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Interactions of diblock copolymers with
surfaces and oppositely charged materials is
of practical interest
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Presentation Notes
Why is this project important? 
Copolymers contain two or more different monomers. 
The copolymer I was interested in this summer was a block copolymer, where two monomers polymerize in blocks. 
The two components of this block copolymer are PEO and PDMA. PEO is neutral and PDMA is cationic (positively charged). The amine group is protonated.
Hydrophilic Diblock copolymers can be used to destabilize colloidal dispersion. 
There are colloids in wastewater like organic matter, clay particles, bacteria, and plant material that need to be removed so the water can be reused. 
In order to do this, diblock copolymers can be used to help aggregate/flocculate these colloids if a specific concentration is added and therefore will allow the materials to be filtered out. 

Additionally, paint is considered a colloid (material dispersed in water / oil) and in order to help stabilize the material suspended in solvent and keep them from aggregating, hydrophilic diblock copolymers can also be used.

Lastly, hydrophilic diblock copolymers can be used to compartmentalize negatively charged drug molecules, like DNA, for delivery into cells. The PEO block can be used as a steric layer to prevent particle aggregation and accumulation. 

http://paintpad.com.au/wp-content/uploads/2015/11/paint.jpg
https://www.wateronline.com/doc/understanding-separation-essentials-for-wastewater-treatment-0001

Carnegie Mellon University. Block copolymers - Matyjaszewski Polymer Group - Carnegie Mellon University https://www.cmu.edu/maty/materials/Synthesis_of_well_defined_macromolecules/block-copolymers.html (accessed Jul 23, 2018). 




Di-Block Copolymer Adsorption on Silica
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The goal of my project this year at the NCNR was to understand the adsorption mechanism and conformation of the diblock copolymer PEObPDMA  in aqueous solution at the solid-liquid interface . This was done by adsorbing the diblock onto a silica surface, which was chosen because silica has a ph dependent surface charge. The ph, salt concentration and concentrations of silica and the diblock were varied.


Citations
JRC releases world's first certified mixture of silica nanoparticles - EU Science Hub - European Commission https://ec.europa.eu/jrc/en/science-update/first-certified-mixture-silica-nanoparticles (accessed Jul 23, 2018). 


https://www.polymersource.ca/index.php?route=product/category&path=2_2190_17_131_953&subtract=1&categorystart=A-2.2.6.16&serachproduct= (accessed Jul 23, 2018).
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Our hypothesis at the beginning of this project was that PEO-b-PDMA adsorbs through different mechanisms at different pH. 
Initially, it was believed that at acidic pH’s (pH 4), the PEO block would be attracted to the silica surface through hydrogen bonding b/w the ether group and the hydroxyl group. 
However, the PDMA block would be very weakly attracted to the silica surface at acidic pH. This would mean that the PDMA block would most likely be acting as the buoy block. This would lead to a net positive charge on the particle as a whole. 
At basic pH, it was believed that the PDMA block would be attracted to the silica surface through electrostatic attraction. 
This is because the negatively charge silanol groups would attract the positively charged PDMA block, leading them to be adsorbed while the PEO would be acting as the buoy block.
This would lead to a net neutral charge/ slightly negative charge on the particle as a whole.
We also believed that at some point between acidic and basic pH there would be a conformational switch, and a point where the silica surface had both protonated and deprotonated silanol groups, leading to the diblock laying flat on the surface,


https://patentimages.storage.googleapis.com/WO2008051616A2/imgf000019_0002.png
 https://patentimages.storage.googleapis.com/WO2008051616A2/imgf000019_0002.png


Experimental Techniques

Dynamic Light Scattering (DLS) Neutron Reflectometry
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The experimental techniques used to determine the conformation and provide insight to adsorption mechanism of the diblock were DLS and Neutron reflectometry.
DLS was used to determine the size and charge of the silica nanoparticles.
Reflectometry was used to determine the conformation of PEO-b-PDMA on the silica surface at varying pH. 



Dynamic Light Scattering

Technique used to obtain size and charge of a particle
when suspended in solution

Particle size is related to diffusion coefficient through
Stokes Einstein Equation
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Dynamic Light Scattering was used to determine the size and charge of the particles when suspended in salt solution. 
The theory is based on Brownian motion, or the randomness of particle motion in a fluid. 
DLS measures the diffusion coefficient of the particles at dilute concentration, and relates it to particle size through the Stokes Einstein Equation. 
Where:
Dh = hydrodynamic diameter
kB = Boltzmann constant
T= temperature
N= viscosity
D = diffusion coefficient

Additionally, the DLS instrument I used also had the ability to measure the charge of the silica particles.
 It measured the electrophoretic mobility of the particles, or the rate the particles move in response to an applied electric field, and relates it to zeta potential through the Debye-Smoluchowski equation. 
Where: 
Er = dielectric constant of dispersion medium
E0 = permittivity of free space
N = viscosity
Zeta = zeta potential

