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Progress report
Project organization

In this project we have successfully married an experimental — theoretical collaboration between the
MSU research group and Sandia National Laboratories. To do this Prof. Mackay supervised a graduate
student, Ms. Erica Tzu-Chia Tseng, who performed experiments, and a postdoctoral fellow, Dr. Erin
McGarrity, who performed theoretical modeling in his laboratory and interacted with Dr. Amalie
Frischknecht, a theoretician at SNL. Drs. McGarrity and Frischknecht had weekly teleconferences on
Thursday mornings to discuss progress and had 2 - 3 face-to-face meetings per year. Dr. Frischknecht
was funded on her part through CINT to allow this partnership. This unique collaborative effort of placing
a theoretician within a group of experimentalists has tremendously aided experimental progress since the
collaborators are intimately familiar with both the experimental and theoretical efforts. Furthermore
development of new theoretical tools to interpret experimental results has resulted permitting rational
verification and enhanced investigation of parameter space.

Beginning Fall 2008 the project was arranged differently. Prof. Mackay has taken a position in the
Department of Materials Science at the University of Delaware (UD) where he is being considered for a
named chair. The collaboration with Dr. Frischknecht continued as usual with Dr. McGarrity continuing
his research at MSU. Ms. Tseng has moved to UD and continues here research without interruption. Dr.
McGarrity has recently left the project to work on another project and a new postdoc has started on the
project, Dr. Venkat Padmanabhan. Dr. Padmanabhan recently finished his PhD with Prof. Kumar at
Columbia University and is uniquely capable to work on this project.

Summary of accomplishments

Accomplishment 1 - We have discovered that nanoparticles will self-assemble at solid substrates
within a thin polymer film due to entropic forces exerted by the polymer molecule. The segregation forces
are expected to be quite strong, we have estimated its energy to be of order 10 — 100 kgT per
nanoparticle, to create an effective coating that makes the polymer film stable on otherwise unwettable
substrates.” The segregation occurs since a segment of the polymer molecule gains degrees of freedom
by pushing the nanoparticles to the substrate, which only lose three degrees of translation entropy, and
laying on the nano-rough carpet of nanoparticles. So, film stability results since the energy gain through
dewetting is less than the energy cost in disassembling the nanoparticle layer. We have used density
functional theory (DFT) calculations of hard spheres mixed with a hard sphere polymer to demonstrate
that entropic segregation is entirely possible.3 Furthermore, theory shows that as more and more
nanoparticles are forced to the substrate a surface concentration is reached where a first order entropic
phase transition occurs and a particle monolayer results excluding the polymer molecules from the wall.
This self assembly can be useful in a variety of fields such as advanced coatings, sensors,”* solar cells,
etc.

Accomplishment 2 - We found the above phenomenon can be used in other
applications and were able to extend it to make multi-layered assemblies® similar
in effect to layer-by-layer assembly.® In contrast, our process allows variation of
each layer’s thickness, an important nanoscale design variable. The figure to the

right demonstrates such an assembly where a layer of CdSe quantum dots and »
cross-linkable polystyrene were spin coated onto a substrate, the film was /
/

softened by an increase in temperature to allow self-assembly and crosslinking /(
of the polymer which made it insoluble upon subsequent exposure to solvent. : '
The process was repeated seven more times, as shown in the figure, to create a layered assembly where
each bilayer was ~ 75 nm thick. The amount of either component in any given layer can be varied to
generate a given thickness, as can be the overall thickness of each bilayer, to give precise control of the
multilayered assembly unlike what can be accomplished in layer-by-layer assembly. We have denoted
this process as SAMON: Self-Assembled Multilayers Of Nanocomponents, and can be used in optical
devices, dielectric coatings, tandem solar cells, etc.



