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Soft matter

• Materials that can deform?
• Things that do not hurt your hand when you hit them?

• Water and cornstarch mixture? 

• Fluid or solid?

3



Soft matter

Definition
Materials that are easily deformed by thermal fluctuations and external 
forces

Sources: wikipedia.org
DOI: 10.1207/s15326969eco0501_1
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Soft matter

• hair gel, mayonnaise, shaving cream, colloidal crystals, polymer 
solutions and blends

Sources: wikipedia.org
barbasol.com
recipeclinic
pinterest 5



Soft matter

Similar to ordinary solids and 
liquids? 
NO!

Individual molecules seem random 
and disordered ‘like a liquid’

Zoom in

Source: Flaticon.com
6



Soft matter
Properties
Large response function

Small change can dramatically change the properties
Environmental changes (temperature, light, magnetic or electric field)

“Self-assembly”

Tg marks the temperature at which an amorphous 
polymer changes from rigid solid to a more flexible 
rubber

Tm > Tc > Tg

7DOI: 10.1016/j.tca.2017.09.021



Soft matter

Length-scales
Soft matter length scales fall in between atomistic and macroscopic
scales

Mesoscopic length scale

However, fluctuations from Brownian motion are still important!!! 
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Brownian Motion

Botanist Robert Brown (1773 - 1858)
Noticed the irregular motion of pollen granules in water

(Roman philosopher Lucretius’ famous poem already gives some 
notice to the motion of dust particles in air)

Albert Einstein and Polish physicist Marian Smoluchowski explained the 
Brownian motion

Statistical mechanics-based explanation of the movement of pollen by the 
force exerted from individual water molecules

9



Soft matter

Definition (again) – Complex matter or complex fluids

Molecular building blocks

Pierre-Gilles de Gennes
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“According to Locke (John Locke, 1632-1704), the complex idea of a substance is a collection of simple ideas that is believed capable of existing 
independently. Observing in experience that several features recur together frequently, we suppose that there must be some common subject 
that has all of them.”, The Philosophy Pages by Garth Kemerling.

Picasso, The Bull, 1945.

“Various animals attempting to follow a scaling law" by 
Pierre-Gilles de Gennes (Nobel prize in physics 1991)
Scaling Concepts in Polymer Physics, Cornell University Press 
1979.
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Complex soft matter
Why are we interested in soft matter?

Complexity is the hallmark of living systems/natural and synthetic soft materials

12

Cellulose

Surfactants

Polymers

wikipedia.org



Complex soft matter
Biological macromolecules
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DNA RNA
V-gated K channel

wikipedia.org



Complex soft matter
Typically composed of nano-/meso- building blocks
Easily deformable when exposed to weak external fields

flow fields (microfluids), mechanical forces, electric/magnetic 
field, thermal agitation
e.g. paint, blood, milk, spreads and ice cream, …

Often formed as a result of self-assembly

Lacking quantitative description of heterogeneous, hierarchical, non-
equilibrium soft materials in living systems/synthetic materials

Building blocks → determination of proper ‘scaling laws’
Time and length scale (= static and dynamic properties)

14



Molecular Self-Assembly
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A. Patist et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 176 (2001) 3–16 Typical size distribution curve of aggregates
in a micellar solution. 
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Colloidal Phase Behavior
Many sizes and shapes

surface charge, pH-salt concentration, polymeric additives, etc.

Self-organization into variety of structures/phases
Slower dynamics (even monitored by optical microscope)

Designer building blocks
Molecular-level information to rationalize the experimental design

16Nature Materials 20(4):1-7



Molecular-level insight from molecular simulations

17
https://sites.google.com/site/lingroupfsu/



Molecular dynamics
The solution of the classical equations of motion (Newton’s equations) for 
a set of molecules.

