in aqueous solutions to form micelles, with 

the hydrophobic side chains hidden in the core to minimize interfacial free energy between the 

hydrophobic segments and water. Therefore, the CMC in water of such brushes should decrease 

with the increase of the hydrophobic character of the brush.[26, 52] The CMC of the brush P6, 

whose side chains contain approximately three times more hydrophilic MAA than hydrophobic 

BMA repeating units, and of the brush P3, which contains approximately as many hydrophobic 

and hydrophilic monomer units in its side chains, were compared to the CMC of the brush P0, 

whose grafts contain approximately three times more hydrophobic repeating units than 
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hydrophilic MAA motifs. Decreasing CMC values of 2.1, 0.63 and 0.3 mg/L were found for 

water solutions of P6, P3 and P0, respectively, thereby confirming the correlation between the 

CMC and the hydrophilic−hydrophobic balance (Figure S7). It should be pointed out that the 

amphiphilic brush containing the higher hydrophobic character, P0, presents a low CMC as 

compared to heterografted brushes of similar dimensions recently reported in the literature,[23, 

24, 37] which is a highly desirable feature for many applications.[2, 53] 

3.2.3. Effect of the pH on the self-assembly of the poly(PMMA-stat-PMAA) 

heterografted brush P6 

Interestingly, the amphiphilic brush copolymers contain ionizable hydrophilic PMAA grafts, 

whose charge content is pH-dependent. DLS measurements on aqueous solutions (1 g/L) of the 

amphiphilic brush P6 (15 PBMA and 49 PMAA side chains, both with a DP of ca. 70) were 

performed at different pHs to determine the size of the micelles (Figure 4). An increase of the 

size of the micelles with pH was observed, with a Rh increasing from 25 nm at pH 2, to 80 nm 

at high pH 10. The increase of the Rh with the pH was not linear, with a much more pronounced 

variation of the Rh nearby the pKa of the carboxylic acid function. This behavior reflects the 

deprotonation of the MAA as pH increases, and the swelling of the hydrophilic corona. This 

phenomenon was reversible and shrinking of the micelles was observed with lowering of the 

pH. 
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Figure 4. DLS measurements, as a function of pH, of the hydrodynamic radius of micelles 

formed by the self-assembly of the poly(PBMA-stat-PMAA) brush P6 in aqueous solutions 

(1 g/L). 

 

3.2.4. Amphiphilic brushes with PAA and PNIPAM hydrophilic side chains 

To further exemplify the versatility of the developed approach, an heterografted brush with 

PBMA and poly(acrylic acid) side chains, P7, was also synthesized from the same polyxanthate 

precursor (Table 1). To this aim, half of the thiol moieties of the polyxanthate brush precursor 

were deprotected by aminolysis, followed by PBMA grafts growth, using a ratio 

[BMA]/[SH]/[AIBN] of 75/1/0.01. The resulting brush was isolated by precipitation into 

methanol, and the synthesis of the poly(tert-butyl acrylate) (PtBA) grafts was achieved via a 

two-step process, i.e. with polymer isolation after thiol deprotection. This isolation step was 

necessary to avoid Michael addition of the thiols onto tert-butyl acrylate, which is catalyzed by 

the primary amine used to aminolyze the xanthate function.[40, 41, 43] The polymerization of 

tBA was performed at 65 °C in toluene, using a ratio [tBA]/[SH]/[AIBN] of 115/1/0.01. The 

polymerization of tBA was conducted to high conversion, without detecting free linear chains 

nor intermolecular coupling of the brush copolymers by SEC (Figure 5). The characterization 
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of the isolated heterografted brush copolymer by SEC triple detection gave a Mn of 740 kg/mol 

and Ð of 1.9, in very good agreement the theoretical Mn of 770 kg/mol. The PtBA side chains 

were then hydrolyzed, and the micelles formed through the self-assembly of the resulting 

amphiphilic brush copolymer P7 in aqueous solution were characterized by DLS. A Rh of 31 

nm was found for these core-shell micelles. 

