Self-assembly and dynamics in nanoparticle superlattices

ATEILEN
I U.S. DEPARTMENT OF

Alex Travesset ') ENERGY

CONTRACT DE-AC02-07CH11358

National Science Foundation

W HERE DISCOVERTIES B EGINM

DMR-CMMT (1606336)

R O [OWA STATE UNIVERSITY

OF SCIENCE AND TECHNOLOGY

U.5. DEPARTMENT OF ENERGY



Programmable (Self)assembly?

Assembling ordered materials, phases, structures from basic components, precisely

Successful self-assembly

Taming
ot theg -
e Shiew

Failed self-assembly
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Nanoparticles Assembly

Components: Nanoparticles.
Materials: Crystals (Supercrystals).

How to control super-crystals structure?

* Proper Interactions:

\ / Capping ligands:
~ Functionalization, passivation

N

/

* Control relaxation times .
A Temperature cycling,

annealing..

SUCCESS? Ex TkgT
Very narrow success range: Relaxation times
grow very fast with characteristic energy.

: 4

10nm 100 nm 1 pm
S. Glotzer and J. Solomon, Nature Materials (2007)
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Proper Interactions: Assembling Nanoparticle Superlattices

Spherical Nanoparticles functionalized with:

DNA (water) Hydrocarbons (oil) Water soluble polymer:
Whetten et al (Acc. Chem. Res 32 1999) Polyethylene glycol (water)
Shevchenko, Talapin et al. (Nature 2006) Zhang,Wang, Mallapragada, A.T, Vaknin, Nanoscale (2017)

Shevchenko, Talapin, Murray, O’'Brien (JACS 2006)
Park, Lytton-Jean, Lee, Weigand, Schatz and Mirkin, Nature (2008)

Nykipanchuck, Maye, Van der lelie and Gang, Nature (2008)
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DNA Nanoparticles superlattices
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DNA Superlattices

Solution of both A and B

+

Nykypanchuck, Maye, Van der lelie and Gang, Nature (2008)
Park, Lytton-Jean, Lee, Weigand, Schatz and Mirkin, Nature (2008)

_i15-bp linker

ANWNFEWWB

35-b spacer

Complementary DNA

(bce) strands
Gold nanoparticle
General strategy for programmed self-assembly!
C. Knorowski and A. T., COSSMS (2011)
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Predictive theory: Explicit chain % §

Model consisting of beads (1 bead~ 6 nucleotides)

Hydrogen bond is between complementary base pairs and directional

CT beads=
C-G T-A short-range attraction (HB)

FL,CT beads= hard-core repulsion

PARAMETERS:

R=NP radius (6nm)

r=number of sSDNA strands per NP
n=NP density

T=Temperature /I-I-HREI’

”WW\N\’. o

J.A. Anderson, C. 2

spacer
C. Knorowski, S. Burleigh and A. T., PRL (2011)
- T. Li, R. Sknepnek, R. Macfarlane, C. Mirkin, M. Olvera de la Cruz, Nano. (2012)
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HOOMD-Blue

[ HOOMD-blue - Home
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Other bookmark

New URL: Update your bookmarks, the HOOMD-blue home page is now http://glotzerlab.engin.umich.edu/hoomd-blue.

HOOMD-blue is a general-purpose particle
simulation toolkit. It scales from a single CPU
core to thousands of GPUs.

You define particle initial conditions and
interactions in a high-level python script. Then
tell HOOMD-blue how you want to execute the
job and it takes care of the rest. Python job
scripts give you unlimited flexibility to create
custom initialization routines, control
simulation parameters, and perform in situ
analysis.

Download and get started using HOOMD-blue
today. Please cite HOOMD-blue if you use it
published work.

hoomd, hoomd.md
hoomd.context.initialize()
unitcell=hoomd.lattice.sc(a=2.8, type_name="A")
hoomd.init.create_lattice(unitcell=unitcell, n=
nl = hoomd.md.nlist.cell()
1j = hoomd.md.pair.1lj(r_cut=2
1j.pair_coeff.set('A', 'A"', epsilon=1.8
all = hoomd.group.all();
hoomd.md.integrate.mode_standard(dt
hoomd.md.integrate.langevin(group=all, k
hoomd.run(16e3)

nlist=nl)
sigma=1.8)

1.2, seed=4)