𝐹⃗ = 𝑚𝑎⃗

First examples
Hard-sphere system

Berni Alder (1925–2020) 
Thomas Wainwright (1927–2007)

IBM 704 at University of California Radiation 
Laboratory at Livermore.
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Molecular dynamics
Method is greatly extended by Aneesur Rahman (1927-1987) 

Particles characterized by continuous potentials 
Simulations of realistic atomic models

Frank Stillinger (born 1934) 
First MD simulation of liquid water

Macuglia, Roux and Ciccotti, Eur. Phys. 2022.20



Molecular dynamics
Method is greatly extended by Aneesur Rahman (1927-1987) 

Particles characterized by continuous potentials 
Simulations of realistic atomic models

Frank Stillinger (born 1934) 
First MD simulation of liquid water

Macuglia, Roux and Ciccotti, Eur. Phys. 2022.21



System definition
Cartesian coordinates

PAGE 22

C            0.000000     0.000000     0.762209
C            0.000000     0.000000    -0.762209
H            0.000000    1.018957    1.157229
H           -0.882443    -0.509479    1.157229
H            0.882443    -0.509479    1.157229
H            0.000000   -1.018957   -1.157229
H           -0.882443     0.509479   -1.157229
H            0.882443     0.509479   -1.157229

Underlying assumption: Born-Oppenheimer 
approximation

The wave functions of atomic nuclei and electrons in 
a molecule can be separated.

The nuclei are much heavier than the electrons. 
The coordinates of the nuclei in a system are 
somewhat fixed, while the coordinates of the 
electrons are dynamic.

Leach, Mol. Mod. Princ. Appl., 2nd Ed.



Molecular dynamics

23

Compute the forces on the particles

Solve the equations of motion
Sample after some timesteps

Simulate collusions



Molecular dynamics
A simple molecular dynamics program

24Frenkel and Smit, 2001.



Verlet and v-Verlet algorithms

PAGE 25
B. Smit, Molsim notes, 2019.

Equations of motion



Modeling molecular-level interactions

26
www.pumma.nl

Bonded potential

Angle potential

Non-bonded potential wikipedia.org



Molecular dynamics
Proper sampling of system’s potential energy

27



Periodic Boundary Conditions
Taking care of close neighbors

PAGE 28
B. Smit, Molsim notes, 2019.



Computational efficiency

PAGE 29

Zoe Cournia, Ph.D. Thesis, 2006.

B. Smit, Molsim notes, 2019.



Minimizing energy
Algorithms to minimize the potential energy of the system
• Steepest Descent
• Conjugate Gradients
• Newton-Raphson

PAGE 30
Leach, Mol. Mod. Princ. Appl., 2nd Ed.



Which one to use?

PAGE 31
Leach, Mol. Mod. Princ. Appl., 2nd Ed.



Concept of force-field

PAGE 32

𝐹⃗ = 𝑚𝑎⃗ 𝑎⃗ =
𝑑𝑣⃗
𝑑𝑡 =

𝑑%𝒓
𝑑𝑡%

Leach, Mol. Mod. Princ. Appl., 2nd Ed.



Concept of force-field

PAGE 33
Leach, Mol. Mod. Princ. Appl., 2nd Ed.



Force-field examples
OPLS: 12-6 LJ potential COMPASS: 9-6 LJ potential

PAGE 34



Force-field examples
DREIDING: 12-10 LJ potential CFF: 9-6 LJ potential

PAGE 35



Coarse-graining and coarse-grained simulations

Smoothing out of the atomistic detail
Loss of degree of freedom
1) United atom representation

Combine small atoms such as H’s with heavy atoms

PAGE 36
Leach, Mol. Mod. Princ. Appl., 2nd Ed.



Coarse-graining and coarse-grained simulations
Coarse-graining based on grouping of atoms
2) Grouping atoms together (order of 10:1)

PAGE 37



Coarse-graining and coarse-grained simulations
Different levels of coarse-graining

PAGE 38

Coarse-graining of bisphenol-A 
polycarbonate
a) 2:1 scheme (two super-atoms per 

chemical repeat unit)
b) 4:1 scheme

ChemPhysChem, 2002, 3, 754 -769



Coarse-grained potential
Integrated out atomistic detail yields smoothed potential energy 
surface

PAGE 39Chem. Rev. 2016, 116, 7898−7936

Advantages
Less rugged potential energy surface
Simulating longer time and length scales
Faster equilibration of polymeric (or complex soft 
matter) systems

Disadvantages
Poor performance in sampling local minima
Less ability to compute energetic properties
Loss of ability to perform unequilibrium dynamics
Fail to predict some (e.g. mechanical) properties



Coarse-grained potential
Smoothed out atomistic detail leads to ‘effective pair-wise’ interactions

Interaction parameters are not differentiated based on different systems for 
atomistic simulations 
A generic all-atom (AA) model describes features common to all polymers

However,
A coarse-grained model is different from a generic AA model
Example: A CG model of polystyrene is different than polyisobutylene melt

PAGE 40



Coarse-grained potential
How does the ‘effective pair-wise potential’ differ?

