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Self-Assembly of Functional Nanoscale Materials

Hongyou Fan
Distinguished Member of Technical Staff, Sandia National Laboratories
National Laboratory Professor, University of New Mexico

1. Surfactant-assisted nanoparticle self-assembly and optical coatings

o Synthesis of water-soluble and biocompatible nanoparticles
o Fabrication of robust ordered nanoparticle films
o Applications: optical coatings and bio-applications

2. Coﬁfined cooperative self-assembly of photoactive nanostructures

= ®°" 5 Formation of 1-3D well-defined porphyrin nanocrystals
o Unique optical and electronic properties
wwium O Photocatalytic synthesis

3. Pressure induced nanoparticle assembly

o Pressure induced phase separation in atomic and meso
o Pressure induced nanoparticle coalescence and fabrication
o Pressure induced nanoparticle optical coupling

Sandia National Laboratories is a multi-program laboratory managed and operated by National Technology and
Engineering Solutions of Sandia, a wholly owned subsidiary of Honeywell International, Inc., for the U.S.
Department of Energy’s National Nuclear Security Administration under contract DE-NA0003525.



1. Surfactant-Assisted Nanoparticle

Self-Assembly and Optical Coatings
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Fan et al. patent application (2003), Science 304, 567, 2004 & 2006, Nano Lett., 2005, J. Am. Chem. Soc, 2005 & 2006, Adv.
Mater., 2005, Chem. Commun., 2006 & 2008, Adv Funct. Mater., 2006, Chem. Mater., 2006, J. Nanomater. 2009.



Optical Coatings: Opportunities and Challenges

Sputtering and CVD has produced high performance of optical and
semiconductor applications, but this performance comes at a significant cost,
impacting budget, logistics, and environmental, safety, and health areas.

Disadvantages: Challenges:

* High temperature « Low temperature

. ngh vacuum . | * Ambient conditions
« Capital equipment |« Simple process

« Toxic precursors « Green chemistry

* Limited work place - In-field application

Motivation: A simple and mild coatings process is needed for applications for
delicate, large foot print, in-field coatings.
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Soft Self-Assembly to Functionalize Nanoparticles to

Fabricate Robust Nanoparticle Coatings

Soft self-assembly is a simple, economical process, enables the development of unique optical,
electronic, and magnetic nanoparticle thin films in mild conditions, with architectures and properties
unattainable by any other processing methods (CVD, sputtering, etc).

Metal nanoparticles

e.g., Gold, silver, etc. Tunable coating properties:
Semiconductor nanoparticles -Optical property (n, etc)

e.g., PbSe, Ge, CdSe etc. -Electrical property (o, etc)
Metal oxide nanoparticles Water-soluble & -External field activated

e.g., TiO,, Si0,, Zro, etc. biocompatible property alteration
Magnetic nanoparticles nanoparticles -Hydrophobic

——— - N—
¢ o E, Pogs e

e.g., FePt, FeMnO,, etc. N

1, surfactant Engineering Process

2, lipid, -Dip-coating s 2
3, block copolymer -Ink-jet printing 5 : L
-Pen writing :
-R-to-R impriting
- more

Robust, self-assembled
nanoparticle films



Synthesis of Nanoparticles

(1) Nucleation and growth at high temperature Organic ligand
hydrophobic

Semiconductor nanocrystals: —
« CdSe, CdS, etc.
 PbS, PbSe, etc.
Magnetic nanocrystals L Core
* FePt, FeMnO,, Fe;O,

Perovskite nanocrystals:
. Cs4PbBr6

AT ‘uu -c-s. ‘. X
Seons e "t 00 e

Murray, CB et al. Annu. Rev. Mater. Sci. 2000, 30, 545-610. Yin, Y., et al., Nature, v.437, 664-670, 2005.

(2) Synthesis of metal nanocrystals

= || *HAuClI,
o CH;3(CH,),SH Metal nanoparticles
n ——— p
| (CH;(CH,),;),N*Br-  Au, Ag, Pt, etc.
NaBH,

Sandia
m National
* Brust, M., et al. J. Chem. Soc.-Chem. Comm. 7, 801 - 802 (1994). D Laboratories



Formation of Self-Assembled Nanoparticle Micelles

Evaporation of oil Ewvaporation of oil

Addition of
H,O/surfactant

Formation of oil

**i* E* * in H,0 p-emulsion

o i '
Organic layer stabilized Evaporation of oil by heat or vacuum Nanocrystal-micelles
nanocrystals in oil in water
17, d .i1! , Primaryorganiclayer
k] fefde a AT Iﬂ
dll

" //I\_* Secondary surfactant layer

a. Nanocrystals _ thh
b. Building block



Self-Assembly of Gold Nanoparticle-Micelles

from Water Phase

.




