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Polymers at Surfaces by Neutron 
Reflectivity

Bulent Akgun
NCNR Tutorial, April 22, 2009
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Presenter
Presentation Notes
Good morning. Welcome to NG7 horizontal reflectometer tutorial. My name is Bulent Akgun. Today I will give you some examples about the polymer work done at NG7. 
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Outline

Introduction
Thin Polymer Films and Applications
Why neutron reflectivity?
Examples

Surface Dynamics of Untethered Chains on 
Chemically Identical  Polymer Brushes
Supercritical CO2 Swelling of Thin Polymer Films 
Langmuir Study of Tethered Polymer Layers

Presenter
Presentation Notes
During this talk, First I’ll give you a brief introduction about polymers and polymer thin films. Then I will tell you why we use neutrons and neutron reflectivity and then I ‘ll give you three examples. The first two examples show the areas that you can get the required information only with neutron reflectivity. Specifically the second example will also require a horizontal reflectometer because the study involves air-liquid interface. The last example will demonstrate the complimentary side of reflectivity technique to another X-ray scattering technique. 
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Polymers at Surfaces

PolymerMonomers

Connectivity

Configurational Entropy

Rg

Small molecules at surfaces

Molecular length scale

Polymers at surfaces

Length scale ~ Rg

Presenter
Presentation Notes
	Polymer is a substance composed of molecules characterized by the multiple repetition of constitutional units linked to each other in amount sufficient to provide a set of property that do not vary markedly with the addition or removal of one or a few of the constitutional units. Simply A polymer is a large molecule, often containing many small molecules joined together chemically. 

	It is a well-known fact that there are differences between the properties of materials in bulk and close to surfaces. For example the density and composition of the liquids are different close to interfaces.   Volfang Pauli said that God created the bulk the devil created the surface. Many things we know from bulk changes close to interfaces. For example for polymer thin films we know that the glass transition temperature, chain dynamics and density vary close to interfaces. For small molecules there is a single molecular length scale  dictates the range over which the perturbation imposed by interface persist. The same is broadly true for polymers except this molecular length scale is many times longer than the few A units associated with small molecules and it is related to polymer chain dimension which is expressed by radius of gyration. Radius of gyration is root mean square distance of the collection of atoms from the center of mass of the polymer chain.  The additional length scale comes from the connectivity between the units.  It is due to this connectivity configurational entropy plays a leading role in determining the equilibrium free energy of polymers.
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Applications of Polymer Thin Films

Polymer film

Polymer Solar Cells

PEM for fuel cells

Nanotemplates

 

for lithography

Coatings

Presenter
Presentation Notes
Besides the fundamental scientific importance to understand how properties of polymers change with confinement,  there are many technolgical applications of polymer thin films. They can be used as coatings, or in polymer solar cells, they can be used as proton exchange membranes in fuel cells, or as templates for lithography. They could be used to sense the toxic chemicals or could be used in circuits. 
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Why Neutrons?

Interact with nuclei not electrons
Penetrates sample containment
Sensitive to bulk and buried structure
Simple interpretation – provides statistical averages
Isotopic sensitivity (especially D and H)
Non-destructive
For multicomponent polymer systems it is the only way 
to obtain information about each component

Presenter
Presentation Notes
As compared with x-ray scattering cross sections, which vary as Z2, neutron scattering cross sections show little systematic variation with atomic number.
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Neutron reflectivity (NR)

qz = 4πsin(θ)/λ
Kiessig fringes, d=2π/Δq
Integrated roughness
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Presenter
Presentation Notes
	Neutron reflectivity is used to investigate the internal structure due to its remarkable sensitivity in the direction normal to the surface. In NR, neutrons are coming from the source and reflected beam is captured on a detector at a specular condition which means incident angle and exit angles are the same. Qz is wavevector transfer in z direction and is proportional to incidence angle.  Because there is only z component of wave vector transfer, it gives information in the z direction and the information in the x and y directions is averaged.  In case there is a thin film on a substrate we obtain reflectivity curve like this as a function of qz. Reflectivity is defined as the ratio of reflected intensity to incident intensity. From a reflectivity curve, the information about the film thickness, microroughnesses at the interfaces and neutron scattering length density profile can be obtained. The structure of thin films cannot be obtained directly by inverting the reflectivity data due to loss of phase information. Instead, a candidate model is assumed for the thin film structure and the parameters of the model are varied using a non-linear regression until a simulated reflectivity curve calculated for the model structure agrees sufficiently well with the experimental data. 
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Commonly Studied Scientific Polymer Thin Film 
Cases with Neutron Reflectivity