PAGE 41



Coarse-grained potential

PAGE 42

Time averaging of the fast dynamics is performed 
along with the slow motion of the whole chain

Forrest and Suter, JCP, 1995.

∆' 𝑡 = fluctuation of atom i
𝑅' = mean position, where atoms fluctuate around 
and constant for duration of tav



Coarse-grained potential

PAGE 43

Integration out of the fast vibrations 
leads to a softer effective pair-wise 

potential

Forrest and Suter, JCP, 1995.

Level of average fluctuations is important!



Dissipative Particle Dynamics DPD
First developed by Hoogerbrugge 
and Koelman to simulate the 
‘hydrodynamic phenomena’
Particle-based method replacing 
Lattice Gas automata
Proper description of complex 
fluids with computational 
efficiency
Presented as a simple model 
contains dissipation that 
conserves momentum 

PAGE 44



DPD
Español and Warren later reformulized the 
total force term as

where,

satisfying to conserve momentum

Holds fluctuation-dissipation theorem such 
that (similar to Brownian motion)

PAGE 45

Stochastic white noise term



In summary
Conservative, Random and Dissipative forces

C force characterizes the equilibrium structure
R and D forces are coupled and act as a thermostat

𝐅9 = 𝑚𝑎⃗
= 𝐅:+𝐅; + 𝐅<

For 𝜆 = !
%

Verlet algorithm is recovered.

DPD (Dissipative Particle Dynamics) 

PAGE 46



How to compute the parameters?

47



Groot-Warren approach

48

Conservative force is 
computed from non-
bonded DPD interaction 
parameter aij

How to choose the ‘repulsion parameter’?

Building a DPD EoS!

Vary the density and plot the 
excess pressure

For a sufficiently large density
for 𝜌 > 2

Groot and Warren, J. Chem. Phys., 1997.

Non-bonded DPD interaction strength



Groot-Warren approach

Mapping onto Flory-Huggins theory of polymers
Continuous version of the lattice model
Internal energy is described as the perturbation from ideal mixing
Free energy per lattice site

49

From for a two-component mixture

Groot and Warren, J. Chem. Phys., 1997.



Mapping onto Flory-Huggins theory

A 𝜒-parameter mapping yields

50

We can have a reasonable estimation for the aAA  from

Experimental data

Groot and Warren, J. Chem. Phys., 1997.
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A linear relationship between a’s 
and 𝜒-parameter is identified

Groot and Warren, J. Chem. Phys., 1997.



Groot and Warren, J. Chem. Phys., 1997.

Non-bonded soft & purely repulsive pair-potential

DPD (Dissipative Particle Dynamics) 

Δ𝑎'( = 3.51𝜒'(𝑘𝑇 𝑎𝑡 𝜌𝑟)*)+ = 3
Δ𝑎'( = 𝑎'( − G𝑎'(

G𝑎'( = 25 𝑘,𝑇 𝑎𝑡 𝜌𝑟)*)+ = 3

aAC = 50 kBT

aBC = 75 kBT

aAB = 30 kBT

A

CB

aAA = aBB = aCC = 25 kBT

Relative attraction of 
beads based on 
preferential repulsions

PAGE 52



DPD – Equal bead sizes 

pi = pj
ρi, pure = ρj, pure

aii = ajj

Assumption: Equal-size beads

PAGE 53



pi = pj

ρi, pure ≠ ρj, pure

aii ≠ ajj

Vbead,B (Å3)

151

Vbead,D (Å3)

50

DPD – Equal bead sizes 

pi = pj

PAGE 54



𝐴 𝑥 =I𝑥'𝑥( G𝑎'( = I𝑥' 𝑎''

%

+I𝑥'𝑥( G𝑎'( − 𝑎''𝑎((

=
𝑝

𝛼𝑟)*)+ 𝜌%
+I𝑥'𝑥( G𝑎'( − 𝑎''𝑎((

Kacar, G. et al., EPL, 2013.