Nanoparticle Micelles with Different Shapes




Nanoparticle-micelles Provide Flexible Surface
Chemistry for further Self-assembly.

Precursor (e.g., Silica - Surfactant Interaction)
R EO,,[(EO).H;O y...yX...wl**

where (I = hydrophilic precursors (e.g.,silicate; 6 = framework
charge, surfactant head groups = charge groups, EO =
ethylene oxide, R = alkyl chain)




Highly Order Nanoparticle/Silica Films

Scanning Electron Microscopy image Ji¥aleNzz1a1¢=(e[=F
;  Mild conditions.
* More stable in inorganic framework. (>200°C)
» Uniform and continuous without cracking.
» Compatible with standard fabrication process.
* Robust material: metal, semiconducting, magnetic, etc
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In-situ Grazing Incidence Small-Angle X-ray

Scattering Ensure Long Range Order

0 500 1000 1500 2000 0 S500 1000 1500 2000
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2.8+ 22
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o & |8
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ol Bodh % F
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Drying time: t = 18 minutes t = 28 minutes t = 50 minutes
GISAXS at a synchrotron source Un't Ce" Of rh0mb0hedra| space
enables us to follow the 2D CCD Detector group R3m showing 111 planes

development of long-range thin-film
structure in real time (high intensity
beam) during self-assembly

€
$

&

Relationship between rhombohedral

X-ray beam . o
Y Thin-film sample and fcc structures(a= 60" )

Sandia
. National
Fan et al. Langmuir, 24 (19) 10575-10578, 2008. @ Laboratories



Nanoparticle Coatings with Tunable Optical Property

Self-assembly method was extended to different nanoparticles to tune film property.

Material Measured Index n Measured Absorption k
Porous Silica (Acid Catalyzed) 1.18-1.25 <0.15 (out to 10 um)
Low Porous Silica (Base Catalyzed) 1.19-1.25 <.01 (outto 10 um)
Index
Dense Silica 1.4 To Be Measured
TiO, (Acid Catalyzed) 1.4-2.4 <0.15 (out to 10 um)
Medium
Index | TiO, (Base Catalyzed) 1.7-1.8 <.01 (out to 7 um)
CdSe 1.7-1.8+ <0.15 (out to 10 um)
Gold 1.8-1.9+ <0.15 (out to 10 um)
High
Index Ge 2-4 * Under Development
FePt =2 2% =
PbSe ~2.2+ =0

* Theoretical Values



Nanoparticle Coatings for Near Infrared Reflectors

Quarter wave stacking of self-assembled nanoparticle films for near infrared reflectors, overcomes

the harsh conditions from conventional

functionality.

SEM image of quarter wave stacking
of TiO, and SiO, reflector

Functionalization of optical coatings
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processing (CVD, sputtering, etc) with improved

Reflectivity studies show high and reproducible reflectivity
over controlled wavelength windows (1-2pum, 2-3pum, 8-12pm, etc)
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iScience 11, 272-293, January 25, 2019
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Self-Assembly of Nanoparticles
into Active Nanostructures
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2. Confined Cooperative Self-Assembly of

Photoactive Nanostructures

Surfactant assisted micelle confinement of non-covalent interactions:
o Hydrophobic-hydrophobic interactions,
o TI-11 stacking,
o Metal-ligand coordination.

AVAV + Y. Liu, et al. Nano Lett., 2019.

K. Bian et al. Nature Communicitons, 2018.

K. Bian et al. MRS Adv., 2018, 3 (45), 2757-2762.
N. Zhang, et al. Nano Lett., 2018, 18 (1), 560-566.
D. Wang, et al. ACS Nano, 2018, 12 (4), 3796-3803.
J. Wang, et al. Nano Lett., 2017, 17 (11), 6916-6921.
J. Wang, et al. Nano Lett. 2016, 16, 6523-6528.

F. Bai, et al. Adv. Mater. 2016, 28, 1989-1993.

Y. Zhong, et al. Nano Lett., 2014, 14, 7175-7179.
Y. Zhong, et al. ACS Nano, 2014, 8 (1), 827-833.

F. Bai, et al. Nano Lett., 2011, 11, 3759-3762.

F. Bai, et al. Nano Lett., 2011, 11, 5196-5200.

F. Bai, et al. Chem. Commun., 2010, 46, 4941-4943.

Amphiphilic surfactant
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Why Porphyrins?

Biomacromolecules (e.g., chlorophyll, heme, etc.) with well-defined size and chemistry are essential
pigments in many biological energy transduction processes in plants, algae, and bacteria including
photosynthesis (absorb light, transfer energy, etc), water splitting, etc.