$ hoomd run.py --mode=cpu
$ hoomd run.py --mode=gpu

6 hoomd run.py --mode=cpu
hoomd run.py --mode=gpu

$ mpirun -n
$ mpirun -n

Fast GPU performance

On a single NVIDIA GPU, HOOMD-blue
performs an order of maanitude faster than a

Scalable

HOOMD-blue scales up to thousands of GPUs
on Titan and Blue Waters. two of the laraest

Flexible

Want to run a Molecular Dynamics simulation
usina a custom force field? Or mavbe vou are
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Phase Diagram of DNA (fro1{':11theory) C. Knorowski, S. Burleigh and A. T., PRL (2011)
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Classical Nucleation Theory, defects

Defect Free Substitutional A-Vacancy  A-Interstitial
Internal energy constant  Crystallization is  "* h qa0e
during nucleation entropically driven C. Knorowski and A. ., Soft Matter (2012)
DEFECT ANNIHILATION

S L B : T Follows the following elimination reaction:
ﬁqz” 4 ! II|| substitutional + interstitial\ vacancy — interstitial\ vacancy
§ 15 [ — " substitutionals : 1 2 3
g A : _______________________________________________

|

|
0 ] il LA Ll ] ] ] 1
06 0.8 10 1.2 1.4 16 1.8 2.0
t 10 T—
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\ Hydrophobicity and DNA

Solution of monodisperse identical DNA-Au Nanoparticles (no hybridization), increase salt concentration.

/

Spontaneous Crystallization (Gibbs monolayer) at the air-water interface.

Bragg peaks l
l H Gibbs monolayer implies hydrophobicity.
(a) 10° - 50 mM MgCl (b) 343 l
E 5 |ll."'v| }-\r‘[;&ut.‘ : - 7 ; '-;HD

- & 005 M beC S TS S T Capping ligand does have hydrophobic blocks.

= i o S I . . Sl

i] 0'Qe gy, LH Type Sequence (5 t0 3%)

_E" a Thiol modified DNA — A HS-TT TITTITTITTCGTTG GCT GGA TAGCTGTGT TCT

é / ’ TAA CCT AAC CTT CAT

g 107} Thiol modified DNA — A” HS-TT TTT TTT TTT TCG TTG GCT GGA TAG CTG TGT TCT

— 3, ] ATG AAG GTT AGG TTA

Bt __ Hydrophobicity is an additional element to consider in the
0.04 ng@ (Ar_}l_;z 0.16 programmable self-assembly of DNA ...
. What about (mildly) Hydrophilic ligands: PEG ?
H. Zhang, W. Wang, N. Hagen, |I. Kuzmenko, M. Akinc, A. T., S. Mallapragada and D. Vaknin, Adv. Mat. and Interf. (2016)
M. Campolongo, S. Tan, D. Smilgies, M. Zhao and Y. Chen, ACS Nano (2011)
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Electrostatic induced superlattices

Water soluble polymer:
Polyethylene glycol (water)

Zhang, Wang, Mallapragada, A.T, Vaknin (2017)
Zhang, Wang, Akinc, Mallapragada, A.T, Vaknin (2017)
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Electrostatic induced superlattices

Huddleston, Willauer, Rogers, J. Chem. Eng. Data (2003) Vapor
Phase diagram of PEG+salt +water

Gibbs Monolayer

i S B B N B B BT
o Nanoparticle A AT
\ : Liquid A
c 60 1 QW salt + PEG %%?,rfﬁ q “3i5s [\ Add K,CO,
O : — N2 TR
= S0 - WV, v — if 5
< PRt 2 e
c |~ 401 .- PEG-AUNPs | <%
FHME "
- J® - : . i . . .
S|m ¥ s Salt ejected from PEG: Osmotic Trading surface tension for polymer stretching
S| 204, pressure leads to surface tension
8 10{
ol L2 alt + No PEG
0 10 20 30 40 (c)2 g 7 T T T T
100w, > =12 =& § 2 83 & &
: ; (b) 8 _ ) = 1
Salt Concentration (K,COy) ( High quality crystals ~ E s
:, at the air-water E
Z, interface: ex. DNA ~af
g l
o= S \Chfj-/
W - 04 006008 o 0003 0.0 0.06 1 0.08 0.1
oA ' Q“A}, (A )
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‘ Induced forces

INSIDE: A spherical brush at theta-point Polymer stretching at the

i 3
interface ABLT%(%) (0b2)3/2(2w0)1/4

OUTSIDE: high salt, (a% Gibbs Monolayer ) ~ (1 . ,U)?