DPD – Different bead sizes 

𝑝 = 𝜌𝑘𝑇 + 𝛼𝑎𝜌%𝑟)*)+ , 𝛼 = 0.101 𝑎'' =
𝑝 − 𝜌',./01𝑘𝑇
𝛼𝜌',./01% 𝑟)*)+

!𝑎!" = 𝑎!!𝑎""

𝑝 = 𝜌𝑘𝑇 + 𝛼𝜌%𝑟)*)+ 𝐴(𝑥) 𝐴 𝑥 =I𝑥'𝑥( G𝑎'(

𝜌',./01% 𝑎'' ≈ 𝜌(,./01% 𝑎(( ∝ 𝑝 𝜌#! = P𝑉 =I𝑥' 𝜌',./01#! ≈
𝛼𝑟)*)+

𝑝 I𝑥' 𝑎''

DPD EoS

PAGE 55
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Kacar, G. et al., EPL, 2013.



Validation

Interface width ~ χ-parameter

( ) ( ) ( )( )00.5 tanha b b a z z wé ù´ - + - -ë û
χcrit = 2.44 (2.10 ± 0.04 in Groot-Warren)

PAGE 57Kacar, G. et al., EPL, 2013.



Kacar, G. et al., EPL, 2013.

DPD – Different bead sizes 

Kacar, G. et al., Soft Matter 2013.
PAGE 58



Modeling polymer-surface interactions with DPD
Coupling of atomistic and DPD scales
Quantify amount of beads adsorbed with surface excess Γ

Kacar, G. et al., J. Phys. Chem C, 2013.

( ) ( )MD DPDГ Г=

Mesoscopic interface structure from DPD

PAGE 59

Different bead sizes are important to map MD to DPD



Hydrogen bond interactions in DPD

, ,
E A A B B

A m A B m B
L

x M x MV x V x V
r
+

= - -

Ideal contribution

Some low MW alcohol-water mixtures
Negative excess volume

PAGE 60



Modeling hydrophilic polymers with DPD

Mechanical surface 
damage (wear) 

Dangling chain  
surface segregation

Recovered hydrophilic surface  Water

Dikić et al. Adv. Mater., 2012.

Self-replenishing hydrophilic surfaces

Functional polymeric surfaces

Water mimics physiological conditions

PAGE 61



Hydrogen bonding in DPD

Hydrogen bond interactions 
with Morse Potential

Two parameters required
H-bond distance r0
Depth of the energy well D0

𝑓2 = 𝑓3 + 𝑓4 + 𝑓)

To test
Methanol– Water
Ethanol – Water
1-Propanol – Water

+𝑓56789

Neimark et al. J. Phys. Chem. Lett. 3, 21, 3081-3087, 2012.

𝛼 = 2

PAGE 62



Hydrogen bonding in DPD

r0: Mapping of the Radial Distribution Functions (RDF’s)

Parameters of the Morse Potential from MD simulations

Methanol– Water Ethanol– Water

1-Propanol– Water

PAGE 63



Hydrogen bonding in DPD

Conservative DPD interactions

D0: Mapping of the mixing energies*

*van der Spoel, et. al J. Chem. Phys. 2003.

PAGE 64



Hydrogen bonding in DPD
Experimental comparison of simulation results

, ,
E A A B B

A m A B m B
L

x M x MV x V x V
r
+

= - -

Ideal contribution

Negative volume excess low MW alcohol-water mixtures

PAGE 65



Hydrogen bonding in DPD

Methanol-Water Ethanol-Water

1-Propanol-Water

PAGE 66



Hydrogen bonding in DPD
Experimental evidence on surface enrichment of alcohols at air interface*

*Raina et al., J. Phys. Chem. A 2001, 105, 10204-10207.

