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ABSTRACT: We present a method for patterning substrates with a regular mesh of stable radical 

groups. Resulting from advanced block copolymer synthesis and annealing techniques, stable 

radical groups on a polymer backbone phase separate from the second block and arrange in 

ordered block copolymer morphologies. These meshes align in large regular patterns upon 

sample preparation on macroscopically structured substrates. Patterned stable radical groups may 

find application in selective catalysis, energy storage, data storage or optical gratings. In addition 

gas permeable membranes with reactive sites or charge storage zones with regular spacings in 

redox batteries may be feasible by our approach. 
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INTRODUCTION 

Stable organic radical containing molecules are finding use in organic synthesis,1 but also in 

controlled polymerization techniques2 and in biological applications.3 The most prominent stable 

radical organic compounds involve (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) which 

features a sterically protected nitroxide group. 

In general, dense patterning of reactive groups on a surface at small length scales is a 

promising method for optoelectronic, biological or information storage applications.4ñ6 Confined 

nitroxide radicals on a regular arrangement could be used in data storage or spatially restricted 

chemical transformations.7,8 

By binding stable nitroxide radical groups to polymer backbones, Nakahara et al. have 

developed polymeric electrode materials for battery applications.9 Charge storage was enabled 

by the fast and reversible one-electron transfer reaction of the nitroxide radical species to the 

oxammonium cation or the aminoxy anion. Following this approach, different groups of 

researchers have investigated polymers with a multitude of stable radical groups for battery 

applications and advanced polymerization methods.10ñ12 The most thoroughly investigated 

polymer with stable radical groups is poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate 

(PTMA). 

In order to combine the redox activity of such polymers with other material properties, new 

copolymers were developed.13 Block copolymers with a stable radical block and another 

functional block could, in the case of long-range ordered self-assembly, lead to patterned 
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techniques, no functionalization of precursor polymers is necessary, resulting in a quantitative 

yield of radical groups in the polymer.23ñ25 Still, PTMA containing block copolymers by 

carbanionic polymerization have not yet been described to the best of our knowledge. 

In general, self-assembly of block copolymers during advanced annealing techniques leads to 

ordered patterns in grains, which usually are several hundred nanometers in diameter.26 

Alignment techniques like external fields or patterned surfaces are promising for creation of 

long-range ordered structures in the micrometer range or above.27  

Alignment of block copolymers with stable radical groups may lead to long-range ordered 

functionally patterned surfaces but has not been investigated to date. In this publication, we will 

demonstrate a combination of advanced synthesis, annealing and alignment techniques to yield 

such long-range ordered patterns of stable radical groups. The choice of the second block, which 

does not contain stable radicals, is important. For combining different material properties, 

several choices are imaginable. Nishide et al. used a polyelectrolyte second block to increase ion 

conductivity.7 Gohy et al. focused on block copolymers based on PTMA and polystyrene since 

the polystyrene could be crosslinked.15,17,20 In this contribution, we use both approaches: we 

describe the anionic polymerization and structure formation of PTMA containing block 

copolymers with polystyrene or with tert-butyl methacrylate as a second block. The latter could 

easily be hydrolyzed to polyacrylic acid, a common polyelectrolyte. 

 

EXPERIMENTAL SECTION 
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We have synthesized PTMA based block copolymers with tert-butyl methacrylate or styrene 

second blocks (poly(tert-butyl methacrylate)-block-poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl 

methacrylate), PtBMA-b-PTMA and polystyrene-block-poly(2,2,6,6-tetramethylpiperidinyloxy-

4-yl methacrylate), PS-b-PTMA, respectively). Following a modification of the approach by 

Nishide and coworkers, we used methacrylate capped macroinitiators for the anionic 

polymerization of the PTMA block.24 Scheme 1 shows structures of these polymers. 

Scheme 1. Structures of PtBMA-b-PTMA (1) and PS-b-PTMA (2) block copolymers. 

