Applications to Polymers



_&—

g Development of quantitative (?)
coarse-grained simulation models

§
for polymers

Shekhar Garde & Sanat Kumar (Columbia)
Rensselaer Polytechnic Institute

Graduate students: Harshit Patel & Sandeep Jain
Collaborator: Hank Ashbaugh,Tulane Univ.



¢ Our Motivation %,
E “©

& » Polymer blend phase behavior

& - Miscibility/immisciblity of polyolefins

% atactic
d:?&}:thylene -polypropylene

 Self-assembly of block copolymers to form novel
micro-structured materials
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Hierarchy of Length and Time Scales
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length and timescales

| Coarse- graining of Polymer Simulations

- Goal: To develop coarse-grained descriptions to access longer

How do we derive physically consistent

particle-particle interaction potentials?
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- Coarse-graining method

* Perform molecularly detailed simulations of polymers

 Define coarse-grained beads by grouping N backbone
monomers into one.

e Calculate structural correlations between coarse-grained
beads. CG g(r).

* Determine effective bead-bead interactions that reproduce
coarse-grained correlations using Inverse Monte Carlo
-- uniqueness?



-'f Detailled molecular dynamics simulations

* Classical molecular dynamics

e n-alkanes - C16 to C96

(M. Mondello et al. JCP 1998)

Includes united atom, bond-length,
angle, and dihedral terms.

* 50 to 100 chains

e T=403K P=1 atm

e time = 5 to 10 ns
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structural details are lost with increasing
the level (N) of coarse-graining process
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- Coarse Graining Intramolecular Correlations
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. Inverse Monte Carlo simulation

Y

choose a trial potential, e.g., w
Q(r) =0 _—

run Monte Carlo simulation
with trial potential
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. Coarse Grained Potential
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' Intra-bead Interactions

12-1ntra-bead
/ “bonded” interactions
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" Oligomer conformation distribution

radius of gyration distribution for C96
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CG method reproduces conformational statistics of molecular oligomers
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. Polymer Conformation Distribution

radius of gyration distribution (403K)
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'Buckyball Polymer Nanocomposites
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Conclusions

&
‘é * CG method maps molecular scale correlations to
%’ coarse-grained potentials

 Coarse grained potential simpler than molecular potential
and can be extended to polymer simulations while
preserving molecular identity

* Not limited to polymeric species (e.g., buckyballs/ _ .

nanocomposites) : _ \ g_
Re i - g..;, {-;2
 Path Forward X ~
- Polyolefin blends b,
- Block copolymer assembly 59
- Dynamics?




Lets stop and think about
thermodynamics a bit here.
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Modeling of Aqueous Poly{oxyethylene) Solutions. 2. Mesoscale Simulations

Jan Fischer,” Dietmar Paschek, Alfons Geiger,* and Gabriele Sadowski®”

Fabaratory of Thermodynaniees and Deparvisent of Physical Chemistey, Dortnnd Universay of Technology,
4220 Dhwerensind, Gevmany

Heverved: Julv 1. 2008 Revived Manusorpl fecerved: Awgnst 20, 2008

We extend our work on agueouas solutions ol polviosyvethylene) oligomers H—{CH:—O—CHz—H (1POE.
Chn the basis ol abknmiste stmulations ol rimer and decamer solubions (irse part ol this series ol papers),
dillerent sels ol coarse-graimed impheil-solvent potentials have been constructed using the ilerative Bollymann
inversion techoique. The comparison of structures obtaned from coarse-grained sumulations {gyration radii.

end-to-end distances, radial distribution functions) with atomuiste reference simulations and experiments shows
—_ . i b - . - e

Fisher et al. J. Phys. Chem. B., 2008, 112, 13561-13571.
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(a) H,O and H-(CH,-O-CH,),-H

(b) (EO),

Figure 1. Applied mapping scheme for poly(oxyethylene) water
solutions. The atomistic representation (a) is mapped onto its coarse-
grained implicit-solvent counterpart (b) by assigning the mesoscale
group “EO” to the center of mass of each [HyC—0O—CH;] repeat unit
([H3C—0O—CHj3] unit at molecule ends).



evaluating the tunctions of interest. After each iteration loop,

the potential(s) 1...., n are corrected according to the formula
. . P{:(.r)

Uy (x) = UA(x) + RT In — j=1l,..n (1)
ey

P{gt(x) denotes the target distribution for the jth potential, P{:(.r)
denotes the jth distribution function resulting after iteration loop
i and from the use of the actual potential U4(x). P/(x) has to be