Methanol-Water Ethanol-Water

1-Propanol-Water

Kacar, G. et al., PCCP, 2016. PAGE 67



Hydrogen bonding in DPD
PEG 400 + Water interactions

Kacar, G. Chem. Phys. Lett., 2017.
PAGE 68



Single PEG chain conformations

PEG chains are known to exhibit helical structures

2 turns per 7 –(CH2–CH2–O)– units

Takahashi and Tadokoro, Macromolecules, 1973, 6, 672-675. 

Number of helical chains quantified 
from DPD simulations
Distance between i-(i+3) and i-(i+6)
contacts

PAGE 69



Single PEG chain conformations

Water significantly 
increases PEG 
chain helicity

Kacar, G., PCCP, 2018.

N
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Number of helical turns per chain
0 1 2 3 4 5 6

Dry PEG
PEG + Water
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A more generic approach
A statistical mechanics-based approach to 
parameterize ‘hydrogen bond strength’

PAGE 71



Computing 𝜖!"

PAGE 72

𝜇 = −
𝑘,𝑇
𝑁 ln𝑄Chemical potential

𝑄 = 𝑄!
⁄; + 𝑄! = ∆<, + ∆=> + ∆6

"

∆<,= 4π%𝑐 𝑇 𝑣9?<,exp
𝜖<, + 𝜖=> − 𝑃 ⁄𝑣<, 2

𝑘,𝑇
4π𝑘,𝑇
𝑘8

er f
𝑘8

4𝑘,𝑇

∆=>= 2π%𝑐 𝑇 𝑣9?
=>ex p

𝜖=> − 𝑃 ⁄𝑣=> 2
𝑘,𝑇

∆@= 2π%𝑐 𝑇
𝑘,𝑇
𝑝 exp

−𝑃𝑣6
2𝑘,𝑇

where

T. Urbic, Phys Rev E 85 (2012).

𝜇 exp = −237.14
𝑘𝐽
𝑚𝑜𝑙

→ 𝝐𝑯𝑩 = 14.6	kBT



DPD modeling of simple hydrogen bonding liquids
Water, ethanol, methanol, 1-propanol
Hydrophobic and hydrophilic parts form different CG beads
CG beads are connected via covalent bonds
Only h-bonds between hydrophilic beads are defined

Properties estimated
RDFs
3-body angular distributions
Transport properties
Thermodynamic properties
Temperature-dependent properties

PAGE 73



RDFs of pure liquids

PAGE 74

Water Methanol

RDFs of pure liquids 𝑔'( 𝑟 =
∆𝑁'( 𝑟 → 𝑟 + ∆𝑟 𝑉

4π𝑟%∆𝑟𝑁'𝑁(

Ethanol 1-propanol



3-body angular distributions

PAGE 75

Water Methanol

Ethanol 1-propanol
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Transport properties: Viscosity 
Green-Kubo formalism

Shear viscosity

PAGE 77

𝜂 =
𝑉
𝑘,𝑇

p
@

C
d𝑡 𝑃D7688(0)𝑃D7688(𝑡) 𝑃D7688 = (𝑃EF+ 𝑃FG + 𝑃EG)/3where

𝑫𝐃𝐏𝐃
[𝒓𝐃𝐏𝐃𝟐 /𝒕𝐃𝐏𝐃]

𝑫𝐞𝐱𝐩
×𝟏𝟎-9 [𝐦𝟐/𝐬]

𝝉
[𝐩𝐬]

𝜼𝐃𝐏𝐃
[𝐤𝐁𝑻/𝒓𝐃𝐏𝐃𝟑 0 𝒔]

𝜼𝐫𝐞𝐚𝐥
×𝟏𝟎-3 [Pa.s]

𝜼𝐞𝐱𝐩
×𝟏𝟎-3 [Pa.s]

Water 7.27×10-2 2.42 6.02 3.20 0.88 0.89 
Methanol 2.32×10-2 2.27 2.06 5.65 0.53 0.54 
Ethanol 1.80×10-2 1.01 4.61 6.68 0.97 1.00 
1-propanol 6.17×10-3 0.59 3.19 15.45 1.21 1.95 