- Zeta potential measurements are seeing how the particles respond and move in response to an applied electric field
Smolchowski eqn: Valid for thin double layers when debye length is less than 1 
Debye: greater than 1
Debye length = 1/k 
	k^2 = .3nm/ (salt concentration)^2
		3nm in .01M
		9nm in .001M
F(ka) = henry function 
	accurately predicts the zeta potential – need debye length and particle size 
	

https://nano.mae.cornell.edu/pubs/erickson_JCIS261.pdf
What is the Henry equation? http://macro.lsu.edu/HowTo/MALVERN/FAQ_HTML/what_is_the_henry_equation/what_is_the_henry_equation_.htm (accessed Jul 23, 2018). 
https://lsinstruments.ch/index.php?--/frontend/handler/document.php=test&id=222


PH Series of Bare Silica (.25 w/w%) at
10mM NaCl using DLS
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We then ran a pH series on the dilute condition to determine the range of pH where the particles were stable.
The size measurements indicate that the silica particles were stable between pH 4 and pH 10 ( there is no significant change in the size of the silica in this range), so that was the range we decided to run the rest of our experiments on. 
The data obtained functions as a baseline measurement for the adsorbed polymer data obtained later.
 The zeta potential also indicates that the particles get more negatively charged at higher pH because the silanol groups at the surface are being deprotonated. 
	



Adsorption Isotherm for HPEO-b-HPDMA
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(Log v. diameter/ potential so you can see the points at low concentrations better. )
We used DLS to look at the diblock copolymer adsorption onto the silica surface. 
The purpose of doing this was to determine the change in charge of the particle at different pH and to see when the silica surface was fully saturated. 
The silica surface appears saturated at between .015 mg/mL to .01 mg/mL at pH 4. At pH 10 and 7.5, saturated at 1-1.5 mg/mL. This is seen in the flattening of the curve in the charge data, where the charge remains relatively constant.
At pH 4 : we see a big charge reversal bc PDMA block is more cationic in acidic solution. 
At Ph 7, 10 : we see little/minor charge reversal because PDMA block is less positively charged at higher pH. 
It is evident at acidic conditions that the diblock is unstable at low concentration (bc charge on particle is around 0 or is bridging).

-3	 -2 	-1.82391	 -1 	-0.82391 	0 0.176091 	0.30103 
0.001	 0.01	 0.015 	0.1 	0.15 	1 	1.5 
 
Q about change in salt concentration:
Lowering salt concentration increases debye length of particle, making It more stable.
	it might be possible to get accurate size data from a lower salt concentration 



Summary of DLS Results

DLS measurements are useful for detecting
polymer adsorption onto oppositely charged silica
nanoparticles.

The zeta potential of the silica particles changes
based on the amount of PEO-b-PDMA adsorbed.

The data suggests that the diblock has a different
conformation at pH 4 and pH 10 because of the
extent of charge reversal.
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Major takeaways from DLS experiments:

We can track extent of PEO-PDMA adsorption based on the zeta potential of silica particles
Charge reversal is strongest at low pH and low ionic strength, suggesting different blocks are adsorbing. 
Suggests that the polymer may adopt a different conformation at low and high pH in 1 mM NaCl


Neutron Reflectometry

Technique that uses specular reflection to
obtain reflectivity curves

Sensitive to differences in refractive
indexes across surfaces and interfaces

Fit data to a theoretical model (slab,
exponential model etc.), generating a
scattering length density profile

Calculate layer thickness & roughness,
which should change based on the block
adsorbed onto the silica

Fitzsimmons, M. R.; Majkrzak, C. F. Modern Techniques for Characterizing Magnetic
Materials 107-155.

Rodriguez-Loureiro, I.; Scoppola, E.; Bertinetti, L.; Barbetta, A.; Fragneto, G.; Schneck,
E. Soft Matter 2017, 13 (34), 5767-5777.
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Reflectometry is used to obtain intensity measurements from a neutron beam which has been reflected by a surface/interface .
The type of reflectometry the NG7 does is specular reflectometry. This means the incident angle is equal to the final reflected angle. 
Neutrons are sensitive to different refractive indexes across surfaces, so the way the silicon layer will reflect is different from the way the oxide layer will reflect etc. 
The plot of the raw data yielded has reflectivity on the y axis and q on the x axis. 
Reflectivity is the reflected intensity over the incident intensity. 
Q is the scattering wave vector and is calculated by the following equation. (not past .2A-1)
The raw data obtained can be compared to a theoretical model, and generates a scattering length density profile.
From this profile, you get information about the thickness and roughness of each layer in your experiment. 
Based on the thickness of the block, we can determine the conformation of the adsorbed polymer at different pH. 