€40 In chlorophyll b

w o in chlorophyll a
™ | > Porphyrin ring
CN—g (light-absorbing
[ ) “head” of
A | molecule)
EI-HI E—D \D
C==0 +

Chlorophyll Structure and Function

> Hydrocarbon tail
(H atoms not shown)

s

Copynght © Paarson Educabon, nc . publeshing as Bergaman Cummings

https://www.pinterest.com/katidavis86/structure-and-function/



Why Porphyrins?

Inspired by biological nature, many synthetic molecular building blocks such as porphyrins, organic
dyes, etc have been demonstrated for new optical and electronic applications in areas of molecule
electronics, photovoltaics, and sensors.

Well-defined size and chemistry: Applications in energy

_ _ _ conversion/storage and sensors:
o Well-defined size and surface chemistry,

o Optical and electrical activity due to the
conjugated aromatic 1 system,

o Covering wide range of visible spectrum.

Photocatalysts,

Sensors,

Phototherapy,

Dye sensitized solar cells.

O O O O

Driving forces for self-assembly:

Hydrophobic-hydrophobic,
Tr-1T1 stacking,

Metal-ligand coordination,
lonic interactions.

ZnTPyP

O O O O

Sandia
m National
Laboratories




Porphyrin Used in Our Research

Sandia
m National
Laboratories




Hierarchically Structured Porphyrin Nanocrystals

K. Bian et al. Nature Communicitons, 2018.

K. Bian et al. MRS Adyv., 2018, 3 (45), 2757-2762.
D. Wang, et al. ACS Nano, 2018, 12 (4), 3796-3803.
N. Zhang, et al. Nano Lett., 2018, 18 (1), 560-566.
J. Wang, et al. Nano Lett., 2017, 17 (11), 6916—

F. Bai, et al. Adv. Mater. 2016, 28, 1989-1993.

Y. Zhong, et al. Nano Lett. 2014, 14, 7175-7179.

Y. Zhong, et al. ACS Nano, 2014, 8 (1), 827-833.
F. Bai, et al. Nano Lett. 2011, 11, 3759-3762.

F. Bai, et al. Nano Lett. 2011, 11, 5196-5200.

F. Bai, et al. Chem. Commun., 2010, 46, 4941-4943.
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Hierarchically Structured Porphyrin Nanorods

C, HRTEM

E, simulated crystal structure, viewed along the crystallographic z axis, Zn (red).
F. simulated crystal structure, viewed along the nanowire.
Crystal structure: Hexagonal R-3 (148) a=b= 33.110, c= 9.273; a=B=y=120

J. Wang, et al. Nano Lett., 2017, 17 (11), 6916-6921. J. Wang, et al. Nano Lett. 2016, 16, 6523-6528. F. Bai; et al. Nano Lett.
2011, 11, 3759-3762; Nano Lett. 2011, 11, 5196-5200.



Nitrogen Sorption Isotherms of Porphyrin Nanocrystals
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Nano Lett. 2014, 14, 7175-7179.



Structural Evolution during Self-Assembly

SEM images of hexagonal nanorods and UV-spectra of the reaction solution at different reaction
times.
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J. Wang, et al. Nano Lett., 2017, 17 (11), 6916-6921. J. Wang, et al. Nano Lett. 2016, 16, 6523-6528. F. Bai; et al. Nano Lett. 2011, 11,
3759-3762; Nano Lett. 2011, 11, 5196-5200.



Photocatalytic Synthesis of Hollow Pt Nanostructures

+ + + + + + + + + o+ +° + + +  +
000000000000 0000000 AA 90000000000 00000000
ZnTPyP = ZnTPyP
0000000000000000000 K,PtCl, 00000000000 00000O0O0OO
+ + + + + + + + + + + + + + + + + + + +

Growing

Closed shell

ZnTPyP L ZnTPyP* (excited triplet r-11* state)

ZnTPyP* + AA——ZnTPyP + ED,,
4ZnTPyP-* + PtCl,> ——4ZnTPyP + Pt°

Ascorbic Acid: AA Electron Donor (radical anion)

J. Wang, et al. Nano Lett., 2017, 17 (11), 6916-6921. J. Wang, et al. Nano Lett. 2016, 16, 6523-6528. F. Bai; et al. Nano Lett.
2011, 11, 3759-3762; Nano Lett. 2011, 11, 5196-5200.



