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Abstract: <span>Monte

Carlo field-theoretic ssimulations (MC-FTYS) are performed on melts of symmetric
diblock copolymer for invariant polymerization indexes extending down to
experimentally relevant values of N=10<sup>4</sup>. The simulations are
performed with a fluctuating composition field, W<sub>-</sub>(<strong>r</strong>), and a pressure
field, W<sub>+</sub>(<strong>r</strong>),

that follows the saddle-point approximation. Our study focuses on the
disordered-state structure function, S(<strong>k</strong>),

and the order-disorder transition (ODT). Although short-wavelength fluctuations
cause an ultraviolet (UV) divergence in three dimensions, thisis readily
compensated for with the use of an effective Flory-Huggins interaction
parameter, c<sub>e</sub>. The resulting S(<strong>k</strong>)

matches the predictions of renormalized one-loop (ROL) calculations over the
full range of c<sub>e</sub>N and N

examined in our study, and agrees well with Fredrickson-Helfand (F-H) theory
near the ODT. Consistent with the F-H theory, the ODT is discontinuous for
finite N and the shift in (c<sub>e</sub>N)<sub>ODT</sub>

follows the predicted N<sup>-1/3</sup> scaling over our range of N.</span>
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Outline

* phase behaviour of diblock copolymer melts
« self-consistentfield theory (SCFT)

* Fredrickson-Helfand fluctuation theory (1987)
« field-theoretic simulations (FTS)
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Diblock Copolymer Melts

N = total number of segments

f = fraction of segments that are
of type A (i.e., blue)
interaction strength between
A and B segments
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Diblock Copolymer Melts

Equilibrium Diblock Copolymer Phases
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Diblock Copolymer

Equilibrium Diblock Copolymer Phases

N = total number of segments

f = fraction of segments that are
of type A (i.e., blue)
interaction strength between
\ and B segments
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Diblock Copolymer Melts

Equilibrium Diblock Copolymer Phases

N = total number of segments

f = fraction of segments that are
of type A (i.e., blue)
interaction strength between
A and B segments

Expnrument (PS-Pl) Bates etal. | ) Self-consistent field theory (SCFT)
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Disordered-State Structure Function. S(k)

incident ray (wavelength = )

Bragg equation: § — 2sin " (\A)

&

S(k)

Scattering amplitude: -
poN

where ¢ (k)is the Fourier transform of the A-segment concentration, ¢ (r).
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Disordered-State Structure Function. S(k)

incident ray (wavelength = )
——— ’,

Bragg equation: § = 2sin ™' (:A)
2m
S(k)

Scattering amplitude: .
f)” \

1’—’ (|ba (K)[2)

where ¢4 (k)is the Fourier transform of the A-segment concentration, ¢ (r).

Mean-field or “random-phase” approximation (RPA) by Leibler (1985)

= Fo 1 i 2
. 2SS R)GaK)P 4 -
nkgT kT | 22 (k)|da (k)|
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Disordered-State Structure Function, S(k)

incident ray (wavelength = ) %

— - —

Bragg equation: ¢ = 2sin ! (\A)
1y
S(k)

Scattering amplitude: ;
poN

where ¢4 (k)is the Fourier transform of the A-segment concentration, ¢ (r).

Mean-field or “random-phase™ approximation (RPA) by Leibler (1985)

F e S -
= b= S ST R)gaR) + -
wksT — nkgT | 24 (k)|da(k)]

S(k) |
polN F(k*a®N/G) — 2xN

024
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Fredrickson-Helfand Theory

S(k) 1

poN  F(k2a®N/6) — 2xN + 256.8/V Nt

) . 256.8 oo
where 7 =2(10.495 - xN)+ > and N =a’piN

> Fluctuation shift of ODT for f=0.5: (xN)opT = 10.495 + 41N /3

» Assumptions valid for N 2 1010

» Typical experimental values: N ~ 103-10*
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Fredrickson-Helfand Theory

S(k) 1
polN F(k*a*N/6) —2xN + 256.8/ VNt

256.8

VNT

where 7= 2(10.495 - xN)+ and N =apiN

» Fluctuation shift of ODT for f=0.5: (x/V)opr = 10.495 + 41N L

» Assumptions valid for N 2 1010

» Typical experimental values: N ~ 103-10*

Renormalized One-Loop

» Diagrammatic expansion evaluated to lowest order
» Makes improved predictions for S(k)
» Difficult to apply to ordered phases
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Ultra-Violet (UV) Divergence