Accomplishment 1 — Inhibition of dewetting by nanoparticle segregation

Experimental results and discussion - Neutron reflectivity measurements have been used to show
that polystyrene nanoparticles (see Figure 1a) are uniformly distributed in the polystyrene film before
annealing, yet, after annealing they are found to separate to the solid substrate and to retard the
dewetting kinetics of the linear polymer.2 A crude estimate of the fractional aerial coverage (6) of the
nanoparticles at the substrate, based on a simple mass balance, is given by

6=(h/2a)x ¢

(1

where h is the film thickness, a, the nanoparticle radius and ¢, the bulk nanoparticle volume fraction. 6= 1

corresponds to a dense packed monolayer of nanoparticles at
the substrate. It was shown in our previous work,? and is
further demonstrated in our more recent study,1 that
dewetting is severely retarded for nanoparticle volume
fractions corresponding to a segregated nanoparticle
monolayer or more.

Neutron reflectivity (R) profiles for nanoparticle blend
films containing 5-20 wt% nanoparticles and thickness
approximately 45 nm were annealed in air for 24 hrs at a
temperature of 160°C, except the 5% blend for which
annealing was restricted to 2 hrs to limit dewetting. Fits to the
neutron reflectivity data were based on a two layer model (as
will be justified below), where the top layer is composed of
pure (deuterated) linear polymer (dPS 63 kD) and the bottom
layer consists of both the linear polymer and nanoparticles.
For example, a 39 nm thick film of a 10 wt% nanoparticle
blend was fitted to the model and one finds the scattering
length density (SLD) of the layer next to the substrate to be
4.72x10° A? whereas the top layer has an SLD of 6.42 x 10°®
A% In fitting this reflectivity profile, the pure polymer-
nanoparticle rich layer interface roughness was found to be 4
nm and the nanoparticle layer thickness was 6.2 nm. Of
course, the roughness relative to the layer thickness is large
and so may not have physical significance. The resolution of
the Q-vector (AQ/Q) for the instrument was also employed as
a fitting parameter and was found to be approximately 0.03, a
reasonable value. Here Q is given by, Q = 411 sin(©/2)/A, © is
the scattering angle and A is the neutron wavelength.

A test of alternative models is presented in Figure 1b for
the case of the 39 nm thick film containing 10 wt%
nanoparticles, where a plot of RQ* versus Q for the data and
various modeling results are presented. This type of plot is
useful when considering sharp interfaces and R should decay
as Q* when they are present. Three models are compared to
the data in this figure, firstly a model where complete phase
segregation to the substrate occurs as discussed above,
secondly, a case of homogeneous distribution of
nanoparticles in the film and thirdly, a case where the
nanoparticles segregate to the air interface. Clearly, the latter
model does not predict the observed reflectivity profile. The
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Figure 1. a. Synthesis of polystyrene

nanoparticles occurs by crosslinking pendent
butane groups of a linear precursor chain by
dripping a dilute solution into hot solvent that
activates the crosslinking process. b.
Reflectivity multiplied by reflectance wave
vector to the fourth power (RQ?*) versus Q
using a 39 nm thick film, and a comparison of
fits to three different models placing the
nanoparticles at the substrate or air interface or
homogeneously distributed throughout the film.
Protonated polystyrene nanoparticles were
mixed with deuterated linear polystyrene and
the assembly process activated.

case of homogeneous distribution shows little difference to the observed reflectivity at low Q but does not
represent the data at high Q. Only the case of nanoparticles separating to the hard substrate gives a
satisfactory agreement to the observed reflectivity at both low and high values of the wave vector.