Photocatalytic Synthesis of Hollow Pt
Nanostructures through Porphyrin Nanocrystals
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3. Pressure Induced Nanoparticle Assembly

\ }

|
Nanoparticle interactions and coupling




Our Research - Nanoparticle Assembly under Pressure:

Mimic Manufacturing Processes - Embossing or Imprinting

Controlled pressure

MMM

| BB BB Features:
Substrate * Rapid
 Cost effective
« High fidelity

Substrate




Pressure-Induced Assembly and Fabrication

An external pressure overcomes balanced interparticle interactions, enables
engineering of nanoparticle assembly, allowing fine-tuning of lattice structure and
interparticle separation distance, and to fabricate new nanoparticle architectures.

Synchrotron
X-ray

pressure

Iy Sceeesdne
Y N -~ o L patead. Jee®,
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o *Attraction ':‘ :: :’ a® ":‘ .
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= o N LA
o . .
= » Provide controlled pressure fields:
5 - Hydrostatic & uniaxial
~ I 4

1111 ﬁ- - Controlled pressure range

- SU'S « Allow in-situ structural and property characterizations

- Absorption, emission, etc.
- Crystal structure, phase transition, etc.

- Structural evolution with pressure -
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Before Compression — Starting Materials: Ordered

Spherical Gold Nanoparticle Arrays

5 nm gold nanoparticles and fcc lattice (a = 10.4 nm)

| de 7A]
[ 60.0 |
[52.0 |
(36.8 |

intensity

Balanced particle interactions

2

Synchrotron
X-ray

D%%;

Diamond anvil cell (DAC)
Ambient pressure

Li, B.; Fan H., et al., Nat. Commun. 5:4179 doi: 10.1038/ncomms5179 (2014); Wang, et al. J. Am. Chem. Soc. Sandia
133, 14484-14487 (2011); Wu H., Fan H., et al. Angew. Chem. Int. Ed., 49, 8431-8434, 2010. 'ﬂ" National

Laboratories




After Compression — Formation of 1D Nanowires

Synchrotron
X-ray
pressure

pressure

Diamond anvil cell (DAC)
Ambient pressure— 13 GPa—Ambient pressure

Intensity

Li, B. et al. Nat. Commun. 8, 14778 doi: 10.1038/ncomms14778 (2017). Sandia
Wu H., Fan H., et al. Angew. Chem. Int. Ed., 49, 8431-8434, 2010. ﬂ'l Natlanal
Laboratories




Bundles of 1D Nanowire Arrays

Uniform length
L

Wu H., Fan H., et al. Angew. Chem. Int. Ed., 49, 8431-8434, 2010.

D

Sandia
National
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Pressure Tuned 1D Nanostructures

Diameter
~5nm

Sandia
National

Wu H., et al. Angew. Chem. Int. Ed., 49, 8431-8434, 2010. Laboratories
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In-situ Synchrotron X-ray Studies of Nanoparticle

Assembly under Pressure

An external pressure overcomes specific interparticle interactions, enables
engineering of nanoparticle assembly, allowing fine-tuning of lattice structure and
interparticle separation distance, and to fabricate new nanoparticle architectures.
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Pressure-Induced Nanoparticle Assembly Processes

Sandia

Wu & Fan et al., J. Am. Chem. Soc., 132, 12826-12828, 2010 & Angew. Chem. Int. Ed., 49, 8431-8434, 2010. '* National

Laboratories




Pressure-Induced Formation of 3D Nanostructures

Interconnected 3D gold networks are formed depending on initial nanoparticle packing
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Wu H., Fan, H. et al., J. Am. Chem. Soc., 132, 12826-12828, 2010 & 136 (21), pp 7634—-7636, 2014. @ National



Pressure-Tuned Nanoparticle Interactions and Coupling

Structure - optical property correlation of Ag nanoparticle arrays

a b c

Absorbance

—
Threshold

—
Pressure

500 550 600 650
Wavelength (nm)

Sandia
Li, B.: Fan H., et al., Nat.Commun. 5:4179 doi: 10.1038/ncomms5179 (2014). '[I'l National
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Transmission Electron Microscopy Image of CdSe Nanowires

(111)/(111)
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B. Li, K. Bian, et al,
Science Advances
3, 1602916 (2017).



Optical Property of CdSe Nanowires

Normalized
Before P, QY= 37%

——HP RT, QY= 1.6%
——HP 200C 24hr, QY= 17%

-
o

Before P, QY=37%
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Summary: Pressure-Induced Nanoparticle Engineering

Pressure-Induced Assembly presents a paradigm shift in engineering nanoparticle arrays:

* Allow precise, systematic, and reversible tuning of interparticle distance for interrogation of new
chemical and physical properties.

* Produce new chemically and mechanically stable 1-3D nanostructures, which is not possible for
current top-down and bottom up methods.
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