» The Landau-Ginzburg free to quadratic order in fluctuations about the

. : F Fy ] : o
lisordered phase is = -y S YkMoa®)®+---
disordered phase 1s wkpT — nkeT e ; (k)|oa(k)

» The free energy for fluctuations of wavevector K (ignoring constants) is

Fi s Al
nkaT In {/ exp (;,\ O || )du\} - In vV S(k) TE as k

» The integrated free energy up to a cutoff, |k|<A, is

b3 3 S 4 / dk _ _S AU,  where U x y /f,-},lr_;”dr
: nkpl 2n3 | Kk T :

ne

» This divergence can be accommodated for by defining an effective interaction

G
Xe ™ ¥ (l - _;f.\)

[)Ill'ﬂlllt\_’.ICI'Z
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Transformation to Field-Based Model

Particle-Based Model

R VAN
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Transformation to Field-Based Model

Particle-Based Model Field-Based Model
5[0+

Exact Mathematical
Transformation

Wmm (Frednickson et al., Macromolecules, 2002
NN
| [~As) R, XE

The partition function transforms to Z ~ /(\p("{“:i!l) DW_DW,,
. ‘B

HW_, W, 1 [ /W3(r : : - . : :
where 7] InQ +4 v / ( r) 4! .(r)) dr is an effective Hamiltonian,

H}.'HT \_\‘

and Q is a partition function for a single diblock in the external fields, W_(r)and W, (r)

Page 15/24



Transformation to Field-Based Model

Particle-Based Model Field-Based Model

Exact Mathematical
Transformation

L.
>

(Frednickson et al., Macromolecules, 2002

H[W_,W,]

The partition function transforms to Z ~ /“Nli ( e
. 'B

)'DH' DWW,

HIW_, W, 1 [ /W3(r : x : ' .
where 7] InQ +4 v / ( r) " .(1‘)) dr is an effective Hamiltonian,

nkpT xN

and Q is a partition function for a single diblock in the external fields, W_(r)and W, (r)

The composition” field W_(r), which couples to ¢a(r) — op(r),is real valued,
but the “pressure” field W, (r), which couples to ba(r) +op(r) is imaginary.

Thus the Boltzmann weight is no longer positive-definite, and we can't apply normal statistical mechanics.
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Saddle-Point Approximation for the Pressure Field

» Fredrickson et al. overcome this by performing complex Langevin simulations

» An alternative proposed by Schmid et al. 10 years ago is to apply the saddle-

point approximation to the pressure field.

) ' WA / HW_, 0]\ meer
Zn~ [ exp{ ————— | DW_DW, ~ [ exp( ————— | DW
/ cXp ( f.',r;'f' ) 4 ' exp A‘“T

w4 (r) is the value of W, (r)such that ¢ 4(r) 4

¢p(r) = 1 at the mean-field level

» Becausew,(r) is real-valued, the Hamiltonian is also real-valued and we can
perform conventional Monte Carlo techniques to calculate:

- ‘ S(k) n . 2 l
Structure function e “.\_\.)._,(|H (k)[*) - 2N

= <1||l:(|.\: ! (k}|“>

|

Order parameter: ¥ =

—
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S(k) for Symmetric (=0.5) Diblocks

ol |

m=16, 24, 32

open symbols: yN=10

closed symbols: 3 N=10

6
Xe = X (I ,;M)
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S(k) for Symmetric (=0.5) Diblocks

m= 16, 24, 32

open symbols: yN=10

closed symbols: % N=10

,5( A ) ;f Po \
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S(k) for Symmetric (=0.5) Diblocks

15
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ODT for symmetric f=0.5 diblocks

Pirsa: 13120009 Page 21/24



ODT for symmetric f=0.5 diblocks
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ODT for symmetric f=0.5 diblocks

The predicted N~ /“sczlling of F-H
extends to experimentally relevant
molecular weights!!
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Summary
* 3D MC-FTS are numerically feasible
» UV divergence occurs, but can be handled by renormalization of i
* MC-FTS predict consistent results with ROL
* N-'% scaling for (yN)

v holds down to N=104

Future work

* Program MC-FTS on GPUs
+ Correction for saddle-point approximation (with Dave Morse)
» Wang-Landau sampling and finite-size analysis to locate ODT more accurately
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