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The precepts of green chemistry have been spreading since the mid-1990s, concomitant with
advances in nanomaterial synthesis. Recently these two communities have begun to
significantly converge. Nanomaterial synthesis groups are developing greener, more
sustainable production methods, while nanoparticle application groups are exploring
sustainable energy sources and environmental remediation as end goals.

Sustainability is a concept that, in a
materials chemistry context, coincides
with many of the principles of green
chemistry.! For materials synthesis, these
principles include the use of less toxic pre-
cursors to prepare nanomaterials; the use
of water as a solvent where possible; using
the least number of reagents and as few
synthetic steps as possible; reducing the
amount of byproducts and waste; and
using a reaction temperature close to
room temperature.> A good starting
point for recent advances in the environ-
mentally responsible synthesis and use of
nanomaterials is the Spring 2006 National
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Meeting of the American Chemical
Society (ACS), held in Atlanta, Georgia,
USA.? A special symposium at this meet-
ing, entitled “Nanotechnology and the
Environment,” was the fourth in a series
at national ACS meetings on this topic,
but the 2006 symposium was the first to
highlight “green nanoscience.”

Less toxic quantum dots

Quantum dots are semiconductor nano-
particles that have a diameter in the
1-10 nm range, coincident with their
respective excitonic Bohr radii.* These
materials are highly photoluminescent
(when properly surface-passivated), resis-
tant to photobleaching compared to
organic fluorophores, and their bandgap
energies are exquisitely tunable with
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particle diameter, based on quantum
confinement effects.*> The most popular
quantum dots are the II-VI materials
such as CdS, CdSe, and CdTe, which now
can be made in an astonishing variety of
shapes and sizes for a wide array of applica-
tions.**! All these materials possess bulk
bandgap energies in the visible and near-
infrared (NIR) portions of the electromag-
netic spectrum; and the particle size in the
1-10 nm regime tunes the bandgap ener-
gies, and thus light emission energies, to
shorter wavelengths compared to the bulk.

The first significant synthetic method to
prepare CdSe quantum dots is that of
Murray, Norris and Bawendi in 1993;
the reactions they developed are (where
E =S, Se, or Te):?

(octyl);,P =E )
Me,Cd + or TP, 4B
[(alkyl),Si| ,E

¢y

In this reaction, the trioctylphosphine
oxide (TOPO) is both solvent and capping
agent, and coordinates to the nanoparticle
surface so that the particles do not grow
too large; but it cannot bind so tightly
that the particles cannot grow at all.
Nanoparticle growth is kinetically
controlled in many situations, where
multiple interacting parameters simulta-
neously determine final nanoparticle size
and shape."® Therefore, simply swapping
out one solvent for another, or one cap-
ping agent for another, is no guarantee
of similar products. That the Murray,
Norris and Bawendi paper'? has been cited
nearly 2300 times in fourteen years is a
testament to the intense interest quantum
dots arouse in the scientific community.
From the green chemistry point of
view, there are abundant problems with
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eqn (1): the precursors, especially
dimethylcadmium, are incredibly toxic,
the solvent is nasty, the temperature is
high and therefore costs energy. Should
ions leach out of the final CdE (E = S,
Se, Te) nanomaterial, toxic biological
effects are likely'*—and as a main appli-
cation of quantum dots is biological
targeting and imaging,* toxicity is a seri-
ous concern. X. Peng, one of the speakers
at the aforementioned ACS meeting, has
developed greener synthetic methods to
make CdSe quantum dots. In early work,
his group found that the nonvolatile
CdO is equally as good as, if not better
than, the dimethylcadium precursor used
by Bawendi.’® Later, his group showed
that cadmium acetate, amines and fatty
acids as precursor, solvents and capping
agents also give high quality CdSe
nanocrystals.”” In 2007, Peng managed
to dispense with cadmium altogether,
and has made Mn(i)-doped ZnSe
quantum dots.'®! In these “d dots,” the
emission in the visible comes from the
d levels in the dopant Mn(11) ion, which
does have some tunability in emission
wavelength, albeit not as large as the
bandgap tunability of the CdSe quantum
dots based on size alone.