Plot yielded is function of intensity of reflected beam relative to incident beam v scattering vector qz
	lamda is  wavelength of neutron 
More concerned about low q vs. high q because low q is better for composition profile
Medium 0 = D20
Medium 1 = adsorbed layer
Medium 2 = silicon oxide layer
Medium 3 = si (silicon)
Delta is thickness of film


Why not SANS?
	- if flocculation is occurring, data will be inaccurate



Neutron Reflectometry: Why neutrons?

Probes length scales of interest for adsorbed polymer layers
(wavelength of neutron is 6 Angstroms) Atom Core

Proton

Highlight components of interest via selective deuteration/ Neutron
contrast matching
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Neutrons are found in the nucleus of an atom (produced through nuclear fission in reactor) and are sensitive to isotopes, which scatter neutrons differently (SLD is different).
Neutrons are useful because they can probe the length scales were interested in looking at for our polymer layer. The wavelength of a neutron in 6A which allows us to look at a q range of interest to us. 
Neutrons can be used to highlight components of a material of interest by using a concept called contrast matching.
Neutrons scatter differently in H20 and D20. In our experiment, the PDMA block was deuterated and contrast measurements were made to see how the material was adsorbing.
Our fuly hydrogenated diblock copolymer scatters similarly to water while our deuterated diblock copolymer scatters differently in water and d20.
By choosing the correct solvent you are able to see a desired part of your material. If we chose to dissolve our hpolymer in d20,we would see the entire thing in the SLD profile we generate. 
If we use the deuterated polymer, and dissolve it in water, we will see only the deuterated block scatter because the hydrogenated block and water scatter similarly. 

For example, if we deuterated the PDMA block and had this polymer with a hydrogenated PEO block in water we would see just the PDMA block in the neutron experiments.
If we dissolved the deuterated polymer in D20, we would only see the HPEO block. 
If we dissolved the hydrogenated PEOPDMA in D20 we would see the whole polymer but couldn’t distinguish between the two blocks. 
Length scales of interest: thickness of 10 nm 
Neutron wavelength = 6 angstroms
https://fthmb.tqn.com/UqtGAo7g_7xmX6Yam2SSdtKkaJI=/1500x1000/filters:fill(auto,1)/about/Atom-5901ffb33df78c5456581c09.jpg


https://ncnr.nist.gov/instruments/ng7refl/
http://animatedphysics.com/baryon_decay/xray_neutron_cross_section.png

Ratio of solvent (D20: H20) were made to get more accurate data 


Scattering Length Density Profile of
HPEO b-HPDMA In D,O
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This is the scattering length density profile of the hydrogenated diblock in d20 at ph 4 and 10.
In this profile, we are looking at the polymer as a whole. 
The y axis gives us the SLD of the layers while the x axis gives us the distance from the bulk silicon/ width of your layer.
Each layer has a different SLD because there are different materials in the sample cell.
The first layer is the bulk silicon, represented by 1. 
The second layer is the silicon oxide wafer, represented by 2.
The third layer is the most important layer, the adsorbed polymer layer.
The fourth is the bulk solvent. 
The thickness of the polymer layer increased at pH 10, indicating that the polymer as a whole is in a different conformation at pH 10 versus pH 4. 

Hpolymer thickness pH 10 : 225 Angstroms
Hpolymer thickness pH 4 : 24.86


Scattering Length Density Profile of
HPEO-b-dPDMA In D,O
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from the interface compared to pH 4.
HPEO is less attracted to surface of the silicon wafer at pH 10.
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The following graphs are the generated scattering length density profiles obtained from the data.
The PEO block is thicker at pH 10 (49 A) than pH 4 (17 A), meaning it’s is weakly attracted to the surface at pH 10 and strongly attracted to the surface at pH 4.
Roughness wasn’t considered bc the resolution of the data (low q values only visible) isn’t accurate enough.  


Summary of Neutron Reflectometry
Results

The conformation of the di-block copolymer is different at pH 4 and
pH 10, which is supported by the varying thickness of the polymer
layer adsorbed onto the silica wafer.

pH 4 may not be acidic enough for the PEO block to be the main
adsorbed block, the polymer may be laying flat.

Silicon Wafer Silicon Wafer

pH 4 pH 10

14



Future Work

Further model and improve fits on neutron
reflectometry data to get a more accurate
thickness, especially at pH 10.

Complement reflectometry data with Quartz
Crystal Microbalance with Dissipation
(QCM-D) measurements to obtain mass and
swelling of the adsorbed layer.

Run experiments at pH 2 to see if there is another
conformational change.

Silicon Wafer

++

pH 227
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pH 10- not the best fit because the slab model doesn’t account for all the open space around the ‘hairs’ of PEO sticking out. 
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Reflectivity Curves
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