Theoretical rationalization: Simple model - In polystyrene nanoparticle/linear polystyrene systems,
segregation of the nanoparticles to the substrate is driven by an entropy gain for the entire system, "a
mechanism similar to that arising when Iow molecular weight polymers are mixed with high molecular
weight polymers of the same composition. . A simple argument can be made’ to justify this segregation by
noting that the monomer units in a linear polymer will gain akBT[a/o] of entropy when they move from the
solid substrate and push a nanoparticle down. Here a is the number of degrees of freedom gained by a
given monomer un|t kg is the Boltzmann constant, T is temperature and o is the size of a monomer unit
(the quantity [a/o] represents the number of monomer units that gain entropy). The nanopartlcle itself will
lose ~ kBT worth of translational entropy while segregation from the blend costs ¢ [a/o]* of mixing free
energy to account for monomer interactions with the nanoparticle surface, € is of order 0.1 — 1 kBT for
dispersion forces A simple balance between these thermodynamic components shows that a[a/o] >1+
[e/kgT] [a/a] for segregation, requiring that a monomer unit in a linear chain near the substrate must gain
0.01 — 0.1 degrees of freedom due to constraint release when nanoparticle segregation occurs. It is
expected, however, that a is of order one demonstrating that an entropy based mechanlsm is certainly
capable of driving segregation to an interface with energy 10 — 100 kgT (~akBT[a/o] ), as is consistent with
nanoparticle segregation observed in self-consistent field calculations of nanoparticle segregation in
blends’ and also with density functional calculations we are presently performing in our group as
described below. Once the nanoparticles segregate to the interface, we find that any surface can be
wetted, even very low energy surfaces since the assembly energy is so large and the nanoparticle
layer acts as an effective coating.

Theoretical rationalization: More comprehensive DFT model - We employed a computationally
efficient, classical density functional theory (DFT) to explore the phase behavior of the model system of
polystyrene nanoparticles distributed in linear polystyrene DFTs can capture the microscopic structure
and thermodynamic behaviors of complex fluids'" ' and are based on minimization of a grand potential
free energy functional. Since the minimization results in the grand potential free energy of the system,
DFTs are well-suited to the study of phase behavior. Although this is an efficient DFT we have used
43,220.87 h of CPU time in calculations at Sandia National Laboratories, a little under 5 years on a
single processor.

We use a density functlonal that is based on the fundamental measure theory of hard sphere liquids,
pioneered by Rosenfeld," where both the nanoparticles and the polymer segments are treated as hard
spheres. Bonding constraints between the polymer segments are enforced using the Wertheim-Tripathi-
Chapman (WTC) bondmg functional," ' which is based on Wertheim's thermodynamic perturbation
theory (TPT1) " The DFT is formulated in an open (uVT) ensemble with the grand potential for the
hard sphere/polymer blend given by

Qp, (N1=Fylp. N1+ Flp, D+ Fylp, (0+2 f drp, (NIV, (N -x,] ()

where the terms on the right-hand side represent the Helmholtz free energies for the ideal gas, the hard
sphere, and the chain constraints. The final term is the Legendre transformation where the L, are the site
chemical potentials and V/(r) is an external field. The exact form of the Rosenfeld hard sphere term, Fhs,
can be found in Rosenfeld et al.'® with a more accessible derivation of this functional given in Roth et al."
We |mplemented a form of the chain free energy functional F; (Equation 22 from Tripathi and
Chapman' ) to keep track of, and solve explicitly for, segment densities by treating each segment as a
separate species.

The surface free energy of a blend with N = 40 is shown in Figure 2a, where the surface free energy
is defined as Qg[p.(r)] = Qpu(r)] - Qouk, and Quuk is the free energy of a homogeneous bulk system with the
same packing fraction and composition. The dark curve with “x” markers corresponds to the stable
solutions of the free energy minimization for the mixture. There is a distinct change in slope in the curve
at a density of pn*cp3 = 0.01263, which indicates a first order phase transition. The light part of the curve
represents the metastable and unstable branches of the phase space explored by the continuation solver.
The point at which the curve crosses itself has two solutions with distinct morphologies. The dashed line
represents the free energy of a neat polymer system with the same length (N = 40) and packing fraction.
Note that the addition of nanoparticles reduces the free energy of the system.



The excess adsorption I, is shown in Figure 2b, where T, is defined as I, = [dz(p,(2)-p.). The vertical
lines indicate the sudden jump in adsorption as the nanoparticle density is increased through the phase
transition. This jump shows the polymer being expelled from the wall by the nanoparticles with the van
der Waals loops being clear indicators of a first order transition.

