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Toward Greener Production of Nanomaterials:
Lessons from Functionalized Nanoparticle Synthesis
Jim Hutchison
Department of Chemistry, University of Oregon

Director, ONAMI Safer Nanomaterials and Nanomanufacturing
Initiative (SNNI)
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Nanotechnology promises exciting breakthroughs
for a thriving, sustainable future

A clean, sustainable world for all future generations
Abundant clean energy from the sun

Drinkable water for everyone around the world

Rapid, point-of-care medical diagnostics and treatment
Phototherapeutics - A cure for cancer by 20207?

Cleaner, more efficient chemical industry
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Possible health and environmental effects of
new materials and products?

Applies to all materials...nano or otherwise!

Total Ozone on September 29, 1997

Do the properties
contribute to:

Toxicity?

Ecotoxicity?

Persistence?
Transport?
Bioavailability?

Bioaccumulation?

‘ Rl Design for performance and safety

Applying green chemistry to nanomaterials and
nanomanufacturing

geduced Size

nhanced Properties

Nanoscience Higher performance
Green Cheaper
Chemistry More convenient
Enhanced Efficiency Greener

Reduced Hazard

Green chemistry applied to nanoscience:

Design nanomaterials that provide new properties and performance, but do
not pose harm to human health or the environment

Manufacture complex nanomaterials efficiently, without using hazardous
substances

Assemble/interface nanomaterials using bottom-up approaches and self-
assembly to enhance performance and reduce waste

- McKenzie and Hutchison “Green nanoscience,”
‘ Sk AR S A i Chemistry Today, 2004, 30.




Need for greener approaches in the production of
nanoscale products

The 1.7 Kilogram Microchip: Energy

and Material Use i;e the Production Bottom-up manufacturing has
of Semiconductor Devi . . .

: viees potential to improve materials
ERIC D. WILLIAMS **'
T efficiency, however...

“Discovery scale” production

Fora 2-g DRAM chip: of nanoparticle building blocks

Chemical input ~72¢g Low yields
Energy (fossil fuels) Toxic reagents
~1,600 - 2,300 g Inefficient functionalization
Water ~ 20,000 g Wasteful purification
Gases ~ 500 g

Environ. Sci. Technol. 2002, 36, 5504—5510

- New ideas are needed to transition from discovery to market
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Example 1: A greener synthesis of a key
nanoparticle building block

AuCI(PPhg)

BoHs PPy
ethanol CeHs |

PhgP\_
| PPh
NaBH; (10 eq) P T

HAuCl4 + PPhg toluene/water/TOABr (1 eq) » Au-TPP

Schmid, G.Jnorg. Synth. 1990, 27, 214. Cl N pph
Using the new method: \ \ s
Safer, easier preparation PhgP Cl pPhg

Eliminates >600 cu. ft. of diborane/pound of NPs Narrow dispersit

and 1,100 pounds of benzene /pound of NPs (d=15+/- (I)) 4 nnzl)
Rapid synthesis of gram quantities ’ ’
Cheaper (~ $500/ g vs. “$300,000/g")

Weare, Reed, Warner, Hutchison J. Am. Chem. Soc. 2000, 122, 12890.
Hutchison, et al. Inorg. Syn. 2004, 34, 228.
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Functionalized nanoparticles prepared by
efficient ligand exchange reactions

PPh,
SR SR SR
\
PhsP 2\ / .
Y, RSH RS— A / Py — %
’ M-SR
5 AU-TPP RS— SR "\gp
% DI\
-\ " PPhg // 'n‘
/ &\ SR SR
PhgP Cl "pph, A

deoge =0.8 or 1.5 nm

Brown, L. O.; Hutchison, J. E. J. Am. Chem. Soc.
1997, 119, 12384

Woehrle, G. H.; Warner, M.G.; Hutchison, J.E. L — el
J. Phys. Chem. B 2002, 106, 9979 )
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A diverse family of functionalized nanoparticles has
been prepared for 1.5-nm (and 0.8-nm) core sizes

Organic Aqueous
R= ~(CH,),,CH, -(CH,),S0, Na* -CH,COONa*
~(CH,),sCH, -(CH,),S0,Na* ~(CH,),COOH
-(CH,),,CH; -(CH,),N*HMe,CI -(CH,),,COOH
R SR ~(CH,),CH, ~(CH,),N*Me,CI -(CH,),0H
Re-d Vg SR | ~(CH,)CH, -(CH,),0(CH,),N*Me, OTs -(CH,),PO(OH),
/SR -(CH,),CH, -(CH,),0(CH,) ,O(CH,), N*Me, OTs | [(CH,),0L,(CH,),0H
RS HR \ Ser | (cnyen, (CH,),0(CH,) ,O(CH,), N*Et,OTs | (CH,),0(CH,),0H
6R SR -(CH,),CH, -[(CH,),01,CH,COOH
-(CH,),Si(OMe), -(CH2)2COGlyGlyOH
-(CH,),CONH(CH,), ,CH,
~)
Do
Solubility Interparticle spacing ~ Functionality
SNl J. Am. Chem. Soc. 2005, 127, 2172 and Inorg. Chem. 2005, 44, 6149
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Progress and challenges in nanoparticle production

At “discovery” scale we can:
Control core size and dispersity
Adjust core and ligand shell composition/functionality

Use efficient syntheses and ligand exchange methods to
produce milligram to gram quantities

Substantial challenges exist regarding:

Purification
Obtaining pure material
Reducing solvent use

Larger scale production

JI NN
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Example 2: Greener purification of functionalized

nanoparticles
i — ' Nanomaterials purification
(7% e Qe PR Pt Traditional:
S *% $ophmasis® © 15L solvent per gram NP
7= 3 days work
'/0°°°° © Qe\‘ ©.0 © ﬂ\\] ! y
S5 Diafiltration:
_ . Paroste No organic solvent
Resenor Masese 53 (eliminates > 10,000
- pounds/pound NPs )
15 minutes work

b N a F _,,/ Digfiltration reduces solvent consumption and
provides cleaner, well-defined building blocks

