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Nano-Interfaces Lab 

Self-Assembly 
•  Self-assembled monolayers 
•  Nano-pattern formation 
•  Micro-phase separation 

Thin film dewetting 
•  Large scale patterning 
•  Biocompatible surfaces 
•  Patterns for water capture 

 

Functional coatings 
•  Structured particles for paints  
•  Superhydrophobic coatings 
•  Templated growth 
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Outline 

›  Intro on interfacial slip 

›  Part I: reproducible measurements of slip 

›  Part II: Experiments on slip on polymer brushes 

›  Simulations: nano-patterned slip conditions 

3
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NO SLIP 

  Universally employed. 
  Ok for macroscopic experiments. 
  No microscopic explanation. 

solid 

liquid 

Boundary conditions 

  Commonly accepted for gases  
   and polymers. 
   b, slip length, quantifies slip 

PARTIAL SLIP 

solid 

liquid 

Craig, Neto, Williams, Phys. Rev. Lett. 87, 054504 (2001).  
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Effect of wettability on slip 

v  Solvophilic surface (θ < 90°)  
 
    Slip length  ~  0 nm (50% papers) 
 
    Slip length ≠ 0 (50% papers) 
 

v  Solvophobic surface (θ > 90°) 
     
   Slip length  ~  20 - 100 nm  
     

v  Super-hydrophobic surface (θ > 150°)  
     
    Slip length b ~  the order of micrometers 
(Effective slip length, due to the presence of gas)   

θ > 150° 

θ > 90° 

θ < 90° 
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Slip measurements 

  Over the past 15 years there has been a lot of evidence for slip. 

 Some discrepancy in the magnitude of measured slip length and 
factors affecting slip 

 Colloid probe AFM remains one of the best techniques to measure slip, 
but several issues needed to be resolved. 

 Problems with analysis and fitting of the data 

Dependence of slip on cantilever type 
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AFM - Force Measurements 

  

Ftotal(t) = k x = Fh(t)+ Fd(t)+ Fv(t) 

Laser 

Photodiode 

   Piezoelectric motor  

Cantilever  

Substrate 

Fluid Cell 

AFM 
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Slip theory
Experiments
Slip(15.19)
v=15.19
Slip(30.17)
v=30.17
Slip(61.39)
v=61.39
Slip(81.69)
V=81.69

increasing  
rate 

   Liwen Zhu  A/Prof Phil Attard 

Silica colloid probe 

50 µm 
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Forces acting on the colloid probe 
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O. I. Vinogradova, Langmuir  11, 2213 (1995).  

Drainage force on the sphere 

approach 

withdraw 

No Slip 
Slip 
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Our Approach 

Symmetric and asymmetric systems 
Zhu, Attard, Neto; Langmuir 2012, 28, 7768-7774 

Best practice experimental protocol 

•  Elimination of the virtual deflection 
•  Care to recognise nanoparticles 
•  Repeated measurements 

Zhu, Attard, Neto; Langmuir 2011, 27, 6712-6719 

Shear-rate dependence 

Zhu, Attard, Neto; Langmuir 2012, 28, 3465-3473 

Zhu, Attard, Neto; Langmuir 2011, 27, 6701-6711 

OLD NEW 

Fit algorithm & drag component 

A “blind test” reveals error of 2 nm in b and 3 
% in k; non-constant drag force on cantilever 
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Fitting force curves to obtain slip length 

Fitted slip length b = 60 nm 

System: dioctyl phthalate between  
a hydrophobised silicon substrate 
(contact angle ≈ 45°) and a silica 
colloid probe (contact angle ≈ 21°)  

Experimental force 

No- Slip theoretical force 

Slip theoretical force 

Hundreds of force curves 
performed in different positions 
on each substrate at 10 - 80 
µm/s approach rates. 