T T T BT ST ST ST B ar
poor solvent R R R R O ViR
\ / Liquid ar, Lattice constant
@% Add K,CO;
R A

£

\?? \E‘S:.I '&E?fﬂx
Ed w‘;‘r,,\}r? ‘\:,.M
/ PEG-AuNPs €4y

surface tension increases
with high salt solution

e F 2.0
R, 2 . 1 2N(Uf)2)l/2 2 ‘ 1/4 kT 4’”— |AB [‘;"s O 200
() =1+2=F7— (2w 1 & kT /b2 1og([salt])
b Kuhn length -
o Grafting density Lattice constant: Balance between surface

tension and stretching: may be tuned by salt.

Wo  Three body interaction
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Phase diagram

Lattice constant can be tuned over a
very large range:

The softer the shell the more crystals!

Two phase region: colloidal destabilization: 3D crystals

Surface dchsity, (A i

PEG 800
(a) '1 2D‘super'latti =
= ' 2110
— £ o' A A a
E 2D 2D liquid 5
- = Gas-like *. (SRO)
10 7 1 2D+ 2Dliquid - "
= Gas-like + (SRO) =~ 1 S ‘ {10°
< N
&
[&d]
=5
—0.1
’0‘?‘ X < 10°

[K,CO,] (mM)

07 0.05 05 5 50 500 5000 0

0.05 0.5 50 500 5000
[K,CO;] (mM)

3D Au-PEG supercrystals presents intriguing properties.
H. Zhang, W. Wang, S. Mallapragada, A. T and D. Vaknin (2017)
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Superlattices of Hydrocarbon capped ligands
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Binary Superilattices by Solvent evaporation

Solution of both A and B and solvent is

evaporated
Soluble in organic ’ l

Nanoparticle A

solvent
) T cubstrate N\
Capping ligand colloidal
solution

(hydrocarbon)

vacuum
_}

‘ Nanoparticle B

....................

E==
: |||:|I|||!t||”| |i||||||[

Shevchenko, Talapin, Murray, O’Brien (JACS 2006)
Shevchenko, Talapin, Kotov, O’Brien, Murray (Nature 2006)
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‘ Superlattices Examples

Solvent evaporation produces a myriad of super-lattices!!!

These lattices are known from their atomic analogues..

NaCl
CuAu
AlB,
MgZn,
MgNi,
AuCu,
CFe,
CaCug
CaBg
NaZn,,
CubAB,;

Can we predict the structure of these supercrystals?

How many parameters are needed to characterize the phase diagram?
Shevchenko, Talapin, Kotov, O’Brien, Murray (Nature 2006)
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Packing fraction In 2N

Minimiz
= Vol ﬁ

International Travel Planning:

PACKING HACKS

= 1/1812=0.740

=1 32/8 =0.680

In Binary s

=n/6 =0.524
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Diameter=2r,

(.70
1 (.65

(L.60

0.55¢
0.501

ﬂ.-l.a.

NaCl
AuCu
sl
Zn)

Zns
AlB.

CaFs
MgChug
MgZns
AuChug
LizBi

fee/hep

Packing fraction of binary lattices, 3D case:

PF does exceeds the fcc/hcp case

“'ﬁ.[]

ReO;

CraSi

Fe,C

Pts0,
CaCus
CaBg
hee-ABy
cub-ADR
cnh-fee ABq 5
Nadnga

fee/hep

" N \

. .nf
Diameter=2r, fy — T_B /

A Horst, A.T., J. Chem. Phys. (2016)
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Super-lattices and PF

Model the nanoparticles as hard spheres

Radius of nanoparticle = half lattice constant of the two-dimensional hexagonal lattice.

H/ELEE

—=NaCl =—CuAu == AB, —AT/DDQC =CaB¢ == NaZni;
“ > e EEg g
< > == CsCl *CuzAu tﬂanz CaCus  ww CgoKg == CUb-AB;3

Diameter=2r,

Radius of nanoparticle computed b %% _
from TEM images 0.75

Experimental points ﬁ

ot
) . “:n 0.65
Diameter=2rg Strong Correlation between PF and experiment! E 0.60

T B 0.5
fy 0.50 “— - : : : : ; : :
T A ] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Boles, Talapin JACS (2015) Size ratio (rs/r,)
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Minimal models

Simplest models whose equilibrium phases correlated with maximum of packing fraction ?