Surface Adsorption of Polymers 
Surface Segregation in Polymer Blends
Thin Film Swelling
Block Copolymer Ordering 
Interdiffusion in Polymer Layers
Interactions of proteins with lipid membranes
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Surface Dynamics of Free PS Chains on 
Chemically Identical Polymer Brushes: XPCS 

and NR Study

Gökçe
 

Uğur, Bulent Akgun, Zhang Jiang, Suresh 
Narayanan, William J. Brittain, Sushil

 
Satija, Mark D. 

Foster

Presenter
Presentation Notes
Our first example is the most relevant example for todays interdiffusion experiment which is the surface dynamics of Free PS chains on chemically identical Polymer Brushes: XPCS and NR study. This work is done in collaboration between University of Akron, Argonne national Lab and NCNR
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Presenter
Presentation Notes
Recently, Kim et. al. studied the dynamics of surface height fluctuations of spun-cast polystyrene films using XPCS. They showed that the time dependence of surface height fluctuations are determined by the viscosity, surface tension, the film thickness and the wavelength predicted by the theory of overdamped thermal capillary waves on thin films. As the T increases, the time constants decrease. The time constants decrease monotonically with increasing thickness. As q increases time constants decreases shows large scale asperities relaxing more slowly than the smaller ones. In this figure you see intensity-intensity time autocorrelation as a function of time delay for 29 nm thick spun-cast PS film. We see a nice relaxation fit by a single exponential decay and the relaxation time is 32 s at 170 C. 

since the interaction with substrate for thinner films has an enormous effect on surface dynamics what could happen when we have real well-defined interaction with substrate as in tethered brushes. In this figure it shows the comparison of correlation functions of 29 nm untethered chains with 26 nm thick brush. The change is dramatic. While untethered chains relax in 30 seconds, brush chains are doesn’t show any movement up to 1000 seconds. So the surface looks like frozen as shown in this cartoon even after a time of 1000 seconds. The fact that the value of g2 remains above unity reflects that there is structure at the surface of the brush, but this structure does not relax, on the length scale probed, in the time window investigated by XPCS. 
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Objective

Investigate the effect of underlying brushes 
on surface dynamics of spun-cast chains 
(Bilayer

 
films)

Brush thickness (hb)

Brush grafting density (σ) 

Untethered chain layer thickness (hu)

hb

hu

Presenter
Presentation Notes
When we learned that the tethering of chains alter the surface dynamics dramatically we were wondering about if we put a spun-cast polymer layer on top of a polymer brush, how the surface dynamics of these free layer varies with the variation of brush thickness, brush grafting density and the layer thickness of untethered chains. 
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Applications of Polymer Brushes

Stabilize colloids
Create protein resistant surfaces
Control solvent flow in microchannels
Control adhesion, lubrication and wetting
Create stimuli-responsive surfaces

PMA-b-PPFAPMA-b-PPFA θS

 

= 90°θS

 

= 135°

Trifluorotoluene

 

or T

Ethyl acetate

Presenter
Presentation Notes
We have been working on polymer brushes for a long while because they are very good model systems to study the effect of confinemet on the polymer chains. Besides this scientific interes, there are many technological applications where polymer brushes can be used. Polymer brushes can be used to stabilize colloids, to create protein resistant surfaces for biological applications and to control solvent flow in microchannels.
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Polymer Brush Synthesis

Homopolymer
 

Brushes

Atom transfer radical polymerization  (ATRP)
“Grafting from”

 
technique is used

High grafting densities (~ 0.6 chains/nm2)

d-PS, PS

For lower grafting densities (0.1-0.4 chains/nm2) 
mixed monolayers

 
are used.