Zhu, Attard, Neto; Langmuir 2011, 27, 6712-6719 
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Summary of slip length results 

V 

Average slip lengths in seven 
experiments (24 - 31 nm) 

I II III IV VI VII 

slip lengths from experiment V 

b = 61 ± 3 nm 

b = 31 ± 2 nm 
b = 30 ± 3 nm 

Zhu, Attard, Neto; Langmuir 2011, 27, 6712-6719 
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Nanoparticle contamination 

65 nm 

Shifted 
force 

b 
= 

23
 n

m
 

b = 70 nm 

Theoretical modelling 

Zhu, Attard, Neto; Langmuir 2011, 27, 6712-6719 

Surface contamination by nanoparticles can lead to an artificial 
increase in slip length. 
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Effect of drag on the cantilever 

Drag force on the cantilever is dependent on the local velocity 

zLF 
ed

6πη−=Often the drag force is 
assumed to be constant 

We calculated the exact drag force and found it to be highly non-constant 
for soft cantilevers. 

V1 

V2 

z

z! piezo driving  velocity  

Zhu, Attard, Neto; Langmuir 2011, 27, 6701-6711 
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Drag on different cantilevers 

›  For harder cantilevers (k > 0.5 N/m) the 
constant drag approximation is valid - a 
small overestimate of b 

Soft spring constant 0.095 N/m 

›  For softer cantilevers the error is 
more significant - an exact calculation 
must be performed 

›  This might explain dependence of b 
on piezo driving velocity and cantilever 
spring constant 

Zhu, Attard, Neto; Langmuir 2011, 27, 6701-6711 
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[3] Craig, V. S. J.; Neto, C.; Williams, D. R. M. Phys. Rev. Lett. 2001, 87, 054504  

Spring constant k = 0.115 N/m [3] 

k = 0.092 N/m  

[6] 

[6] Zhu, L. W.; Attard, P.; Neto, C. Langmuir 2012, 28, 3465–3473

Effect of Cantilever Drag on Slip 
Measurements  

We believe this is a spurious effect, 
due to incorrect calculation of the 
drag force 

Cantilever drag is especially important 
for soft cantilevers (k < 0.2 N/m)  

Slip seen to increase with 
piezo driving velocity 
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First part: conclusions 
  

 Reproducible and accurate measurements can be done with AFM. 
  

 Reproducible  average slip length 11 nm in wettable systems (21°) and 
45 nm in partially wettable systems (45°) 

 Slip lengths are independent of    
 the piezo driving velocity  
 the spring constant of cantilever 

 Slip length decreases with increasing shear rate. 

 Drag force must be calculated exactly for softer cantilevers. 
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Soft Interfaces 

› Most of the work published so far is on hard interfaces. 

›  Interesting – biological- interfaces are ‘soft’ 

›  Surface preparation is more challenging. 

› Data analysis is more involved and has larger errors. 
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Polymer brushes 

›  Polymer chains can be bound to a surface at one end to form a brush. 
› When exposed to a good solvent, liquid molecules penetrate the brush, 

which extends outwards. 

›  Versatile platform for surface modification 

›  Some applications: 
-  colloidal stability 

-  controlled wettability 

-  microfluidics 

-  anti-bacterial coatings 

-  chromatography 

-  low-friction surfaces 

Low 
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Polymer brushes 

› Grafting density ρ – number of chains per unit area 

› Can also be expressed as average distance between chains D = 1/sqrt(ρ) 

›  The closer together the chains, the more they stretch upward 

› Generally accepted criteria for a polymer brush D < 2Rg Low 

High Grafting Density Low 
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Switching polymer brushes 

Good Solvent 

Poor Solvent or Air 

Polymer 
Brush 

Collapsed 
Polymer 

›  In a poor solvent (or in dry air), the polymer layer collapses 

›  Switch between these states to control surface properties (wettability, 
biocompatibility) 

›  Triggers include: solvent composition, temperature, pH, ionic 
strength, electric fields. 
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Soft Interfaces: Polymer Brushes 

Poly(ethylene)glycol (PEG): 
 Mw = 1000 g/mol 
Mw = 30000 g/mol,   

Dr Eric Charrault 

Polymer chains tethered at one end - densely 
‘Grafting-to’ keeps the synthesis simple 

Cloud Point (CP) conditions:  
Increase T°C and ionic strength 
65ºC, [K2SO4] = 2.9 M   for PEG1k 
40ºC, [K2SO4] = 1.8 M  for PEG30k 
 
Grafted onto gold substrates through thiols 
(gold not entirely smooth) 

No salt      high salt conc. 
lower temp     higher temp 

cloud  
point   

Charrault, Lee, Neto, Soft Matter 12, 1906-1914 (2016). 



