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What is a polymer brush (and when is 
a brush a brush….)?

Making polymer brushes

Characterizing polymer brushes

What are polymer brushes good for ? 



Brushes



Molecular Brushes

C. Feng, X. Huang, Acc. Chem. Res. 2018, 51, 2314–2323



20 – 200 nm

Polymer Brush

What are Polymer Brushes ? 

For this lecture and today, polymer brushes are assemblies of polymers
that are tethered via one chain end to a solid (planar or spherical) substrate



Main Structural Parameters of Polymer Brushes

Image credit: Prof. E. Benetti (Padua)

Note: molar mass and grafting density are directly related to the dry film thickness of a polymer brush:
• At a given grafting density, changing polymer molecular weight will result in a change in dry film thickness
• For a given polymer molecular weight, changing the grafting density will lead to a change in film thickness

(Mn)

(Ð = Mw/Mn)

(σ)



h: dry film thickness of the brush
ρ : polymer density
NA: Avogadro’s constant
Mn: number-average molecular

weight of the polymer grafts

Rg : radius of gyration of a 
tethered chain at specific 
experimental conditions of 
solvent and temperature 

the “mushroom” or
weakly interacting
regime (Σ < 1) 

When is a Brush a Brush ?

Σ represents the number of chains that occupy the surface 
area covered by a single chain under ideal conditions

Grafting density
(nm-2):

Reduced tethering
density:

the “crossover
regime” 
(Σ ≈ 1)

the highly stretched “brush regime” (Σ≫ 1)

σ =
ℎ ρ 𝑁𝑁𝑁𝑁
𝑀𝑀𝑛𝑛

Σ = σ π 𝑅𝑅𝑅𝑅2



Conformations of Chain-end Tethered Polymers
The conformation of surface-anchored polymer chains is determined by
(i) The grafting density
(ii) Polymer - substrate, polymer – polymer, and polymer – solvent interactions
(iii) pH, temperature, ionic strength

Mushroom conformation

(weak interaction between the 
chains and the surface)

Pancake conformation

(strong interaction between 
the chains and the surface)

If the distance between two anchoring points is larger 
than the radius of gyration of the polymer chains, they 
act as single chains (no specific steric hindrance).

Rühe, J. in: Polymer Brushes (Advincula, R. C.,
Brittain, W. J., Caster, K. C., Ruhe, J., Eds.)
WILEY-VCH, Weinheim, 2004.
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Polymer Brushes
Grafting onto:

Grafting from:

• Experimentally simple
• Limited grafting densities
• Limited film thicknesses

• Multistep protocol
• High grafting densities
• Control over film thickness
and compositionR. Barbey, L. Lavanant, D. Paripovic, N. Schüwer, C. Sugnaux,

S. Tugulu, H.-A. Klok, Chem. Rev. 2009, 109, 5437

• High surface
concentration of
functional groups

• 3D substrates



20 – 200 nm

Polymer Brush

R. Barbey, L. Lavanant, D. Paripovic, N. Schüwer, C. Sugnaux, S. Tugulu, H.-A. Klok, Chem. Rev. 2009, 109, 5437
J. Zoppe, N. Cavusoglu Ataman, P. Mocny, J. Wang, J. Moraes, H.-A. Klok, Chem. Rev. 2017, 117, 1105

Surface-Initiated Polymerization (SIP)



Surface-Initiated Polymerization (SIP)

Surface-initiated controlled / “living” polymerizations allow:

• High grafting densities (fast and quantitative initiation)
• Control over film thickness via polymerization time
• Access to a broad range of polymer brush architectures

Controlled / “living” radical polymerizations are the predominant technique:

• Compatible with aqueous reaction media
• Broad monomer and functional group scope and tolerance

With the appropriate surface chemistry, brushes can be grown from “any” substrate



Modern living free radical polymerization techniques are based on the use of special 
polymerization mediators, which temporarily and reversibly transform propagating 
radicals into dormant species.
This reversible transformation is either accomplished by reversible deactivation or by 
reversible chain transfer.

A fast transformation between dormant and propagating radical species ensures the 
homogeneous growth of the overall ensemble of polymer chains.