  

Monomer and Solvent Purification. The stable radical containing monomer, 2,2,6,6-

tetramethylpiperidinyloxy-4-yl methacrylate (TMA) was synthesized according to reference 28, 

purified by extraction, column chromatography and recrystallization, dried in vacuum for several 

days and transferred into a glove box with nitrogen atmosphere. tert-Butyl methacrylate (tBMA), 

styrene, trimethylsilyl protected 2-hydroxyethyl methacrylate (TMS-HEMA) and 

diphenylethylene (DPE) were obtained commercially, stirred over calcium hydride for several 

days and distilled under reduced pressure at slightly elevated temperature. Tetrahydrofuran 

(THF) and toluene were stirred over calcium hydride for several days and distilled into flasks 

equipped with sodium and benzophenone. Subsequently, the solvents were distilled into other 

flasks at reduced pressure. All liquids were degassed by several freeze-pump-thaw cycles and 

transferred into a nitrogen filled glove box. 
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Film For mation and Annealing. Polymer solutions in chloroform or toluene were filtered and 

spin-coated onto cleaned silicon wafers (~1 cm2, stored in toluene, cleaned with acetone, 

isopropanol and plasma treatment immediately before use). The film thickness of the dry films 

(dried at ambient conditions for a prolonged time) was measured with a Filmetrics F20 

refractometer. Samples were thermally annealed on a pre-heated hot plate or in solvent 

atmosphere by placing them into a glass chamber with small opening to facilitate pressure 

equalization and slow drying of the films after chloroform annealing by slow evaporation of the 

solvent. 

Polymer Analysis. Infrared spectroscopy (IR) was measured using a Thermo Scientific 

Nicolet iS5 FT-IR spectrometer. For measuring proton nuclear magnetic resonance (1H-NMR) 

spectra, the polymers were dissolved in CDCl3, a fresh solution of phenylhydrazine (0.03 M in 

CDCl3; 0.65 eq with respect to the calculated number of stable radical groups) was added, and 

the spectra were measured using an Agilent 400 MHz NMR within 10 min after mixing (after the 

reddish color had disappeared). Cyclic voltammetry (CV) was measured using a BioLogic 

MPG2 potentiostat, glassy carbon working electrode, platinum wire counter electrode and 

Ag/AgNO3 reference electrode with Tetrabutylammonium hexafluorophosphate as auxiliary 

electrolyte.20 Gel Permeation Chromatography (GPC) was measured using a Waters Ambient-

Temperature GPC in THF with a Waters 486 UV-Vis detector, calibrated with polystyrene 

standard. Thermal behavior of the polymers was determined using a TA Instruments Q500 

Thermogravimetric Analyzer (TGA) and a TA Instruments Q1000 Modulated Differential 

Scanning Calorimeter (DSC). Atomic Force Microscopy (AFM) images were taken at a Veeco 

Icon AFM with Olympus AC160TS probes. 
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RESULTS AND DISCUSSION 

PtBMA -b-PTMA . Selected PtBMA-b-PTMA block copolymers were synthesized by anionic 

polymerization from tert-butyl methacrylate and the radical containing monomer without the 

need of protecting and deprotecting the radical functionality before and after polymerization, 

respectively (Scheme 2). Since the TMA monomer contained stable radical groups, no 

postpolymerization functionalization is necessary. The order of polymerization was chosen so a 

methacrylate containing macroinitiator could be used for the PTMA polymerization, as 

suggested in the literature.24 

sec-Butyl lithium reactivity was decreased upon reaction with DPE. The polymerization of 

tBMA was carried out at -78 °C in dry THF. Introduction of a solution of TMA in dry toluene at 

-61 °C yielded block copolymers of the desired composition. Table 1 summarizes properties of 

these polymers. More PtBMA-b-PTMA block copolymers are described in the supporting 

information. A PTMA quasi-homopolymer resulted for negligible amounts of tert-butyl 

methacrylate.  

Scheme 2. Pathway to synthesize PtBMA-b-PTMA block copolymers. 

 

 
Table 1. PtBMA-b-PTMA block copolymers. 
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sample PtBMA block  PTMA block  PtBMA -b-PTMA block copolymer 

calculatedÜ measured (GPC) á calculatedÜ measured (GPC) á yield 
/% 

M n,th
Ü 

/kg mol-1 
M n,GPC

á  
/kg mol-1 

M w/M n 
(GPC) DP M n /kg mol-1 DP M n /kg mol-1 DP M n /kg mol-1 DP M n /kg mol-1 

PTMA 20 - - - - 84 20.1 54 13.5 77.1 20.1 13.5 1.04 

PtBMA 52-b-PTMA 17 364 51.8 362 51.5 70 16.7 71 17.1 98.1 68.5 68.5 1.08 

PtBMA 104-b-PTMA 34 728 103.5 759 107.9 139 33.5 228 54.8 96.4 137.0 162.7 1.13 

Ü degree of polymerization and molecular weight as expected from the amount and ratio of reagents 
á degree of polymerization and molecular weight as calculated from GPC in THF with a UV-detector 

 

The polymers in Table 1 feature a low dispersity and long block lengths of asymmetric 

polymers with PTMA being the minority component. The low dispersity and high molecular 

weight indicate high purity of the monomers: if some of the monomers contained secondary 

amines instead of stable radical groups, the growing chains would be quenched by abstraction of 

protons. Such termination reactions would lead to short and ill-defined polymers. The dispersity 

and degree of polymerization are expected to support ordered structure formation, and the highly 

asymmetric composition makes the spherical or cylindrical morphology the most probable 

structure. 