𝜏 =
𝑁H𝐷IJI𝑟IJI%

𝐷9KL

Mapping diffusion 
equations from DPD to 
experimental values

𝜂79MN = 𝜂IJI𝜏𝑘, ⁄𝑇 𝑟IJI+



Thermodynamic properties: Isothermal compressibility

PAGE 78

𝜅2 =
1
𝑘,𝑇

𝑉% − 𝑉 %

𝑉 and 𝜅#! =
1

𝜌𝑘,𝑇𝜅2

Water Methanol

Ethanol 1-propanol
Camoglu, Urbic, de With, Kacar, J. Mol. Liq., 2022.



Mixtures
Mixtures of simple liquids: Case of Methanol

PAGE 79



Simulated soft matter by DPD 
Surface segregation of PU coatings
Adaptive surface behavior

PAGE 80

mPEG (hydrophilic) and oDEC (hydrophobic) dangling chains



Surface segregation of PU coatings
Adaptive surface behavior

PAGE 81

mPEG (hydrophilic) dangling chains

Kizilkaya, et al. Prog. Org. Coat., 2023.



Polymeric drug delivery systems
PEG-PPO-PEG micelles
Ibuprofen

PAGE 82Kacar, Coll. Polym. Sci, 2019.



Polymeric drug delivery systems
PEG-PLA-PEG micelles

PAGE 83
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Polymeric drug delivery systems
PEG-PLGA-PEG micelles

PAGE 84
Yildiz, Kacar, MRS Advances, 2021.



Lipid-based carriers
Coenzyme Q10 encapsulation in lecithin liposomes
mRNA carriers

PAGE 85



PAGE 86



Other DPD examples
Polymer micelle self-assembly

Kong, S. M.; v.d. Phys. Chem. Chem. Phys., 2018.

Micellization behavior

Huo, J. H.; Chen, Z.; Zhou, J. Langmuir, 2019.

Drug encapsulation and XRD 

Guo, X. D.; Zhang, L. J.; Qian, Y. Ind. Eng. Chem. Res., 2012.

Nie, S. Y.; v.d. ACS Appl. Mater. Interfaces, 2014.

pH reponsive polymer – drug loading/release



Xie, X. N. v.d. AIChE J., 2018.

siRNA – polymer – Au NP DPD – TEM comparison

Shin, J. M.; Kim, Y.; Yun, H.; Yi, G. R.; Kim, B. J., ACS Nano, 2017.

RME (Receptor mediated endocytosis)

Shen, Z. Q.; Ye, H. L.; Kroger, M.; Li, Y. Nanoscale, 2018.
Bai, X.; Xu, M.; Liu, S. J.; Hu, G. Q. ACS Appl. Mater. Interfaces, 2018.

Cancer cell detection

Huang, L. Y.; Yu, Y. S.; Lu, X.; Ding, H. M.; Ma, Y. Q. Nanoscale, 2019.

Other DPD examples



Hands-on session
1. Phase separation of monomers

Monitor phase separation process
Observe repulsion strength dependency on phase separation

• 1:1 A:B mixture

2. Micelle formation
Monitoring micelle formation process
Effect of concentration

• Ax-Bx type diblock copolymers in solvent

3. Cross-linking
Modeling chemical reactions in DPD
A-B-B-A oligomer + star-shaped cross-linker
Dynamics of cross-link formation
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Properties
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𝑔'( 𝑟 =
∆𝑁'( 𝑟 → 𝑟 + ∆𝑟 𝑉

4π𝑟%∆𝑟𝑁'𝑁(

Radial Distribution Function
𝜅2 =

1
𝑘,𝑇

𝑉% − 𝑉 %

𝑉 and 𝜅#! =
1

𝜌𝑘,𝑇𝜅2

Isothermal compressibility

Mean Squared Displacement

MSD =
1
𝑁I

'O!

;

𝑟' 𝑡 − 𝑟' 0 %

Cross-link conversion

𝑋 =
𝑁P9Q ?67H9R

𝑁S6TMN

Density profile

𝜌 =
𝑁U9MR8
𝑉VNMU



Time for fun!
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