As a result living polymerizations are characterized by:
• a linear evolution of molecular weight with time (for low conversions).
• polydispersity values of typically 1.1.

e.g. for SI-NMP or SI-ATRP e.g. for SI-RAFT

Surface-Initiated «Living» Polymerizations



Huang, W.; Kim, J.-B.; Bruening, M. L.; Baker, G. L. Macromolecules 2002,35, 1175

SI-ATRP Mechanism ATRP Ligands

bpy

PMDETA

Me6TREN

HMTETA

Surface-Initiated ATRP
Atom transfer radical polymerization (ATRP)



Baum, M.; Brittain, W. J. Macromolecules 2002,35, 610

SI-RAFT Mechanism

MonomerMonomer

Surface-RAFT Polymerizations
Reversible addition-fragmentation chain transfer polymerization (RAFT)



Husseman, M.; Malmström, E. E.; McNamara, M.; Mate, M.; Mecerreyes, D.; Benoit, D. G.; Hedrick, J. L.; Mansky, J. L.; Huang, E.; Russell, T. P.; Hawker, 
C. J. Macromolecules 1999,32, 1424

Initiator

Surface-Initiated NMP
Nitroxide-mediated polymerization (NMP)



S. Desseaux, H.-A. Klok, Biomacromolecules 2014, 15, 3859 – 3865

Control of Polymer Brush Film Thickness

Surface-initiated ATRP copolymerization of 2-hydroxyethyl
methacrylate (HEMA), 2-(2-methoxyethoxy)ethyl methacrylate
(MEO2MA), and poly(ethylene glycol) methacrylate (PEGMA6, Mn
= 360 g.mol-1), using a copper(I)chloride, copper(II)chloride, 2,2-
bipyridyl (bipy) catalyst system

Control of dry film polymer brush thickness via
surface-initiated atom transfer radical polymerization

Film growth rate
(nm.sec-1)



Grafting Density, Chain Conformation & Dispersity

Bottom: Image credit: Prof. E. Benetti (Padua)

Top: F. J. Arraez, P. H. M. Van Steenberge, J. Sobieski, K. Matyjaszewski, 
D. R. D'hooge, Macromolecules 2021, 54, 8270-8288. 

Grafting density:
• Number of chains anchored to a surface 

per unit surface area.

Conformation:
• The conformation of a single, surface-

anchored polymer chain can be different 
in proximity of the substrate as 
compared to the polymer brush - air or 
polymer brush - solvent interface.

• This is related to the loss of 
polymerization active chain ends as the 
brush grows.

• As a consquence, a polymer brush also 
has a non-uniform density (higher at the 
interface, and lower at the top).

Dispersity:
• Is related to the «livingness» of the 

polymerization, and thus influences 
chain conformation and the polymer 
brush density profile.



Insights from Computer Simulations



Confinement Effects during SI(-ATR)P





Synthesis of Polymer Brushes



PHEMA: poly(2-hydroxyethyl methacrylate); PHEA: poly(2-hydroxyethyl acrylate); PBMA: poly(butyl methacrylate); PDMAEMA: poly(2-(dimethylamino)ethyl methacrylate); PGMA:
poly(glycidyl methacrylate); PAA: poly(acrylic acid); PMAA: poly(methacrylic acid); PDMA: poly(N-N‘-dimethylacrylamide); PAAm: poly(acrylamide); PSt: polystyrene; PNaSS:
poly(styrene sulphonate); P2VP: poly(2-vinylpyridine); P3VP: poly(3-vinylpyridine); P4VP: poly(4-vinylpyridine); PAN: poly(acrylonitrile); PMMA: poly(methyl methacrylate); PBA:
poly(butyl acrylate); PtBA: poly(t-butyl acrylate); PDEAEMA: poly(2-diethylamino)ethyl methacrylate); POEOOMSt: poly(4-(oligoethyleneoxy)oxymethylstyrene); PMA: poly(methyl
acrylate); PEGMA: poly(oligo(ethyleneglycol) methacrylate): PEGDMA: poly(oligo(ethyleneglycol) dimethacrylate; PMETAC: poly(2-(methacryloyloxy)ethyltrimethylammonim
chloride); PNIPAM: poly(N-isopropyl acrylamide); PDMAPS: poly(N-N‘-dimethyl(methylmethacryloyl ethyl)ammonium propane sulfonate); PSS: poly(4-styrene sulfonate); PI:
polyisoprene; PBD: poly(butadiene); PIB: poly(isobutylene); PEDHO: poly(2-ethyl-4,5-dihydrooxazole); PPEI: Poly(N-propionylethyleneimine); PBLG: poly(γ-benzyl glutamate); PMLG:
poly(γ-methyl L-glutamate); PCL: poly(caprolactone); PLA: poly(L-lactic acid); PDXO: poly(1,5-dioxepan-2-one); PBNE: polynorbornene; PNBE-d: polynorbornene-derived brushes.

Monomers Polymerized via SIP



Image credit: Prof. E. Benetti (Padua)

Polymer Architectures obtained via SIP



Green color indicates tolerance (e.g., towards H2O or O2), red specifies inherent chemical
incompatibility with previously attempted approaches, and gray implies potential possibilities,
yet no current literature.