Additionally to the GPC measurements, we analyzed the resulting PtBMA-b-PTMA polymers 

by IR and NMR spectroscopy and cyclic voltammetry. IR spectroscopy (Figure SI-1 in the 

Supporting Information) clearly shows the existence of nitroxide groups in the final polymers 

(N-O· peak at 1367 cm-1).29,30 Because of similar block ratios, spectra (both concerning peak 

occurrence and intensities) are almost identical. NMR measurements of the polymers after 

reduction with phenlyhydrazine (Figure SI-2 in the Supporting Information) also shows the 

absence of impurities and successful polymerization due to peaks from both the PtBMA 

(OC(CH3)3 at 1.33 ppm) and PTMA (OCH(CH2)2 at 4.82 ppm) homopolymer blocks.31 Cyclic 

voltammetry (Figure SI-3 in the Supporting Information) shows the redox peak at 0.465 V vs. 

Ag/AgNO3.20 
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GPC evaluation of the block lengths differs slightly from the estimated composition (assuming 

100% conversion). However, taking into account the yield of only 77.1% for the PTMA quasi-

homopolymer due to a shorter polymerization time, only the composition of PtBMA-b-PTMA-

10 is slightly off, probably caused by a less accurate GPC calibration in the high Mn range and 

the calibration with polystyrene samples. TGA and DSC data in the Supporting Information 

(Figure SI-4) confirms polymer stability. Polymers do not decompose (but might undergo 

crosslinking reactions, vide infra) up to approximately 220 °C. Glass transition temperatures of 

the PTMA homopolymer and the block copolymers are around 150 °C and 120 °C, respectively. 

PS-b-PTMA.  For making PS-b-PTMA, we first synthesized polystyrene in dry THF at -78 °C 

using sec-butyl lithium as initiator and end-capped this macroinitiator with diphenylethylene. 

Polymerization of this block first is crucial as a growing methacrylate chain anion would not be 

reactive enough to initiate polystyrene polymerization. Since the resulting polymeric anion is 

prone to a one electron transfer reaction to the TMA monomer,24 introduction of a short unit of 

another methacrylate is necessary before polymerizing the radical containing monomer. 

Scheme 3 shows the reaction conditions, and Table 2 summarizes the compositions of the 

resulting polymers. Since we directly polymerized radical containing monomers, no 

postpolymerization functionalization was necessary. 

Scheme 3. Pathway to synthesize PS-b-PTMA block copolymers. 

 





 

 
  

 

M
ax

 P
la

nc
k 

In
st

itu
te

 o
f C

ol
lo

id
s 

an
d 

In
te

rf
ac

es
 

· A
ut

ho
r 

 

 13 

NMR spectroscopy and CV data (Figures SI-2 and SI-3 in the Supporting Information, 

respectively) also confirm the existence of stable radical groups in the final polymers (NMR 

data: aromatic CH and OCH(CH2)2 peaks at approx. 6.3-7.2 ppm and 4.82 ppm; CV: redox peaks 

at approx. 0.468 V vs. Ag/AgNO3). Thermal analysis (Figure SI-4 in the Supporting 

Information) indicates glass transitions around 100 °C and 150 °C and decomposition stability up 

to approximately 250 °C. 

Structure Formation. Due to their block lengths, block ratios and dispersity, all block 

copolymers may be suited for the formation of ordered redox-active spots in a dense pattern or 

redox-active meshes. The kind of network can be controlled by the block copolymer 

composition, but structure formation may be suppressed and is susceptible to changes due to film 

preparation conditions or surface fields. We will discuss this in the remainder of this 

contribution. Figure 1 shows AFM phase images of the different polymers after spin-coating 

from solutions in chloroform. 
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chloroform are unknown and hence the solvent selectivity in PS-b-PTMA polymers hard to 

calculate. We analyzed the selectivity of the blocks for selected solvents by monitoring the film 

thickness of homopolymer films during exposure to solvent vapor. Film preparation and 

annealing conditions were the same for PS and PTMA homopolymer films. In chloroform vapor, 

PS films swelled 1.65-fold under the chosen annealing conditions while PTMA swelled 1.91-fold 

(exactly the same conditions), which indicates that chloroform is a good solvent for both blocks 

with a preference for PTMA. This may explain the enrichment of PTMA domains at the film 

surface and formation of mainly flat-lying cylinders in PS35-b-PTMA22 and PS69-b-PTMA45 after 

spin-coating films from chloroform. 