Potential must be short-ranged:

Inverse power law:

N\ P
Vhf(T‘) p— Ehfé (th) 4

r . . — éap=10
----  Hard Sphere

If p goes to infinity is the hard sphere model: oA

At p finite is a softer potential: -~ .
0.5 1.0 1.2 1.4 1.6
T/JAB

A.T., PNAS (2015)
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‘ Binary mixtures of inverse-power law

A.T. PNAS (2015) ¢ O
Inverse power law: 4 ! 53y
~ . — éap=10
o D J- Hard Sphere
— £ LA q
Vip(r) = enpe (= B
I
= 1
—~
There are 8 parameters : s L0 1.2 L4 L0
R i | S | r/0AB
| ! T .V | |
| oatt L =— V=—71 op! |
S T < I A S i
Defines units of scale i _ . .
Length and energy. cale invariance Scale invariance
| 1 N OB ~
¢ — _ v = — CAB
oms/py 0 o4
I The phase diagram is a function of 4 parameters!
1 more parameter (-, .) than the hard sphere model.
'I‘HI::Am L b iF
S eoratoLy [OWA STATE UNIVERSITY

Creating Materials & Energy Solutions
OF SCIENCE AND TECHNOLOGY

U.S. DEPARTMENT OF ENERGY



Comparison to experiments

Data that is not within +/=0.2in Y or

is marked with a black dot

(those are points where the theoretical prediction is off)

_ Experiment .
Example AlB,: Theory \ No binary phases here: Similar correlation is found with p=6
B NaCl T
0.9 \ i Ree 0.9} = Ejé‘ll
Bl AuCu .
0.8¢ - ALD, 0.8l | = :H;;“
0.7 AuCug -| AnCuy
L‘? | § et L‘? § 07 CaF,
0.6 |- LisDi 0.6l |- LisBi
I . < Fe,C I - e A FeyC
- 0.5 ! | MgZn, ~ 0.5 I MgZns
C- \ N ‘ v , 4 mm CaCus C o mm CaCus
i Y - i bee-ABg ) . Y _AB.
04 I —= = O Ref [3] = NaZngg (}4 <> Ref [3] | = ;(:Zifb
0.3+ V' Ref [5] Hl Cr3Si 0.3¢L ~ V' Ref [5] { B CrsSi I
O Ref [25] CaBy O Ref [25] Cabg
0% - : — : : cub-AB3 0. / : : - : cub-ABy3
0 02 04 06 08 10 12 AT 00 02 04 06 08 10 12 A
CYsaAp O ¢ AR DDQC CYSAB O & A1 DDQC
p = 12 p= 6
Cannot account for low packing fraction phases (eg: Li;Bi), AuCu does not appear, etc...
Broad features OK, predictions not specific enough....
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The OXM Models (X=P)

L = maximum hydrocarbon extent

—>

AVAVAVAVAVAVAYS

Dimensionless th&rmadgnﬂmias

A= R—i Dimensionless hydrocarbon extent
— A

R Dimensionless radius (lattice constant)

Assume that the shaded chain is space filling:

+OPM _ (1 4+ 3/\)1/3 _ QRATOP‘M

This is the OPM formula.

The OPM formula for a binary system is:

OPM _ _OPM OPM
——>'—>
rA rA
Luedtke, Landman J. Phys. Chem. B (2003)
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The OXM Models (X=C)

A Dimensionless hydrocarbon extent.
OVERLAP cone

L
o\
= ;—’; Dimensionless lattice constant.
Assume that the OVERLAP cone is space filling:
~OCM _ 7711'—1/§ (1+ 3)\)1/3 — 9;0CMp
PF = NHS

This is the OCM formula.

The OCM formula for a binary system is:

OCM — R, 7QCM 4 RprOCM

Schapotschnikow, Vlugt, J. Chem. Phys. (2009)
== Ames Laboratory
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OPM vs OCM

Experimentally: simple lattices:
depends on NC coordination number g

2.0

05.1-nm Au-Cyg
1_3 04, 1-nm Au—clg
@ 3.3-nm Au-Cy;

12

Coordination
numhar

3

FOPM — (1 4 3)\)1/3

Luedtke, Landman J. Phys. Chem. B (2003) Schapotschnikow, Vlugt, J. Chem. Phys. (2009)

Boles, Talapin JACS (2015)
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The OPM-FE model

The OPM-model provides selection rules (no free energy).