“Green gold”

Gold nanoparticles are of great interest
for their optical properties, ultimately
with (bio)chemical sensing, biological
imaging, and biological therapeutics as
major applications.?*?* In the ~4-200 nm
size regime, gold nanoparticles are still
large enough to have a conduction band
like bulk metal, but their optical proper-
ties are dominated by resonant Mie
absorption and scattering in the visible
and NIR that depends on size, shape,
local dielectric constant and degree of
aggregation.®3* Smaller gold nano-
particles are of great interest for unusual
catalytic properties.3'-*3

J. Hutchison, another speaker at that
2006 ACS meeting, has developed
a greener method to make ultrasmall
(1.5 nm) gold nanoparticles.>* The origi-
nal preparation used benzene as a solvent
and gaseous diborane as a reducing agent;
Hutchison has managed to replace
diborane by sodium borohydride, a solid;
and benzene with toluene. The final puri-
fication nanoparticle step, involving liters
of organic solvent, can be done with a

specially engineered filtration mem-
brane.** Overall, the cost of the gold
nanoparticles has decreased from
$300 000 per gram of product to $500.3

Gold nanorods of various aspect ratios
(aspect ratio = length/width) absorb and
scatter light throughout the visible and
NIR 253935 We and other groups, notably
those of El-Sayed, Mulvaney, and
Liz-Marzan (several of whom were also
present at that 2006 ACS meeting), have
developed methods to make gold nano-
rods in water, at room temperature, with
mild reducing agents in at least one step,
using cheap cationic surfactants to direct
the crystal growth into rods.?*3%35 Our
synthesis consists of two steps: reduction
of HAuCl, in water by sodium boro-
hydride, in the presence of sodium citrate
or hexadecyltrimethylammonium bromide
(also called cetyltrimethylammonium
bromide or CTAB) as a capping agent
to make ~3.5 nm seed nanoparticles.
Then, an aliquot of this seed solution is
used to grow more metal on, from the
same metal salt with a weak reducing
agent (vitamin C) in the presence of
more CTAB.3%3 Relatively small changes
in growth conditions can lead to a whole
host of different particle shapes and sizes,
each of different color.*” The particles end
up with a bilayer, at least, of CTAB on
their surfaces, which puts a ~3 nm thick
hydrophobic layer adjacent to the metal
surface.®®3® Could this synthetic method
be any greener? Certainly more efforts
could be made. HAuCly is itself rather
toxic, based on its materials safety data
sheet; but other gold salts have not been
examined. CTAB is a biocidal agent like
any detergent, but of the ~40 other struc-
ture-directing agents we, at least, have
explored, CTAB works by far the best to
make gold nanorods. We have found
that only about 15% of the metal ions
we put into our reaction end up in the
gold nanorods;* clearly, we need to
recycle the reservoirs of unreduced metal
ions that remain in solution for future
reactions.

Interestingly, cytotoxicity  studies,
albeit in only one cell line for a relatively
short time of exposure, show that ~4—
20 nm gold nanospheres capped with
either citrate, biotin (vitamin B7), or
CTAB on their surfaces are not acutely
cytotoxic, whereas HAuCl, alone and
CTAB alone are cytotoxic, at low concen-
trations.*! One interesting implication is

that toxic substances might show less
toxicity if they are bound tightly enough
to a nanoparticle. However, there has
been relatively little work in this area,
and the more alarming possibility of
nanoparticle-mediated transport of toxic
agents, with subsequent environmental
release, also needs to be thoroughly
examined in many different systems.

Biomass extracts as precursors to
metal nanoparticles

For the synthesis of metallic nanopar-
ticles, an obvious approach is to take
a metal salt in water and reduce it to the
elemental metal. While one may not
have many choices of different salts, there
is an abundance of reducing agents that
are available in biology—reducing sugars,
glutathione, efc. More and more groups,
then, are beginning to use plant and algal
extracts to reduce metal ions to metal
nanoparticles in water. Recent examples
of biomass-derived reducing agents
include starch,** extracts from lemon-
grass,*** seaweed,* algae,** and mush-
rooms.*” Gold, silver, cobalt, nickel, and
cobalt-nickel alloy nanoparticles have
been prepared with biomass-derived
extracts, with reasonably good control
over particle size, and, in some cases,
shape. The advantages of these reactions
are obvious from the sustainability point
of view (e.g., recycling food waste for
chemical production). The principle
disadvantage of this approach is that the
chemical nature of the resulting nanopar-
ticle products is ill-defined; but overcoat-
ing nanoparticles with known reagents
might be a means to obtain workable
materials.

