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Bloc k Copol ymer s

� Block copolymers are polymers that contain blocks of differing chemical
species (A and B).

� Each copolymer species prefers to be with its own kind instead of the other
species, but they cannot macrophase separate because of the chemical
bond.

� In an attempt to minimize A-B
contacts, order structures form,
depending on f A = NA =N .

CylindersLamellae

� Blocks stretch as the A-B
repulsion increases.
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Bloc k Copol ymer/Nanopar tic le Composites: Motiv ation

� Embedded nanoparticles in ordered block copolymers partition to the fa-
vorable domain resulting in ordered nano-arrays of particles.

� Nanoparticles can impart bene�cial magnetic, optical or catalytic proper-
ties.



Research Objectives

Simulate block copolymer/nanoparticle composites to learn how

1. Nanoparticles behave within block copolymer ordered structures.

2. Nanoparticle presence impacts the block copolymer structural properties
and phase behavior.

3. Nanoparticle size and interaction strength affect their role in block copoly-
mer composites.



Models for Copol ymer & Nanopar tic le

� Model copolymer as string of spheres and nanoparticles as single spheres.
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� All beads have a hard sphere interaction at � .

� A-B pairs have a square shoulder repulsion
(� AB ) at 2� .

� Nanoparticles (P) have a hard sphere inter-
action with B and square shoulder repulsion
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Discontin uous Molecular Dynamics (DMD)

� Molecular dynamics simulations integrate Newton's 2nd law to follow the
particles' motion.

� DMD is a technique appropriate for discontinuous potentials (hard or square-
shoulder spheres).

� In DMD, particle trajectories are linear between collisions, making DMD
faster than traditional MD.



Box Length Search Algorithm

� For an ordered periodic structure, there are simulation box lengths (L x ,
L y, L z) which minimize the free energy.

� If the box lengths are not correct, the pressure in different directions will be
different.

� Adjust the box lengths in each direction until the pressure in all directions
are equal � ! correct box lengths.
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Using Box Length Search Algorithm to Predict Copol ymer
Structures

Lamellae

Gyroid

Cylinders

Perforated Lamellae Disorder



Simulation Copol ymer Structures: Gyroid

Isosurface at

� (~r ) � � (~r ) =� = 0:4

N = 40

f = 0:325

�N = 55



Bloc k Copol ymer/Nanopar tic le Composites

Start with symmetric block copolymers f = 0:5 and N =20 , then replace
copolymers with nanoparticles beads occupying the same volume.

Examine nanoparticles with diameter 1, 2, and 4 times the copolymer bead
diameter.



Concentration Pro�les for Lamellar Phase: Neutral Partic les
� P = 0:20 , � PA = 0, �N = 48

small nanoparticles, � P = 1
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Neutral nanoparticles slightly seg-
regate to the interface to screen
unfavorable A-B interactions.
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large nanoparticles, � P = 4
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Larger neutral nanoparticles seg-
regate more to the interface, but
are less effective at screening in-
teractions.



Concentration Pro�les: Moderatel y Repulsive Partic les
� P = 0:20 , � AP = � AB , �N = 48

small nanoparticles, � P = 1
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Nanoparticles disperse within the
B domain to avoid unfavorable
A-P interactions.
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large nanoparticles, � P = 4
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Large nanoparticles also dis-
tribute throughout the B domain,
but displace less of component B
than small nanoparticles.



Concentration Pro�les: Strongl y Repulsive Partic les
� P = 0:20 , � AP = 2� AB , �N = 48

small nanoparticles, � P = 1
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Nanoparticles segregate to the B
domain to avoid unfavorable A-P
interactions.
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large nanoparticles, � P = 4
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Large nanoparticles segregate
more to B domain, but displace
less of component B than small
nanoparticles.



Lamellar Spacing vs. Nanopar tic le Size, �N = 48 , � P = 0:2
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� Lamellar spacing increases with
nanoparticle interaction strength.

� Nanoparticles with � P = 4 have
a similar effect on the copoly-
mers as � P = 2.

� Larger particles have less of an effect on the copolymer structure.



Size of domain A vs. Nanopar tic le Size, �N = 48 , � P = 0:2
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� All nanoparticles contract do-
main A.

� Nanoparticle's effect decreases
with increasing nanoparticle size

� Nanoparticles with � AP = � AB
contract domain A the most.



Simulation Phase Diagrams, � P = 0
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Disorder � Neutral nanoparticles effectively
dilute the copolymer and induce
lamellar to disorder transitions.

� Phase diagram is the same for all particle sizes.
) The size of neutral particles plays very minor role in the dilution effect
of neutral nanoparticles.



Simulation Phase Diagrams: Interacting Small Partic les
(� P = 1)
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� Particles swell the favorable domain, inducing transitions to perforated lamel-
lae and cylinders, similar to a selective solvent.

� Strongly repulsive particles effectively shifts phase transitions to lower � AB N
and higher � P .



Simulation Phase Diagrams: Interacting Medium-Siz ed
Nanopar tic les (� P = 2)
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� Particles swell the favorable domain, inducing transitions to perforated lamel-
lae, but not to cylinders.



Simulation Phase Diagrams: Interacting Big Nanopar tic les
(� P = 4, � P A = � AB )
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� Large particles at high � AB N
induce phase separation into
disordered and perforated
lamellar phases.
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Simulation Phase Diagrams: Interacting Big Nanopar tic les
(� P = 4, � AP = 2� AB )
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� Large particles with stronger interactions induce phase separation into
lamellar and solid particle phase.



Summar y

� Investigated the effect of temperature, nanoparticle interaction and con-
centration on concentration pro�les and lamellar spacing.

� Larger nanoparticles have less of an effect on the block copolymers.

� Block copolymer/nanoparticle phase diagrams

– Found lamellar, cylindrical and disordered phases from symmetric di-
block copolymer

– Found macrophase separation at high nanoparticle interaction strength,
size and concentration



Future Stud y

Extend our current study to:

� Asymmetric block copolymer nanocomposites.

� Investigate nanocomposites with longer block copolymer chains.
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