The two coexisting density profiles found at the phase transition are shown in Figure 2¢ & d. A
density profile converged at the coexistence density (p,*) from a profile at a slightly lower nanoparticle
density is shown in Figure 2c. The density profile is typical for a dense liquid where both the nanoparticles
and polymer have pronounced peaks near the substrate, yet, the polymer peak is closer to the substrate
because of the smaller size of its segments. Converging to p,* from a higher particle density (see Figure
2d), we find that the polymer has been almost completely excluded from the vicinity of the substrate, and
there is a large peak in the nanoparticle density adjacent to the substrate, indicating a large adsorption of
nanoparticles which of course is evident in Figure 2b. The height of the first peak in the nanoparticle
density does not change significantly as we add nanoparticles above the transition density, so the
structure of the monolayer remains the same above the transition. The contact densities are in

reasonable agreement with the pressure sum rule p/kT =%, p, (z=0,/2+ c,/2).
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Figure 2. a. Surface free energy versus nanoparticle density for N = 40 and n = 0.3665. The dark curve
with the “x's” indicates stable configurations. The abrupt change in slope of this curve at pn*ap3 =0.01263 is
indicative of a first order phase transition. Solutions in the metastable and unstable regions are shown by the
light curve. The dashed line indicates the free energy of a neat polymer system with N = 40 and 7 = 0.3665.
b. Excess adsorption of blend components as a function of nanoparticle density. The “x's” and “+'s”
indicate the polymer and nanoparticles, respectively. The light colored parts of the curves correspond to the
meta/unstable branches. ¢ & d. Density profiles for polymer (“x's” -- left scale) and nanoparticles (“+'s” --
right scale), with N = 40 with » = 0.3665 at the phase transition (p,* = 0.01263). These profiles were
computed by setting the density to p,* and restarting with an initial guess profile which was converged at a

lower (c) and higher (d) density.

Thus we have found a first order phase transition in which the polymer is pushed away from the
substrate and is replaced by the nanoparticles. Integrating under the first peak (0 < z/o, < 2) of the
nanoparticle density profile in Figure 2d gives a density per unit area of 0.2866/cp2, which corresponds to
a densely packed monolayer on the surface with an areal coverage of 0.9. To our knowledge this is the
first report of the calculation of an entropically-driven surface phase transition in an athermal
polymer/nanoparticle blend.



Accomplishment 2 — Self assembled multilayers of nanocomponents

We show that multilayers formed from CdSe quantum dots and linear polystyrene are controlled by
the interplay between surface energy, dispersion forces and entropy. In this system, the nanoparticles
primarily segregate to the air interface yet multilayer fabrication remains facile. Although not discussed
below, we have found that multilayers can be fabricated merely by having different architecture
components of the same chemical compound (i.e. sphere versus coil). In addition, multilayers of two
incompatible polymers, namely linear polystyrene and linear polymethylmethacrylate (PMMA), where
CdSe quantum dots are used to stabilize the multilayer, can also be assembled.’

Multilayer assembly - Phase segregation of the quantum dots from linear polystyrene, in thin films, is
clearly evident in transmission electron microscopy (TEM) images shown in Figure 3. We note that these
quantum dots are completely soluble in bulk polystyrene, as occurs for others systems where
nanoparticle archltecture enables bulk miscibility, with a partlcularly notable case being dendritic
polyethylene in polystyrene and magnetite in polystyrene

The quantum dots primarily assemble at the air interface in this system with the exception of the first
layer, layer 1 in the figure, where they are at both interfaces. This is made clear by viewing Figure 3b
which has the following layer deposition scheme: layer 1, polymer + quantum dots; layer 2, pure polymer;
layer 3, polymer + quantum dots; layer 4, pure polymer; with each layer being processed by thermal
aging after spincoating to activate the crosslinking process between polymer molecules, which stabilizes
this layer, before the subsequent layer is deposited. Some quantum dots have assembled at the
substrate interface in layer 1, yet, most have segregated to the air interface as discussed above.