A free energy (OPM-FE) is constructed by:

Minimum of OPM-FE = Minimum of VdW energy + chain entropy.

e OPM-Spheres of radius 74 = 7T°TM R4

e NCs in contact interact with VAW potential: V (4, j) = —£& 10 — = —f(i, )

e Free energy is:

N .
F=-=3)i ZjGN(i) f(i,7)

A.T., Soft Matter (2017)

6D (e _X i 7

—10 \

—12} \

_14
00 02 04 06 08 10 12 14
Al

bcce to fcc transition in single
component systems.
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\ Results for OPM-FE
€XpP. Boles, Talapin JACS (2015)

Model: OPM-FE
Bar =1 (equilibrium) if <1 how far is from equilibrium.
. ’Yx-?ﬁ% PbS-Ci5(35, 0.71) Au-Cy(20.5, 0.66) v = 0.558 v FeyO3-Cy (50.1, 0.27) Au-Cy5(20.5, 1.2)
1.0————_~———\— ——————————————————————— T 0 L. 0 e O OO, . .0 LT 0 . |
J Wrong lattic CXP 3 !
(.8} tly predicted! 0.8 ¢ con:tant
' I ~
0.6 I 0.6 :
m : |
(& e =
0.4t B M
0.4 FAIL
0.2} H 09l I N L
0.0k Hﬂm e 0.0 .. "
FEEEEEEEE EEEEEE | 2 §88¢%59484 -
Binary systems: OPM-FE sometifnes predicts the right phase, usually with the wrong lattice constant]

OPM-FE = same phases as inverse power law, and with same discrepancies !
OCM not in agreement!
== Ames Laborato
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Vortices and Neutral lines O

M and OCM . This is a vortex on the surface of the sphere

Topology (Gauss-Bonnet theorem): There can only be 2 | (no-anti vortices)

However, vortex = projection of the 3-dimensional hydrocarbon orientation

Vortices can “escape through the third dimension....”

N AN/
R QL I3 8A S5

neutral

A 5 defect lire defect
(vortex) (vortex)

NCs as SKYRMIONS WITH topological charge -1: T
AT., Soft Matter (2017) Neutral lines are generated!
Selinger, Konya, A.T., Selinger J. Phys. B (2011)
Bowick, Nelson, A.T., Phys. Rev. B (2000)
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The OTM model

What neutral lines look like when g > 1?
A) vortices

Topological charge g;: number of vortices.

OTM HYPOTHESIS: Neutral lines are costly, need to be MINIMIZED:
dr= 1,2 One or two vortices (no neutral lines).

;=3 Two vortices and one % disclination or 3 vortices.

;=4 Four % disclinations or 4 vortices with neutral lines.

gr 2 6 neutral lines too costly, topological charge is trivial.

(Currently testing this hypothesis with explicit simulations!)

=1 ;=0 Ratio of nanoparticle radius (hexagonal lattice) is:
N = ’rg; ‘f” (gr=0) TSPAJ
— T_Ei)j M ((j'T:U) ,?_gPIVI
A.T., Soft Matter (2017)
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Prediction of lattice structure within OTM:

Example: MgZn,

OPM
B

Space Group: P6;mmc =
Unit cell: 4A 8B

Wyckoff positions: 4f (A) Hex diamond

2a, 6h (B) Pyrochlore

0.70

n (.65

(.60

0.55}

0.501

Nall
AuCu
[
Zn()

ZnS
AlB2
CaFsq
MegCus
Mg#ns
AnCug
LizBi
fee hep

2
OPM: q;=0: 7 = Te = \/;

: B-particles can only have q;=0 7 > 7. = \/EL

A-A contacts (q=4)
B-B contacts (g=6)

153 02 0.4 0.6 0.8 Lo MgZn, Pyrochlore Diamond
o ,I’EC — % qT = O qT=0 or 4
A.T., Soft Matter (2017)
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Prediction of lattice structure within OTM:

A-A contacts (q=4)
/] —_— N Z
Example: MgZn, = rgPM OPM: g;=0: ¥V = Ve = \/; B-B contacts (q=6)
- — ~OPM f
>pace Group: Pb;mmc TA : B-particles can only have q;=0 7 > 7. = \/Ei
Unit cell: 4A 8B

Wyckoff positions: 4f (A) Hex diamond O™ 1\ _ _ 1,.0PM
2a, 6h (B) Pyrochlore a4 7 (< I A
Prediction