Covering up surfaces for
biocompatibility

In the event that a nanomaterial will be
exposed to the open environment or to
a living organism, the chemical nature of
its inner core is likely not as important
as the chemical nature of its surface.**°
This important point was a key one
from V. Colvin, another speaker at the
2006 ACS meeting. In the context of
sustainability and safety, covering up
potentially toxic surface groups with
more innocuous ones appears to be
a good strategy; and, this has the added
bonus of improving the biocompatibility
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of nanomaterials that might be intended
ultimately for an in vivo application.
There are several common strategies
one might employ to cover up nanomate-
rial surfaces. Depending on the nature of
the nanomaterial, direct chemical cova-
lent derivatization might be performed
(e.g., carboxylating carbon nanotubes or
exchanging thiols on a gold nanopar-
ticle).? Intermediate layers might also be
necessary. For cadmium-based quantum
dots, which are typically already passi-
vated with a thin ZnS or ZnSe shell,
reaction with a bifunctional molecule
such as mercaptopropyltrimethoxysilane
the thiol end on the quantum dot, displays
the trimethoxysilane group to the solvent
for subsequent reaction to produce a
biocompatible silica shell.5** The use of
MPTMS for overcoating gold and silver
nanoparticles with silica also works.>*3*
More recently, “soft shells” of polymers
have been used to overcoat nanomaterials
that retain the desired optical properties of
the inner cores.*~® An especially interest-
ing example of a differing biological
response to a nanomaterial that depends
on surface chemistry has recently
appeared.®” In that paper, CTAB-coated
gold nanorods were taken up by cells non-
specifically with no major ill effects; but
replacement/overcoating of the CTAB by
poly(ethylene) glycol chains, which are
well known to reduce nonspecific protein
adsorption to surfaces, greatly reduced
cellular uptake of the nanorods.*’

What are nanoparticles good for?
Two applications that emphasize
sustainability

Let us assume that in the future, materials
chemists develop an extensive toolkit to
make their nanomaterials in sustainable
ways. What, then, can we do with these
materials that continues this promise?
How can we use these materials to promote
a sustainable future? Science published
a special issue on sustainability on 9
February 2007, and its major theme was
energy: how can we power the planet in a
responsible, efficient, and clean way? In
that issue of Science, Lewis described the
abundance of joules from the sun, and
advances in solar energy conversion that
are needed to capture this energy, including
design principles for nanomaterial-based

solar cells.®® At the 2006 ACS meeting,
V. Colvin described another type of
sustainable application: environmental
remediation. Specifically, she and her
group have developed a method that uses
magnetic iron oxide nanomaterials to
remove arsenic from drinking water.>

Providing clean, green energy and safe
drinking water for human use are excel-
lent examples of sustainable science in
action. The United Nations declared the
years 2005-2014 as the “Decade of
Education for Sustainable Develop-
ment,” and many schools and universities
are responding to the challenge by imple-
mentation of curricula and institutional
practices that emphasize sustainability.®
The next generation of scientists, then, is
growing up with the concepts of reducing
waste, recycling, improving energy effi-
ciency, using biodegradable packaging,
and the use of renewable energy sources
as standard practices.

Prospects for the future

The timeliness of “being green and nano”
for nanomaterials synthesis is evident
from two major reviews that have
appeared in 2007.>¢' Clearly, nanomate-
rials syntheses that reduce and recycle
their waste, and that use room-tempera-
ture aqueous solutions to achieve their
products, are the best ones from the
sustainability point of view. These design
parameters also improve manufacturer
safety and lower the cost of production.
A parallel movement in synthetic organic
chemistry is emerging, and, surprisingly,
organic reactions “on water” (not “in
water” because most organics are not
water-soluble) can be superior to conven-
tional reactions in organic solvents.®® It
has been recognized for some time that
the environmental impact of nanomate-
rials must be assessed,*®% from many
different points of view (fate, transport,
waste, toxicity, biomagnification in the
food chain). Overall, we can expect the
ideas of sustainability to become part of
the design criteria for nanomaterial
production and application—especially if
the next generation of scientists is already
being trained with these ideas in mind.
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