Upmpap(1) = RT In g (1) (2)

for nonbonded, bond-bending, bond-stretching, and dihedral

P et(P)
) = 3
UpmE.ang(#) = RT In sin - (3)
Upmepa(?) = RT In Py (1) (4)

Upmr dined(#) = RT In Py(@) (5)



Training the CG potential on trimer and decamer PEO
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Figure 3. Intermolecular radial distribution functions between me-
soscale ethylene oxide (EO) units in aqueous solution. The lines denote
final radial distribution functions from Boltzmann iteration potential
fits (lines for decamer fits with and without dihedrals are virtually
indistinguishable). Circles correspond to the target function for POE;
and squares to the target function for POEy. Both at wpog = 0.48 (ppoE
= 484 kg/m°’). Both targets are from atomistic trajectories at 298 K
and 1 bar. Mapping as depicted in Figure 1.
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Figure 4. Final nonbonded potentials between mesoscale interaction
sites “EO” from Boltzmann iteration (cutoff 1 nm). Full line, POE; fit;
broken line, POEq fit without dihedral potential; dotted line, POE fit
using an additional dihedral potential. Both at wporz = 0.48 (ppog =
484 kg/m?). Mesoscale sites were mapped as described in Figure 1.
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Figure 5. Radial distribution functions at different concentrations
between EO sites from atomistic and coarse-grained simulations of
POE; in water using the potentials (see Figure 4) adjusted to reproduce
the structure at 298 K, 1 bar, and wpogz = 0.48. Symbols denote results
from atomistic simulations, and lines display results from mesoscale

simulations. Concentrations: wpogz = 0.15 (red )/0.48 (green)/0.66 (blue)/
0.81 (black).
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Figure 10. Dependence of radius of gyration Ry (circles) and end-
to-end distance Rg (diamonds) on chain length for poly(oxyethylene)
in water at 298 K and 1 bar. (a) Rg and Rg from afomistic simulations
(blue symbols with line) compared to coarse-grained simulations with
implicit-solvent potentials, employing trimer-fitted potentials (green
symbols) and decamer-fitted potentials without dihedral interactions
(red symbols) and decamer-fitted potentials including dihedral interac-
tions (gray symbols). (b) Rg from coarse-grained simulations compared
to values calculated by extrapolation of experimental data® (line). The
key to the symbols is the same as in part a. All simulations and potential
fits at a POE mass density of ppor = 484 kg/m’, except for 100-mer
and 200-mer simulations (240 kg/m?). Each monomer consists of one
repeat unit CH,—O—CHa.
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Concentration dependence
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Figure 11. Concentration dependency of radius of gyration of POE,
with n = 3, 5, 10, 12, 20, and 30 repeat units. Atomistic simulations
(lines) compared to simulations with trimer-fitted potentials (full
symbols) and simulations with decamer-fitted potentials including
dihedral interactions (open symbols).



= T T T T T

T 8-m CG S

W,
POE
(a) POE,, fo (b) POE,

%\%ﬂ _CG divided by 20
i / .
= : ..- 3
- CG divided by 150 atomistic
02 04 06 08 1
WpoE,,

If carefully devised for your system of interest, CG potentials
can be quite useful for estimating properties of larger
systems, or more concentrated systems, etc.

(Speed up by a factor of 10 to 100).



Full paper Acta Polymer, 1998

Simulation of polymer melts. I. Coarse-graining procedure for polycarbonates

W, Tschop™. K. Kremer*™, J. Batoulis™, T. Biirger™ " and O. Hahn™
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The paper introduces a systematic procedure to coarse grain atomistic polymer models into a mesoscopic model, which then
allows an effective and fast simulation of melts. The method, which provides information on both static and dynamic proper-
ties, 1s tested for three different modifications of polycarbonate. The models successfully describe the variation in the
Vogel —Fulcher temperature as well as the total chain extension. The effective speedup compared to the corresponding atom-

istic simulation is significantly above 10°. CHa
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What about water?

* Pure water: phase behavior, anomalies.
* Hydrophobic solvation and interactions
* lonic solvation

* Self-assembly



What about water?

* Modeling of water in simulations
* Quantum and classical models
* Can we coarse-grain water?

-- pure water

-- solvation phenomena



Can we coarse-grain water?
See papers by
* T. Head Gordon and Stillinger, JCP 1993.
* Garde and Ashbaugh, JCP, 2001
* Greg Voth’s papers on water.

* Johnson et al. (see next page).
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