Computed from L, R

(.80
NaCl
0.75 Measured
AnCn
CsCl 1
070 o experimentally
N ZnS
r.r,] (.65 .jLIHg
CaFsq
0.60 MgCu
. MgZng ——n -
Daop AuCuy = a=13.9nm = c=22.4nm
LizBi
(o0t fee/ hep
IS AT EVATEY. 2
0.4 : : ™ LRt an 3
0.0 0.2 0.4 0.6 0.8 1.0 W AW ET T o
ﬁr.- ) _ 2 .. & % . . . - .
* Yo =4/ 2 ATATAYALS Fio et aat”
SN NS A AYAIIIII T 13 14 15 16 200 21 22 23 24
A.T., Soft Matter (2016) - . angzaz (M) . Cagznz (M)
Boles, Talapin JACS (2015)
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MgZn,

Within PF widely exceeds the HS prediction for values 7Y < Ye
1.0 : b 0.80
MgZns
11 experiments 0.75
0.9+
c
9 070
7) 0.8F E
OTM =
_______________________________ . oo 0-65
c
0.7 E
"""""""""""""""""""" m 0.60
o

2
4]
t

0.50

04 05 0.6
Size ratio (ry/ra)

MgZn, is an example of a low HS PF that becomes High PF within
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OTM and experiment

C
0.9 Ll
- : : . ® ' Ligand loss
Prediction of Binary Packing density 2 ®* o
g 08 P
- i ® o
a0 o C—0 C
= 07 o
S o ¢«
o Q @]
E 0.6 |
m O @ Experimental data
0.5 THard-sphere prediction
. - L. S L o T s
o ‘0{5’,‘?‘ G‘:? %r;v v {_J'bc' %@“v _{5\‘%’
A.T., Soft Matter (2017)
Boles, Talapin JACS (2015)
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1.1

OTM and experiment

ax

NazZn,,
A-A

10T contacts EaCH,

LA

Normalized separation (a.u.)

0.8
oo JJLigand Ioétv ﬁ'
) AT/
Prediction of lattice structure bbac,  B-B
0.6 [pgzn,
! CuAu contacts
05 L+ . QCnot
hh 4 6consid@red YE¥
-
—~ 10 bee-AB, T qT =0
E i AlB,
g 08 I A_ .
Uncertainty in Normalized separation is high ... ® % TR
E 06 s
E 0.4 ka'{-:;.f f
3 lqt?;,
E 0.2
A.T., Soft Matter (2017) A-B contacts
Boles, Talapin JACS (2015) s " = ' 2
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Summary of OTM predictions:

Comparison with experiments for both the lattice constant and packing fraction from Boles, Talapin JACS (2015)

T di;
BNSL | exp OTM OTM*|exp OTM OTM*
MgZn, | 0.79 0.77 0.83 [1.30 1.35 1.13
LisBi 0.88 0.87 0.86 |0.90 0.98 1.01
bccABg| 0.83 0.84 0.86 |1.90 2.20 2.00 There is almost perfect agreement with experiments
CaCus | 0.76 0.67 0.70 |2.40 2.56 2.50 for all lattices studied in the experiments!
AlB, 0.77 0.77 0.78 [2.20 243 233
NaZni3| 0.73 0.72 0.72 [1.75 1.80 1.64
NaZni3| 0.79 0.74 0.74 (248 2.72 257
AuCu [0.057 0.02 0.01 [(5)f >1 >1 Prediction of ligand loss!
A.T., In preparation (2017)
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Ligand loss: The case of AuCu

1 ~073 A-A contacts (q=4)
A-B contacts (q=8)

: B-particles can only have ;=0 a pbsie) d
A-particles can have gt = 4 G

OPM: Gr=0:7 = Ve = V3

(111)

(100) (110)

1.00 AuCu lattice

0.95
The solution only reachesup to .90
8
Y =Yoo = 1/v/2~0.707 05|
0.80}
0.75 | | _ ,,,,, b _ | B {100} facets
0.710 0715 0.720  0.725  0.730
Y Boles, Engel, Talapin, Chem. Rev. (on-line September 2016)
' < 0. . : .
Experiments report 7,2 < 0.57 Experimental evidence in complete agreement
Within , experimental results are consistent only if ligands with prediction. Ligand loss seems a
are lost and raw (PbS) are in contact alomg the (1 0 0) faces. general feature in PbS, includes quasicrystals.
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Conclusions
Superlattices: where topology meets geometryy meets physics meets chemistry meets materials science!
Superlattice structure prediction for 3 different assembly strategies:

1) DNA-water driven by hybridizations.
2) Hydrocarbons-Organic solvent driven by VdW forces.
3) PEG water driven by electrostatic segregation, and ultimately, by VdW forces.