Presenter
Presentation Notes
We have  synthesized our brushes thicknesses and grafting densities using grafting from technique with ATRP which is a living free radical polymerization technique that yields low polydispersities. In this technique, first a SAM which has initiating sides for ATRP is immobilized on the substrate and then polymerization started from the initiator. Once the brush  is synthesized it is cleaned by soxhlet extracting the samples for 24 h in THF and then sonicating them in toluene. With this procedure we got high grafting densities of around 0. 6 chains/nm2.To lower grafting densities, during initiator deposition we mixed our functional silane initiators with nonfunctional silane molecules at diffferent concentrations. We could be able to drop the grafting density down to 0.12 chains/nm2. 
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Preparation of Bilayer
 

Samples

Dispense Ramp-up speeding Constant drying

Spin-coating
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X-ray Photon Correlation Spectroscopy
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Presenter
Presentation Notes
	 X-ray photon correlation spectroscopy is an emerging technique and the dynamics of thin polymer films can be probed directly on the micron to nanometer length scale. In this technique, there is a partially coherent x-ray beam coming to the surface with an incidence angle smaller than critical angle of the film, and the penetration depth is 9 nm. Even though we are probing top 9nm this dynamics  is still influenced by the chains deeper in the film. Then the scattered pattern collected on the 2D CCD camera. Due to thermal fluctuations on the surface, this scattering pattern exhibits random interferences, so called speckles which vary in time as the surface modes experience random thermal fluctuations. The snapshots of these patterns are taken in time and correlated with one  another until pattern changes totally. From these speckled patterns by taking the intensities in time as shown in this plot, normalized intensity-intensity time autocorrelation function, g2 is calculated. In this figure g2 vs t plot is shown. Circles are data points and red solid line is the fit calculated by exponential decay function. G2 starts from a value and then decreases and finally reaches a baseline. The time it takes to reach a baseline is the characteristic relaxation time of surface height fluctuations. With exponential fit you can get tau as shown in here. 
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Presenter
Presentation Notes
First we kept the grafting density of the brush and thickness of the free chains constant and varied the brush thickness. The molecular weight of the free chains are 2.2 k. In this plot you see calculated relaxation times as a function of in-plane wavevector. First we spin coat a 45 nm thick PS film of 2.2k on a silicon substrate and measure the relaxation times as a function of q as a reference. 
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Presenter
Presentation Notes
In this figure a representative neutron reflectivity is shown for a bilayer sample which have 25 nm thick PS brush and 45 nm thick 2.2 k dPS free chains. Reflectivity is fitted using a scattering length density profile shown here. 
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Effective Thicknesses

21 nm brush

35 nm 29 nm 20 nm
XPCS

NR
19 nm

44 nm brush 76 nm brush

28.5 nm36 nm

Presenter
Presentation Notes
By using overdamped capillary wavetheory normalized relaxations are plotted as a function of qh, to put all samples at each temperature on a single curve I used thickness as a fitting parameter.  From the thicknesses I found, I found that same film behaves different on brushes of different thicknesses. Same 45 nm film on 21 nm brush, relaxes in the time of 35 nm film. When brush thickness become 44 nm, free chains this time behave as they are 29 nm thick. When brush thickness increases up to 76 nm, chains become more confined and behave like 20 nm thick film. As it is seen, when the brush thickness increases, interaction of brush with free chains increases or the effect of brush on free chains are increasing. So what is the penetration depth for these free PS chains? 
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Presenter
Presentation Notes
So what happens if we keep brush thcikness and grafting density constant. Do we see same behavior or different behavior? When we put 27 nm untethered chains on 76 nm brush with a thickness ratio of 0.3, the relaxation is out of XPCS window. 





By using that theory when normalized relaxations are plotted as a function of qh, to put all samples at each temperature on a single curve I used thickness as a fitting parameter.  From the thicknesses I found, I found that same film behaves different on brushes of different thicknesses. Same 45 nm film on 21 nm brush, relaxes in the time of 35 nm film. When brush thickness become 44 nm, free chains this time behave as they are 29 nm thick. When brush thickness increases up to 76 nm, chains become more confined and behave like 20 nm thick film. As it is seen, when the brush thickness increases, interaction of brush with free chains increases or the effect of brush on free chains are increasing. So what is the penetration depth for these free PS chains? 
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Summary

Brushes slows down dramatically surface dynamics of 
untethered chains. Untethered chain thickness, brush 
thickness and grafting density are important for bilayer
films.

Increase in brush thickness
decrease

 
in grafting density, 

increases penetration depth
 

of free chains and  
increases τ

 
constants. 