 

Figure 5. Top: Evolution of SEC traces during the telomerization of the PtBA grafts of the 

poly(PBMA-stat-PtBA) heterografted brush used as a precursor of the amphiphilic 

poly(PBMA-stat-PAA) brush copolymer P7. Polymerization conducted in toluene at 65 °C, 

with a ratio [tBA]0/[SH]0/[AIBN]0 = 115/1/0.01; Bottom: SEC traces obtained from 

refractometer and UV spectrometer detectors of the isolated poly(PBMA-stat-PNIPAM) brush 

copolymer P8.  
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The synthesis of molecular brushes by telomerization from a polythiol macrotransfer agents 

is not limited to (meth)acrylates, but can also be applied to acrylamides.[40] Among this family 

of monomers, N-isopropylacrylamide is of high interest, as it gives access to stimuli responsive 

polymers exhibiting a lower critical solution temperature (LCST) of ca. 33 °C in water.[3, 54-

56] Heterografted poly(BMA-stat-NIPAM) brushes were prepared from the same polyxanthate 

precursor that was used to synthesize the brush P0, i.e. Mn of 25 kg/mol, DP of ca. 130 and 

30 mol% of XEMA. The synthesis of PNIPAM side chains was performed via a two-step 

process, i.e. with polymer isolation after thiol deprotection, similarly to the synthesis of the 

PtPBA grafts of P7. The polymerization of NIPAM was performed at 65 °C in DMF, using a 

ratio [NIPAM]0/[SH]0/[AIBN]0 of 60/1/0.01. A monomer conversion of 60% was obtained 

under these conditions. The resulting brush copolymer P8 was isolated by successive 

precipitations into methanol. Characterization of P8 by SEC triple detection in THF gave a Mn 

of 293 kg/mol and Ð of 1.6 (Figure 5). A DP of 79 and 30 was found by 1H NMR for the 

PBMA and PNIPAM side chains, respectively, assuming a quantitative initiation efficiency 

from the pendant thiols (Figure S8). These values are in very good agreement with the 

theoretical DP of the PBMA and PNIPAM grafts calculated from BMA and NIPAM 

conversions (DPth = ([Monomer]0×conv.)/[SH]0), which were 78 and 36, respectively. This 

good match confirms that very few free polymer chains were formed under these conditions 

during the growth of the grafts by telomerization. DLS on an aqueous solution of the 

poly(BMA-stat-NIPAM) brush P8 at a concentration of 1 g/L gave a Rh of 46 nm and a Rg of 

27 nm, corresponding to a ρ-ratio of 0.59, in accordance with the formation of core-shell 

micelles. 

4. Conclusion 

The synthesis of amphiphilic heterografted molecular brushes by telomerization from 

polyxanthate precursors was successfully performed through successive steps of xanthate 
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aminolysis and telomerization from the resulting thiol side groups. The applicability of this 

methodology to methacrylate, acrylate and acrylamide monomers was demonstrated through 

the synthesis of neutral and charged amphiphilic brushes. Molecular brushes with adjustable 

hydrophilic−hydrophobic balance and DP of their PBMA and PMAA side chains could be 

prepared from a single polyxanthate precursor. These brushes self-assembled in aqueous 

solution, as evidenced by DLS, to form core-shell micelles with Rh ranging from 30 nm to more 

than 100 nm, depending on their molecular structure. In addition, the CMCs could be tuned by 

one order of magnitude by adjusting the hydrophilic−hydrophobic balance of the grafts, and a 

CMC as low as 0.3 mg/L could be obtained. Therefore, despite their dispersity, which is 

inherent to the synthetic methodology developed, amphiphilic molecular brushes prepared by 

telomerization efficiently self-assemble to form stable micelles whose size and stability can be 

tuned, and are comparable to that of micelles obtained through the self-assembly of well-

defined heterografted brushes prepared with much more sophisticated and demanding synthetic 

approaches. Consequently, telomerization from xanthate protected polythiol macrotransfer 

agents offers a straightforward and versatile methodology to prepare heterografted brushes, 

which should be of interest in areas of materials science where the surfactant properties and the 

ease of synthesis of the molecular brushes are both important parameters. 
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