%‘_ :@ DNA: Hydrophobicity in linkers influence the resulting phase diagram

o% Polymers (PEG): crystallization of spherical polymer brushes in 2D and 3D: Controlled lattice
% constant by salt concentration. Softer ligands (longer polymers) make more mesophases.

_ O Hydrocarbon ligands: skyrmions (hedgehogs) with “non-topological” defects

OTM model explains structure and stability of super-crystal phases

GRAND CHALLENGE to Supercrystal prediction: Understand/Control relaxation times (DYNAMICS): Microfluidics?
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Dynamical Lattice Theory

Hoover, Ross, Johnson, Henderson, Barker, Brown J. of Phys. Chem. (1970)

A.T.,J. of Phys. Chem. (2014)

This is the harmonic approximation: Write the coordinates of every particle as

o

R, = R +1ii,

Position of the particle in Displacement from the
the lattice lattice

The potential energy is:
_ 1 ) 5y 1 0 0 1 )0 0
T2 Za”b V(R(L a Rb) 2 Z&,b V(Ra' B Rb) + 2 Za,,b {L(ZL /)(a:?’)(l)*j)ub

1 , ,
+ B E :a,,b Ugq /-)a,bu‘h
The free energy is:

rharm — (74 kpTlog detD

DLT is an approximation because we are neglecting higher order terms...

DLT becomes exact in the limit of very low temperatures!
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Computational tools

Calculation of free energies Self-assembly simudations
e P :

______________________________________________________________________________________________________________________________________

= o o = = e e e e e e e = e e e e e e Em e e e e e e e e e e e e e e e e e e Em e e e e e e e e e e e e e e e e e e = = = e e e e e e = = = = = e e = = = = e = = = = = = = = = = = = e e e e e e e e e e e e e e e = = e e o]

HOODLT HOOMD

A.T., J. of Phys. Chem. (2014) J.A. Anderson, C. D. Lorenz and A.T., J. of Comp. Phys. (2008)

C. Knorowski, C. Calero, A.T., almost accepted (2015)

- G E N ETI C ALG O R ITH M S K. Ho Group collaboration (2016)
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Lennard-Jones Systems

v =t |(£)"- (3]

The known phase diagram is given by 10?

hcp——¥

10t

At T=0, the equilibrium phase is hcp for P <
878.49 100
a,

10!

Stillinger, J. of Phys. Chem. (2001)

102

DLT calculation

102

hcp is the low temperature solid phase!!! o

0.0 0.5 1.0 L5 2.0 2.5 3.0 3.5

-

T
Agrawal, Kofke, Mol. Phys. (1995)

A.T., J. of Phys. Chem.
. . (2014)
DLT is actually quite accurate!

How results are modified once anharmonic terms are included?
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Lennard Jones Systems

C. Calero, C. Knorowski and A.T., submitted (2015)
The anharmonic contribution is calculated in all these many points...

The 0.006}# - 8- gy - py, @t P =290 |]
difference in  0.004¢ T
--.--.-'-.—:-:- .
e chemical 5 0.002F ¥ T
M S ..
: P ‘: potentlal IS a ) 0000 .......................,....*:‘..;.:........,...........,.......................,..
leeacts |  -0.002 Py 4
 ceeete very small! .002f SRR
3988104 —0.004} ]
0.0 0.1 0.2( 0.3 0.4 0.10 0.15 0.20 0.25 0.30 0.35 0.40
4 :
g Entropy
0.05+ - (Uy -u, )NT at p=16 |,
energy ) 0.04} - 8- Shep ™ Sper at p=1.6
differenceis S .| Energy
> 0.
avery subtle 5 oy favors hcp
balance U o001f  “ee,.
_0.0 .‘-‘?-I—-I-IJIIII-I-,—I-I-IIT —————
) 6.0 0.1 0.2 0.3 04 0.5
Am d
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Super-lattices and hard sphere models

Model the nanoparticles as hard spheres of the respective diameters y - d /d

NaCl

CuAu

AlB, _

Mozn, y = 0.58

MgNi, 100 01— ————T—T—T—T T

AuCus, +1+-AB,+B

g F (e: 4 800 AB.+AB, ]
aCu; -~ —

CaB, /MV Laorer

Nazn,, /:m S

CubAB,, Sl

+more

Fluid (F)

0.0 a1 02 03 04 05 06 07 0B 09 1.0
A X B

Eldridge, Madden, Frenkel (Nature 1993)
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What is mess?