Surface dynamics of bilayers are determined by the
characteristics of the brush layer. 
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Density Fluctuation Induced Swelling of 
Polymer Thin Films in scCO2

T. Koga, Y.S. Seo, K. Shin, M. H. Rafailovich, J. C. Sokolov, S. K. Satija

Presenter
Presentation Notes
Our second example is the density fluctuation induced swelling of Polymer Thin films in scCO2. As I mentioned before in confined geometries many of the properties of polymers change. In this study the aim is to determine the differences between the bulk and interface for polymer thin films when they are treated with SCCO2. 
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Supercritical Fluids (SCFs)
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Presenter
Presentation Notes
The fluids above its critical pressure (Pc) and temperature (Tc) are called supercritical fluids. Supercriticality is defined as a strange and intriguing state where solids can dissolve in gases and liquids can alternate between reflectivity and transparency. These three pictures show the white light transmittance through CO2 at different pressure and temperatures. Although the supercritical fluids look like homogeneous at macroscopic level, the density fluctuates from gas-like to liquid-like values at microscopic level.  We will see in few minutes that these long range density fluctuations are very important for thin polymer swelling. 
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1. Environmental reasons
> 30 billion pounds of organic and halogenated solvents/year are

 

used. 
ScCO2 and water are developed to reduce the above

Why are supercritical fluids “super”
 

?
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Density changes widely and drastically

Macroscopic features of 
SCFs, such as gaslike

 diffusivity and viscosity 
with liquid like density, 
originate from the 
microscopic structures in 
SCFs. 

Presenter
Presentation Notes
We should start with the question that why scCO2 is important for polymer films. The main reason is scCO2 is a green solvent. Every year more than 30 billion pounds of organic and halogenated solvents are used by chemical industry. It is important to replace these organic solvents with green alternatives and CO2 could be a good candidate. ScCO2 is more commonly used in polymer processing, polymer synthesis, reactor clean-up and preparation of pharmaceutical products. The major disadvantage is that only limited class of polymers like fluorinated and silicone based polymers are soluble in CO2. These are known for bulk polymers and in these study, the affect of scCO2 on swelling of polymer thin films is explored.

 Density changes widely and drastically in super critical region. From the figure we see the rate of density change is maximum near the critical pressure. Above critical pressure it looks like it reaches a plateau. The solubility of bulk polymers follow closely the increase in density of CO2 with pressure and the amount of swelling usually reaches a plateau around 10%. 
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Neutrons

High Pressure Neutron Reflectivity (NR)
~Ideal tool to determine the in-situ film quality under compressed gases ~ 
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Presenter
Presentation Notes
They have used high pressure Neutron reflectivity to study the swelling behavior of thin polymer films in SCCO2 . With a large penetration depth, NR is an ideal tool  to determine the in-situ thickness , composition and interfacial structure of thin polymer films immersed in fluids or gases under high pressure in thick walled vessels. This figure shows the schematics of the high pressure cell. By using a hand-operated syringe pump, the CO2 is pressurized and delivered to the vessel. The pressurized CO2 fills this area and neutrons are coming from the silicon side and reflected from the film and reflected beam is collected by a detector.  

 This plot shows the logarithm of the reflectivity as a function of qz at 36 C for a deuterated styrene butadiene rubber thin film which has 38 nm thickness initially. The reflectivities are measured at below critical pressure, around the critical pressure 8.2 mpa and above the critical pressure 35 mPA. One thing you can notice immediately is that the fringes become smaller at 8.2 mpa which indicates that fringe spacing becomes smaller so the thickness of the film increases. The thickness becomes 62 nm at 8.2 mPa and then returns back to 42 nm at 35 mPA. The roughness between the film and Co2 increases from 1nm to 3 nm at 8.2 mpa and then goes down to 1.6 nm. 
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Density Fluctuations Induce Swelling 

deuterated styrene-butadiene copolymer
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Presenter
Presentation Notes
This plot shows the linear dilation as a function of pressure for 45 nm thick film which has 84k molecular weight. Linear dilation is defined as the L-L0/L0 where L is the thickness of swollen film and L0 is the thickness of the initial film without pressure. They collected the data by both increasing the pressure and then slowly decreasing the pressure and the results were identical. We can clearly see there is a maximal value of linear dilation around 0.6 or 60 percent swelling at 32 and 36 C. The values of the maxima gradually decreases to 0.35  with increasing temperature. As the pressure increased well into the supercritical region , P>15 mpa the film collapses and only a small dilation is observed around 10%. Swelling of bulk polymer sample is shown with pink squares and the swelling reaches a maximum value around the critical pressure and then it does not change. The maximum value of linear dilation for bulk sample is around 0.1. The bulk swelling values follow closely the increase in density of CO2 with pressure. Hence bulk swelling is related to the monotonic increase in miscibility between the polymer film and CO2 but this does not explain the unusual swelling behavior for thin films around the critical pressure. 