We note that phase separated block copolymer morphologies are observable after spin-coating, 

but domains are disordered with negligible or only small grain size. This is still significantly 

better when compared to previously published work on PTMA containing block copolymers. In 

the past, clear block copolymer morphologies were not observable after spin-coating7,14ñ16 and 

only emerged after thorough annealing processes.18ñ20 Even in similar PS-b-PTMA block 

copolymers, structures after spin-coating were significantly less ordered when the polymers were 

made by controlled radical procedures and hence exhibited higher PDI.20 We hence attribute the 

better order in our system to the lower dispersity compared to most published work on PTMA 

block copolymers. 

Thermal Annealing. To present even more ordered structures in our PTMA block copolymer 

systems, we will discuss annealing techniques in the following section. Annealing at elevated 

temperatures or by exposure to solvent vapor can help to establish thermodynamic equilibrium. 

All polymers do not decompose below approx. 220 °C (see Supporting Information). 

Temperatures above the glass transition temperatures and below the decomposition temperatures 
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ratio in thermodynamic equilibrium) without preferential lamella orientation. PS15-b-PTMA45 

films show, just like after spin-coating, a mainly dotted surface structure (Figure 2f) indicating a 

cylindrical morphology. After thermal annealing for 20 min, however, the cylinders are better 

ordered in comparison to the as-spin coated state, and small grains of hexagonally packed 

cylinders are observable. 

Longer thermal annealing, for 150 min total annealing time, does not lead to better order in the 

PS-b-PTMA samples (Figure 3c-f). In contrast, while structures are similar to the case of 20 min 

thermal annealing (only PS35-b-PTMA22 reorganized to a higher proportion of flat-lying 

lamellae), now domain spacing looks less uniform, indicating damage to the polymer films. 

Especially PS15-b-PTMA45 exhibits an irregular pattern of dots and lines which may denote 

severe crosslinking. This may explain why Gohy et al. observed no phase separated structures 

after 24 h thermal annealing at 200 °C.20 

In PtBMA-b-PTMA films, dotted structures are observable after 150 min thermal annealing, 

especially for the larger polymer PtBMA104-b-PTMA34. The block ratio of 3:1 (from weight 

fractions) indicates a cylindrical or micellar structure in which PTMA is embedded in a PtBMA 

matrix. No striped patterns are visible, denoting to either completely upright standing PTMA 

cylinders in PtBMA or PTMA micelles. The different surface preferences when compared to 

shorter annealing times however might indicate chemical changes of the material, leading to a 

different surface energy of the former PTMA block. 

Thermal annealing experiments indicate that in contrast to previous observations, structure 

formation is possible, most prominently observed in Figures 2c,d, in which non-equilibrium 

structures after spin-coating were transformed to the equilibrium morphology. This however is 
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only the case for rather short annealing times. Crosslinking of the PTMA block at elevated 

temperatures may lead to irreversible film damage as indicated from AFM images. Large ordered 

grains are not observed in neither of the polymers under investigation, probably due to film 

damage at prolonged thermal annealing times. We will hence refrain from thermal annealing and 

continue on with solvent vapor annealing in the following.  

Solvent Vapor Annealing. From Figures 1-3, we see that PS15-b-PTMA45 might be suited for 

forming a dense mesh of a nitroxide containing polymer around polystyrene cylinders. Structures 

after spin-coating were however not long-range ordered, and after thermal annealing crosslinking 

potentially leads to irreversible damage, also preventing long-range order. We will hence focus 

on this polymer for describing solvent influences of spin-coating and solvent vapor annealing as 

well as film thickness. By avoiding thermal treatment and switching to solvent vapor annealing 

we aim to induce mobility without introducing potential film damage. 

Chloroform, which we used as a spin-coating solvent in all of the above described 

experiments, is slightly selective for the PTMA block as indicated by monitoring the film 

thickness during controlled solvent vapor annealing. Toluene has the opposite effect: when 

swelling PS and PTMA homopolymer films in a controlled toluene vapor atmosphere, 

comparable conditions resulted in swelling 1.48-fold and 1.38-fold, respectively. With toluene 

and chloroform, we hence identified two solvents which are good solvents for both blocks but 

with opposite preferences. Figure 4 summarizes the influence of both on PS15-b-PTMA45 

structure formation. 


