Image credit: Prof. E. Benetti (Padua)

Current Scope and Limitations of SIP



Large Scale SI-ATRP under Ambient Conditions







˝Paint on˝ SI-ATRP



Figure S6. Average dry thicknesses and water θS values measured at nine different points on pDMAEMA brushes

grafted from iCMPTMS-covered PET roll film (roll-to-roll coating, 40 × 40 cm2).

˝Paint on˝ SI-ATRP
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Chemical Composition



N3 Brush

Thioacetate brush

Thiol brush

mol % AzHPMA in monomer feed

50 % 10 % 5 % 1 %

P. Mocny, H.-A. Klok, Macromolecules 2020, 53, 731

FTIR Spectroscopy



X-Ray Photoelectron Spectroscopy (XPS)

https://steemit.com/science/@shehzad/photoelectric-effect-and-photocells

Photoelectric effect

Photoelectric effect

Einstein, Nobel Prize 1921

KE=hv-BE-φ

hv: Incident light energy (known)

KE: Kinetic energy (measured)

BE: Binding energy (calculated)

φ: Photoelectric workfunction (known)

XPS is also referred to as
Electron Spectroscopy for
Chemical Analysis (ESCA)

https://steemit.com/science/@shehzad/photoelectric-effect-and-photocells


Ch. 1, Buddy D. Ratner, A. S. Hoffman, Frederick J. Schoen, J. E. 
Lemonds, Biomaterials Science, 2nd edition (Wiley)

FIGURE I.1.5.6  Schematic diagram of a mono- chromatized ESCA instrument.

X-Ray Photoelectron Spectroscopy (XPS)



XPS-Data analysis

XPS can be used to analyze:
1: Elemental identification and chemical state of element.
2: Relative composition of the constituents in the surface region.

Binding energy is determined by
1: Interaction between electron and nucleus (type of element).
2: Chemical bonding state.

Different element
Different chemical state
Intensity ∝ concentration

D. Son et al, Polymers 2020, 12, 1053
J. Wang, H.-A. Klok, Angew. Chem. Int. Ed. 2019, 58, 9989

1s 2s 2p 1s 2s 2p
C O C C



Brush Functionalization

S. Tugulu, P. Silacci, N. Stergiopulos, H.-A. Klok, Biomaterials 2007, 28, 2536



h: dry film thickness of the brush
ρ : polymer density
NA: Avogadro’s constant
Mn: number-average molecular 

weight of the polymer grafts 

Grafting density
(nm-2):

When the dry film thickness or mass of polymer brushes are known, any experiment
that provides information about σ also affords the Mn of the polymer grafts, and vice
versa.

Characterization of Structural Parameters
Key structural parameters of polymer brushes are the molar mass of the surface-
anchored polymers, and the grafting density (σ).

σ =
ℎ ρ 𝑁𝑁𝑁𝑁
𝑀𝑀𝑛𝑛

Image credit: Prof. E. Benetti (Padua)



Polymer  brushes grafted from or onto nanoparticles:

● Thermogravimetric analysis (TGA)

Polymer brushed grafted from or onto planar substrates:

● Atomic force microscopy (on patterned brushes)
● Ellipsometry 

Determining Polymer Brush Dry Film Thickness



P. Mocny, M. Ménetrey, H.-A. Klok, Macromolecules 2019, 52, 8394 – 8403

TGA of Polymer Brush Grafted Nanoparticles



AFM Analysis of Micropatterned Polymer Brushes

S. Tugulu, M. Harms, M. Fricke, D. Volkmer, H.-A. Klok, Angew. Chem. Int. Ed. 2006, 45, 7458 – 7461

Instead of this “bottom up” 
approach, sometimes a 
simple scratch can also work



45

Ellipsometry – Interaction of Light and Matter
Polarized light interacts with sample upon reflection

Complex reflectance ratio

W. Ogieglo et al., Progress in Polymer Science 2015, 42, 42 
H. Fujiwara, I. Wiley, Spectroscopic ellipsometry principles and applications, John Wiley & Sons, 2007
H. G. Tompkins and W. A. McGahan, Spectroscopic ellipsometry and reflectometry : a user's guide, 1999



46

-> ni and ki are functions of the wavelength

-> dispersion laws are mathematical 
functions modelling the optical properties 
of a material (e.g. Cauchy’s equation)

-> ellipsometry software usually also 
provides a database with optical 
properties for a wide range of materials

Cauchy’s equation

most models are based on the assumption that the 
sample is composed of a small number of 
discrete, well-defined layers that are optically 
homogeneous and isotropic