The long range density fluctuations are calculated as a function of temperature and pressure and the peaks in the plots well coincide with the peaks in the linear dilation plot. This shows that the anomalous linear dilation is correlated to magnitude of long range density fluctuations. Density fluctuations can significantly enhance the solvent quality in thin films even when the bulk miscibility with CO2 is very poor. A locus of all maximal points is called as density fluctuation ridge. 
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Plasticization Effect of Density Fluctuating scCO2
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Presenter
Presentation Notes
It is well known the sorption of CO2 into the bulk polymers plays a role as a diluent or plasticizer. Hence it is important to explore how the glass transition, viscosity and dynamics of thin polymer films are affected in the vicinity of the density fluctuations ridge, In order to test these, they prepared bilayer samples of hPS and dPS and reflectivities are measured at two different times at different pressures. The aim of the measurement is to show when the film is plasticized the chains should diffuse between the layers and broaden the interface between the layers. From this broadening one can calculate the diffusion coefficients. At low pressures the reflectivities after 0.5 hour and after 12 hour is almost identical indicating that films are still in glassy state. There is a significant change in reflectivity after 6 h at 8.2 mPA. /the interface width increases from 4 nm to 8 nm in 6 hours. Interface width scales with square root of time which shows that the diffusion between the layers is fickian. At 70 mPA diffusion does not occur within 12 hour. The film becomes glassy again. This data shows CO2 induces glass-liquid-glass transition associated with the density fluctuation ridge. Diffusion coefficients are calculated from the interface width vs time  plots are shown as a function of pressure here. the diffusion coefficient increases 2 orders of magnitude around the ridge and then decreases sharply above Pridge. Around the ridge the diffusion coefficients are measured as afunction of molecular weight and the dynamics is exactly same as with that of entangled polymer melts above Tg.  



30

Foams

CoCo--solvent effect for Immisciblesolvent effect for Immiscible
 

Polymer InterfacesPolymer Interfaces

PS/PMMA(or

 

PB)
in oven (~170ºC)

Neutrons

Density fluctuating scCO2

 

enhanced the 
PS/PMMA compatibility near the 
surface of the foams.

After exposure
<SEM image>

200nm

Foam

PS/PMMA

Application: Bulk PS/PMMA blend

Development of a novel material 
with a high degree of flexibility

 

and 
tensile strength

 

simultaneously

In situ NR results @36 ºC in scCO2

120

80

40

In
te

rf
ac

ia
l w

id
th

 (Å
)

3020100
P (MPa)

PS/d-PMMA
PS/d-PB

Anomalous broadening
at the ridge

Homogenous !!

Presenter
Presentation Notes
Another interesting possibility is to use scCo2 as a co-solvent. To test the idea immiscible polymer  bilayer films of PS/PB and PS/PMMA prepared. The broadening of the interfacial width at 36 C is measured as a function of the pressure. The interfacial broadening has a maximum at the density fluctuation ridge which shows the interface width is as high as 10 nm for PS/PB system and 6nm for Ps/Pmma system. When the same systems are annealed at high temperatures the interface width was much lower than obtained by scco2. Density flcutuationg CO2 enhances the compatibility of immiscible polymers by screening the unfavorable interactions between the polymers at the interface,  
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Tethered Chains in Theta Solvent Condition: 
Langmuir Diblock Copolymer Monolayer 

Study

M. S. Kent, S. Satija, J. Majewski, G. S. Smith, L. T. Lee 

Presenter
Presentation Notes
NG7 Reflectometer is a horizontal reflectometer on which we can study free liquid surfaces. The next example will give you an idea about the reflectivity measurements from an air liquid surfaces.
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Objective

To investigate the effect of molecular weight 
and surface coverage on the structure of 
tethered layers
To examine the scaling laws  and compare 
with the predictions for strong-stretching limit 
at infinite M

h ~ σ
 

1/3

 

M  (good solvent)

h ~ σ
 

1/2

 

M  (theta solvent)
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Formation of tethered layer at air-liquid 
interface
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This experiment involves the study of spread monolayers of highly asymmetric PDMS-PS( polydimethyl-siloxane- polystyrene) diblock copolymers on the surface of an organic liquid ,DOP ( dioctyl phthalate). DOP is a theta solvent for the PS block and a non solvent for the PDMS block The PDMS block anchors the copolymers to the surface due to the low surface energy of PDMS relative to the subphase liquid, while the PS block dangles into the solvent to form the brush layer. Advantages of studying the tethered chains at the air liquid interface are, free energy of the layer can be probed by surface tension measurements simultaneously with measurements of structure by nr. Sigma can be independently varied from MW by compression in trough. Interaction for the submerged block can be made either attractive or repulsive by varying the subphase liquid. The liquid-air interface is repulsive for the PS blocks. The SLD value of the PDMS block is nearly matched with that of air, so only submerged d-PS blocks contributes to the reflectivity.