The assembly is easily described by careful consideration of the Hamaker coefficient for trilayers
making-up a multilayer assembly. If the constant is negative then that trilayer is stable with the effective
interface potential positive to ensure stab|llty 2 |f we consider a trilayer of air (component 1) — uantum
dots (3) — polystyrene (2) then one can determine the sign of the Hamaker constant (A43,) using, > Az ~
[N = ng] x [n,” — ns%], which is a good heuristic for nonconducting materials. Here n; is the refractive
index of component /i with the following approximate values: 1.0 (air), 1.54 (quantum dots) and 1.59
(polystyrene). The value

for the quantum dots’

refractive index was

arrived at by computing a

volume average of a CdSe

inner core with a 2.2 nm
radius (refractive index of
2.8) surrounded by an
oleic acid layer which is
2.5 nm thick (refractive
inclex of 1.4). The oleic 500 nm

acid layer thickness was -

gold layer

200 nm

determined by dynamic —

light scattering of a dilute Figure 3. a. Transmission electron micrograph | ¢

toluene solution and is a
reasonable value based
on the chemical structure.
With these values, the
ordering of air — quantum
dots — polystyrene is
stable while others are
not. Here the dielectric or
surface energy forces are
stronger than the entropic
forces mentioned above to
push the assembly to the
air interface.

(TEM) of an assembly of sixteen layers: eight
CdSe quantum dots (QD’s) alternating with eight
crosslinked polystyrene layers, assembled on a
silicon wafer. Each bilayer is numbered on the
micrograph from 1 to 8. In all the micrographs a
gold layer was sputtered on the film after
fabrication to mark the air interface and masks
the uppermost quantum dot layer. b. A six layer
assembly made by assembling QD’s and
polystyrene (Layer 1), pure polystyrene (Layer 2),
QD’s and polystyrene (Layer 3) and finally pure
polystyrene (Layer 4). The inset shows a TEM
micrograph of the first layer normal to the

substrate surface demonstrating a reasonably uniform film. c. Assembly of eight layers: four QD’s
and four polystyrene where the quantum dot layers are thicker than previous assemblies and the

polystyrene are thinner (both ~ 15 nm).



Much thicker quantum dot layers and thinner polymer layers can also be formed as demonstrated in
Figure 3c where ca. 15 nm thick quantum dot layers have been assembled with ~15 nm thick crosslinked
polystyrene. Again, the first layer shows a thin quantum dot layer at the substrate with most of them
located at the upper part of this film. Subsequent films show alternating layers of the two components
which are not as coherent as the layers formed with a lesser amount of quantum dots, Figures. 3 a&b as
well as the inset of Figure 3b, although they are certainly distinct. We believe the layers can be further
refined through optimization of the processing conditions. In summary, we are able to assemble
nanoparticles in multilayers to either the air interface or the solid interface in a controllable manner.



Planned activities

The first main accomplishment, as a result of this funding, are that nanoparticles can be made to
assemble at a solid substrate or the air interface dependent on their dielectric properties, as well as
entropic forces. When this occurs the film can be made stable on many substrates even when dewetting
is expected since the assembly energy of the layer is strong enough to resist the dewetting forces. The
second accomplishment is that the assembly process can be repeated allowing layered structures to be
manufactured as a more flexible alternative to layer-by-layer assembly.

The proposed activities will be conducted by the researchers to build on these discoveries to develop
a more fundamental understanding of the process through development of new theoretical tools and to
generalize the self assembly process from two-dimensions to one- and three-dimensions. Specifically we
propose to:

1. Perform one-, two- and three-dimensional assembly of nanoparticles in thin polymer films

o We have recently done this and will continue on it. A high profile publication is being

written. These results show that this will be a fruitful avenue of research.
2. Achieve directed assembly of nanoparticles between given objects

0 Preliminary results show that we can assemble nanoparticles in one dimension
along an object and we will work on assembling them between objects. This too
looks like a fruitful project.

3. Develop theoretical capabilities describing nanoparticle filled polymer films between a solid
substrate and vapor

o This will be Dr. Padmanabhan’s first project, albeit a difficult one.

4, Use PRISM theory to calculate bulk nanoparticle — polymer interactions.

o0 We have recently written a new PRISM code that allows the polymer to adopt any
configuration rather than that when no nanoparticles are present. The polymer
molecules swell as seen in our experiments, we will continue this study in tandem
with the thin film work since it allows us to more fully understand polymer —
nanoparticle interactions.
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