Assembly, when energies >> k;T does not happen (within available time!)

UNLESS

= CATALYST, enzyme, eftc...

NOT SUCCESS?
ORDERED

OUT OF EQUILIBRIUM =

2
e Tk, T
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‘ Lattices

We compute the free energy for the following 24 lattices:

N S e TP X Stability (D-matrix positive definite) occurs only for a range of y
fee AorB Fm-3m Al cF4
hep Aor B P6s/mmec A3 hP2 L = ~ - 0.08 ~ ~ + 0.08 YL = ~ - 0.08 y ~ + 0.08
bee Aor B Im3m A2 cI2 NaCl 0.00-0.51 0.00-0.51 0.00-0.51 NaCl 0.00-0.70 0.00-0.70 0.00-0.70
NaCl AB Fm-3 Bl cF8
~Nal m-3m c . . 0.51-0.75 AuCu — 0.63-1.00 —
AuCu  AB  P4/mmm Llo cP4 AuCu 086100 ggyy00 086100 CsCl 0.63-1.00  0.631.00  0.63-1.00
CsCl AB - Pm-3m B_z cP2 CsCl 0.51-0.87 0.51-0.87 0.51-0.87 Zn0 0.00-0.22 0.00-0.22 0.00-0.22
Zns AB - F-43m B3 cF'8 Zn0 0.00-0.24 000024  0.00-0.24 7nS 0.00-0.22 0.00-0.22 0.00-0.22
ZnO AB  P63/mec B4 hP4 ZnS 0.00-0.24 0.00-0.24 0.00-0.24 AlB. - 0.24-0.52 -
AIBQ ABQ Pﬁjmmm C32 hP3 AlB . 0.24-0.61 o ] ’ : .
; . by AlB> 24-0. CaF 0.91-1.00 0.91-1.00 0.91-1.00
CaFa ABs Fm-3m Cl1 cF12 CaFa o o o MeC:
MgOua  AB; Fd-3m OC15 cF24  Laves MgCu 0.50-0.88  0.50-0.88  0.50-0.88 Moz - -~ -~
MgZns ABs Pﬁgfmmc C14 hP12 Laves MgZns 0.60-0.88 0.60-0.88 0.60-0.88 i'LEC‘.ui 0.58.0.02 0.58.0.02 0.58.0.92
AuCuz  AB3 Pm-3m Ll cP4 AuCus 0.79-1.00 0.79-1.00 0.79-1.00 LiBi 029100 0231 00 0231 00
LisBi ABs Fm-3m cF16 LisBi o o o 1351 st . . : .
ReOs AB; Pm-3m DO cP4 ReOs _ . _ ReOs - - —
CraSi AB; Pm-3n  Al5 cP8 CraSi - - - CraSi 0.63-1.00 0.63-1.00 0.63-1.00
FeyC ABs P-43m cP5 Fe,C - - o FeyC — — —
Ptq0y AsBy Pm-3n cP14 Pt Oy o o o PtaOy — — —
CaCus  AB; P6/mmm D2; hP6 CaCus 058068 052066  0.580.68 CaCus 038049 039050 038049
CaBg ABg Pm-3m D2, cPT CaBe 0.20-0.30 o 0.20-0.20 CaBs 0.17-0.27 — 0.17-0.27
bee-ABg ABg Im-3m cl1d  CsgCen bee-ABg 0.34-0.45 0.34-0.45 0.34-0.45 bee-ABg — 0.22-0.31 —
NaZnjs AB13 Fmic D23 cF112 cub-ABi3 _ _ _ cub-ABq3 — — —
cub-ABiz  ABy3 Pm-3m cP14 cub-fee-ABi 5 — — 0.38-0.41 cub-fec-ABia — — —
cub-fcc-AB1s ABis Fm-3m D2, cFs6 NaZnis 0.43-0.87 0.46-0.86 0.43-0.87 NaZna 0.20-0.53 — 0.20-0.53
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