Ellipsometry – Data Fitting
Structure of sample has to be known or needs to be assumed



Post-Polymerization Modification of PGMA Brushes 

R. Barbey, H.-A. Klok, Langmuir 2010, 26, 18219



Surface-Initiated Polymerization

R. Barbey, H.-A. Klok, Langmuir 2010, 26, 18219



Determining Mn and Grafting Density
Surface-Cleavage of Polymer Brushes and Solution Characterization

● mostly using HF or TBAF
● works well from nanoparticles
● for planar surface, sufficiently large surface area is needed
● cleaved polymer can be analyzed using standard polymer

characterization, e.g. GPC  



R. R. Patil, S. Turgman-Cohen, J. Srogl, D. Kiserow, J. Genzer, Langmuir 2015, 31, 2372-2381



𝑀𝑀𝑛𝑛 =
ℎ ρ 𝑁𝑁𝑁𝑁

σ

R. R. Patil, S. Turgman-Cohen, J. Srogl, D. Kiserow, J. Genzer, Langmuir 2015, 31, 2372-2381

Solution Characterization of Cleaved PMMA

Note:



J. Zoppe, N. Cavusoglu Ataman, P. Mocny, J. Wang, J. Moraes, H.-A. Klok, Chem. Rev. 2017, 117, 1105

Sacrificial Initiator – Fact or Fiction ?
• Sometimes a sacrificial initiator (e.g. ethyl 2-bromoisobutyrate) is added to the reaction 

mixture for the growth of polymer brushes via SI-ATRP.
• Does analysis of the polymer generated by the sacrificial initiator provide insight into the 

molecular weight of the polymer grafts ? 



J. Zoppe, N. Cavusoglu Ataman, P. Mocny, J. Wang, J. Moraes, H.-A. Klok, Chem. Rev. 2017, 117, 1105

Sacrificial Initiator – Fact or Fiction ?



J. Zoppe, N. Cavusoglu Ataman, P. Mocny, J. Wang, J. Moraes, H.-A. Klok, Chem. Rev. 2017, 117, 1105

Sacrificial Initiator – Fact or Fiction ?



Determining Mn and Grafting Density
Direct characterization of molar mass and grafting density

● No brush cleavage needed
● Techniques:

- Single molecule atomic force microscopy
- Analysis of swollen polymer films thicknesses



Single-Molecule Atomic Force Microscopy



Single-Molecule Atomic Force Microscopy



Single-Molecule Atomic Force Microscopy



Single-Molecule Atomic Force Microscopy



Alexander-de Gennes model

Analysis of Swollen Polymer Brush Thicknesses



𝛼𝛼 =
ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
ℎ𝑑𝑑𝑑𝑑𝑑𝑑

𝜎𝜎 = 𝑎𝑎−2 � 𝛼𝛼
2𝑛𝑛

1−3𝑛𝑛

a = monomer size: 
α = swelling ratio;
n = solvent quality
(n = 0.5 for θ-solvents)

Alexander-de Gennes model

𝜎𝜎 = 𝑎𝑎−2 �
ℎ𝑑𝑑𝑑𝑑𝑑𝑑

ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

2

Analysis of Swollen Polymer Brush Thicknesses

hswollen and hdry can be 
obtained, for example, 
from ellipsometry or AFM

P.G. de Gennes, Macromolecules 1980, 13, 1069–1075

With hdry and σ, Mn
follows from:

σ =
ℎ ρ 𝑁𝑁𝑁𝑁
𝑀𝑀𝑛𝑛

in a θ-solvent



Analysis of Swollen Polymer Brush Thicknesses
Milner-Witten-Cates Model



𝑁𝑁 =
𝜋𝜋2

12
𝑀𝑀0

𝜌𝜌 𝑁𝑁𝐴𝐴
𝜐𝜐
𝜔𝜔

⁄1 2

� ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
⁄3 2 � ℎ𝑑𝑑𝑑𝑑𝑑𝑑

⁄−1 2

where M0 is the monomer molecular weight, ρ the bulk polymer 
density, ν = (3/a2) with a as the Kuhn length, NA Avogadro’s 
number, and ω is the excluded volume parameter. 

Milner-Cates model defines the degree of polymerization as

Analysis of Swollen Polymer Brush Thicknesses
Milner-Witten-Cates Model

hswollen and hdry can be obtained, for example, from ellipsometry or AFM

With hdry and Mn, σ follows from: σ =
ℎ ρ 𝑁𝑁𝑁𝑁
𝑀𝑀𝑛𝑛



S. Sant, H.-A Klok, unpublished data

Analysis of Linear, Y- and Ψ-Shaped Brushes
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