1 Sweeney, Woehrle, Hutchison
Q 2 L | — J. Am. Chem. Soc. 2006, 128, 3190.




Nanoparticle size selection using diafiltration

Frequency

I 1.5+ 3.0 nm
I I | mixture
.......... I.I. 25+ 1.2nm

AR R Sl

3-nm 1.5-nm

K ) Core Diameter (nm)
: l Diafiltration (50kDa)

“m
3
200
0w

[

Bimodal Mixture |
permeate
50 kD 1.3+ 0.4nm
Diafiltration .
3%0
300
Retentate Permeate 250
I g 200¢
% 150 retentate
o i 100 2.8+ 0.7nm
50
~ 0
~| | o 4 L4 7 v s
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Where has purity influenced performance?

Optical

Redesign

Assess
Properties

Material

Current
o

/

M’Vol?ageu' "."-‘
Well-Defined
{ Naenopgé?cele I = | Monodispersity
| Samples [ — Purity
e

Functionalization Self
7 Assembly
y N (3
- + Diaﬁltsro Thiol Y
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Example 3: Biomolecular Nanolithography

“Pulled” DNA

silanize
—_—
n-octyltrichloro-
silane
SiO, TEM
Grid Bensimon et al. Science 1994, 265, 2096.

Molecular
Combing Incubate with
nanoparticles

aeade

‘i;..""».'. a
: Kearns et al. Anal. Chem. 2006, 78, 298-303; Warner
et al. Nature Mater., 2003, 2, 272-277.

N

Controlling interparticle spacing along the DNA scaffold

Me Me
® | Me Hs @&/Me
\/\O/\/ “Me

160 Au -TMAT 8 140 Au -MEMA 100 Au, -PEGNME

£ 140 £ 120 £ w0

] ] S 80

g 120 g 100 g 7

o 100 @ g B 60

- - -

© 80 ° o 50

= e « 60 40

2 2w 2 w0

E o £ § »

z z z 10
O+ 2R P PP © » 2 R R O ©C » 2R R PP
ewoorowoo ewoorewoo owoeorobeo
Interparticle Spacing (nm) Interparticle Spacing (nm) Interparticle Spacing (nm)

Woehrle, Warner, Hutchison, Langmuir. 2004, 20, 5982
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Assembling from the bottom up offers green
chemistry advantages

00000

|

® S VAV VAV VAV AV A N

Eliminates processing steps
Incorporates more raw materials in product
Reduces water and solvent use

Provides access to smaller structures

Greener - Higher performance - Cheaper - More convenient

£§WN

Nanoparticle purity has a strong influence on
self- assembly chemistry

Au-thiocholine Au-thiocholine on DNA
120 35‘
" 17407 2} 27+09
e I "
o @ 10!
P sf
04 -—— 0 s
0 06 12 18 u‘-s'_u 42 a8 0 06 12 18 74“:‘_:5 42 48 “Ultrapure” nanopafﬁcles retain
b Ultrapure Au-thiocholine o Ultrapure Au-thiocholine on DNA orl lg/nal core Size.
200 140
l 1204 .. .
ﬁ]\ 1706 10 1405  |mportant for retaining desirable
80+ . .
E‘”I § ot electronic properties.
100 + 404
» 1 )|
0‘0‘.-05 12 18 24 3 236 4‘;.;-- 0‘0. 06 12 18 24 3 ;:;;';é-
Particle Size (nm) Particle Size (nm)

Kearns, G.J.; Foster, E.-W.; Hutchison
J. E. Anal. Chem. 2006, 78, 298-303.
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ONAMI SNNI Research Thrust Groups

Thrust Group I

Greener Nanomanufacturing of
Engineered Nanoparticles

Thrust Group |
Designing Safer Nanomaterials

Nanoparticle
Core

Surface
Y ¢ Functional
Stabilizing z Groups

Shell

Thrust Group Il

Interfacing Nanoparticles
to Nano- and Macro-
Structures for Device
Applications

C IV WWW.greennano.org

Nanoparticle production in integrated microreactor systems

Initial Inputs:
Precursors, Process Inputs:
Reagents, and Additional Materials, Ligands
Solvents and Passivation Agents
v
X
Mixer|
Postsynthetic
Processing ==
Reaction
Initiation
0O Rapid mixing 0 Facile scale-up
O Precise process control 0O Reduced waste
O In situ monitoring O Improved yields

O New precursors and approaches
O Point-of-use production
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Microcapillary system for continuous production of NPs

Teflon Tee that
brings the 2 .
[ * Continuous flow system
for Au,,(PPh;);Cl,
synthesis

e At least 10-fold increase
™" in production rate

x (g/hour)
2 i o At least five-fold
h decrease in solvent
waste

NaBH, Au(PPh;)Cl
Glass syringes  In EtOH in THF
w/ 2-way valves
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Lessons for greener production of nanoparticles

* Green chemistry applies readily to nanosynthesis
— Identifying alternative reagents and solvents to reduce hazard

— Eliminating or reducing solvent use through nanofiltration
techniques

— Harnessing self-assembly methods that enhance material
efficiency

* Examples highlight how greener approaches can lead to enhanced
performance and lower cost

* Nanoparticle purity impacts a wide range of material properties
* Green nanoscience provides opportunities to:

Bring new, beneficial technologies to society
Protect the human health and the environment
Reduce barriers to commercialization

Spur innovation
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Green chemistry - A driver for innovation?

M
(local)
M g9 (global)
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