34Reduced surface density, Σ
 

= σπRg
2

Reflectivity for PDMS-dPS
 

(20-170) at 22 °C 
for various reduced grafting densities

Presenter
Presentation Notes
Reflectivity data as a function of wavevector q are shown in this plot for PDMS-dPS 20-170 copolymer over a range of reduced surface density varying from 1 to 8.4. This is a different way of showing the reflectivity data in which R0 is the calculated reflectivity of the bare DOP surface with 3A roughness. Reeuced surface density increases from 1 to 8.4. The increase in the amplitude of the first fringe already indicates that the volume fraction of dPS increases and the thickness of the layer increases can be found from the shift in the  maximum position. 
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Presentation Notes
the volume fraction of dPS is calculated from the previos reflectivity data and shown as a function of depth in this plot for PDMS-dPS 20-170 sample. There are three distinct regions in the profile. First there is a depletion of segments from the surface region due to restrictions of chains residing adjacent to impenetrable surface. The size of the depletion layer does not vary much with the grafting density. This region is followed by a step of constant volume fraction and the value of volume fraction increases as the reduced grafting density increases.  Finally there is a region in which the volume fraction decreases over the body of the profile an ending with an exponential tail. The decrease in the volume fraction with depth follows the functional form shown here. Z is the depth, fi zero, L0 and y are the fitting parameters. 
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Sensitivity of reflectivity to profile shape
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At the highest grafting density,  there is a small shoulder between q values of 0.02 and 0.03 inverse angstrom that discriminates between fairly subtle differences in profile shape. In this plot, best fits are shown for values of the exponent fixed at 2 which is blue solid line and 3 which is red dashed line. This figure shows how sensitive is neutron reflectivity to the profile shape. For all molecular weights at the highest grafting density, they obtained exponent of 2. The exponent has a higher value at lower grafting densities and decreases with increasing grafting density. 
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Effect of MW on the structure of Tethered Layer
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Presentation Notes
Reflectivities are collected for different molecular weights at highest surface densities and plotted as a function of qz in this figure. IT is clear from the position of the first maxima that as the MW increases the thickness of the layer increases since the q value becomes lower. Also, n general  the value of R/R0 decreases at the peak position. This effect can be described with a depletion layer at the air surface. When the volume fraction profiles are calculated from the reflectivity data, we can see the size of the depletion layer increases as the MW of the Ps block increases. Depletion layer is defined as the distance from the air surface to the beginning of constant step. 
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Presentation Notes
The layer height is determined by extrapolating the body of the volume fraction profile to the x-axis. The layer height increases with reduced surface density in all cases. The chains stretches 47% from sigma equal 1 to sigma equal 11. When the layer height is scaled with the radius of gyration, the data nearly collapse onto a single curve. This shows that the chain stretching is nearly universal and approximately linear function of the degree of chain overlap over the reduced surface density range.  the best power law representation of the data is found to be 
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Comparison of Scaling Laws with Theories
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The best power law for this data shows layer height scales with grafting density of power 0.18 and Molecular weight of power 0.74 both of which shows weaker dependencies than predicted by the scaling and analytical SCF theory. The dashed curve indicates h scales with one half power of grafting density. SCF theory predicts a volume fraction profile of the form for infinite MW and high grafting densities. The profiles I have shown you before deviate significantly from this functional form. Theory does not predict any depletion layer at the surface or an exponential tail away from the surface. Body of the profile decays with an exponent of 2 whereas theory predicts the exponent of ½. However the decrease in the exponent as the grafting density increases indicates that the asymptotic limit is not reached with reduced surface density values up to 11. 
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Summary

Asymptotic limit not valid for Σ < 12 - need numerical SCF 
calculations for accurate description.    

Depletion layer present for repulsive surfaces. Nearly 
independent of σ, increases with M.

Accessible range of surface density is limited when tethered 
layers are prepared from moderately dilute solutions.

Higher surface densities achievable using concentrated 
solutions or with “grafting from” technique
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