Chiara Neto - 22 

PEG grafting on smooth gold 

clean gold bare gold θ<10º θ≈33º θ≈70º 
cleaned bare PEG 

Plasma	  
cleaning	  

CP	  gra.ing	  

- - 

- 

+ 

+ - 

- 

- 

- 

- + 
+ + 

+ 

+ 

+ 

+ 

High control over surface properties is needed. 

QCM-D AFM - prior to washing Ageing of S-Au bond 
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Equilibrium Force Measurements 

L = 50 nmL = 3 nm

Brush thickness  

Force measured in 33% (wt.) 
sucrose sol. 0.2 M NaCl 
At low approach rate (0.1 
um/s) 

Good fits with Milner-
Witten and Cates 
(MWC) model 

The polymer layer is a  
well-controlled and  
reproducible 
brush 
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Dynamic force measurements for CP-
PEG30k 

no-slip 
slip 

40 um/s 

no-slip 

33% sucrose sol. 
(2.90 mPa�s at 
29ºC) + 
0.2 M NaCl 
 
Dynamic force 
curves captured  
at 40 um/s 
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Dynamic force measurements for CP-
PEG30k 

no-slip 

slip 

33% sucrose sol. 
(2.90 mPa.s at 
29ºC) + 
0.2 M NaCl 
 
Dynamic force 
curves captured 
at 40 um/s 

b=26 nm  
± 3 nm 
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Dynamic force measurements for CP-
PEG30k 

  20 um/s 
  50 um/s 
  80 um/s 

33% sucrose 
sol., (2.90 mPa.s 
at 29ºC) + 
0.2 M NaCl 
 
Dynamic force 
curves captured 
at high approach 
rate (5-80 um/s) 
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Fitted slip length 
CP-PEG1k – Average b = 16 ± 4 nm 

CP-PEG30k – Average b = 25 ± 3 nm 
 

•  The fits provide small ‘slip 
length’ on all surfaces 

•  No dependence on shear rate 



Chiara Neto - 28 

Interpreting ‘Slip’ on Polymer Brushes 

CP - PEG1k 
b = 16 ± 4 nm 
L ≈ 3 nm 
rmax ≈ 10 nm 

CP-PEG30k  
b = 25 ± 3 nm 
L ≈ 50 nm 
 Penetration length 

Stagnation length Qualitative agreement with MD 
simulations 

400 nm 

Slip of similar magnitude to the roughness: flow within the surface features 

Charrault, Lee, Neto, Soft Matter 12, 1906-1914 (2016). 
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MD Simulations 

Brushes in poor solvent 
›  Polymer may dewet from the 

substrate to minimize surface 
energy 

›  Final structure is a compromise 
of stretching and surface energy 
factors 

Tom Lee     Shaun Hendy 
Brushes in good solvent 
 
On a continuous brush, the penetration 
length of the flow increased linearly with the 
distance between chain grafting points. 

Lee, Hendy, Neto; Macromolecules, 45 6241 (2012) 
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Direction of shear 
Cross-section at z=5σ to 6σ 

A mixed-boundary condition surface 

» Mixed-slip surface possible 

 

» Solvent velocity correlates with polymer 
morphology 

» High velocity over polymer covered regions 

» Low velocity over exposed no-slip substrate 
» Usable as microfluidic mixers 

Lee, Hendy, Neto; Macromolecules, 45 6241 (2012) 
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