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Abstract

Gold nanoparticles are exciting materials in nanotechnology and nanoscience research and are
being applied across a wide range of fields including imaging, chemical sensing, energy storage,
and cancer therapies. In this experiment, students will synthesize two sizes of gold nanospheres
(~20 nm and ~100 nm) and will create gold nanostars utilizing a seed-mediated growth synthetic
approach. Students will compare how each sample interacts differently with light (absorption and
scattering) based on the nanoparticles’ size and shape. This experiment is ideal for high-school
and early undergraduate students since all reagents are non-toxic, affordable, and no special
characterization equipment is required.

Graphical Abstract
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Supporting Information

The Supporting Information is available on the ACS Publications website at DOI: 10.1021/acs.jchemed.0c01150.
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INTRODUCTION

Nanoparticles are materials that have physical dimensions on the nanometer scale in

three dimensions, and possess unique size-related characteristics, such as high surface
areas,! unique magnetic properties,? and interactions with light3 that differ from their bulk
counterparts. In this experiment, students will explore how the sizes and shapes of gold
nanoparticles affect their interactions with light, including visible color, the wavelengths of
light transmitted/absorbed, and the probability of light scattering. The bright colors observed
in gold nanoparticle suspensions are due to plasmons, which are defined as collective
oscillations of loosely bound electrons in response to electromagnetic waves (i.e., light).
When the frequency of the incident light wave matches the frequency of the plasmon, the
oscillating electric field from the light can move the electrons back and forth, causing the
light to interact with the nanoparticle (e.g. by absorption or scattering). This phenomenon
is called a localized surface plasmon resonance (LSPR). The relationship of nanoparticle
shape, composition, and local dielectric environment to their LSPR is well understood

and can be utilized in nanotechnology.* In this work, we designed and implemented
hands-on experiments introducing nanoscience and plasmonics to high-school and early
undergraduate-level students, connecting students to this active research topic.

Bottom-up synthetic methods have been utilized to create nanoparticle suspensions with
tailored plasmonic properties for a wide range of applications, including cancer therapies,®
drug delivery,6 and chemical detection.? Here, we use a method called seed-mediated
growth, where small nanoparticles are first synthesized and then grown into large particles
in a second step. This strategy enables precise tailoring of nanoparticle sizes and shapes

for different applications.” During synthesis, small gold nanoparticle clusters (also called
nuclei or seeds) form from gold atoms. After the nucleation step, seeds, which are usually
below 20 nm in diameter, are injected into a separate solution containing ‘shape-directing
reagents’, which are molecules that will bind to the growing nanoparticle surface and dictate
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the shape of the particle as it grows. Shape-directing reagents can include other metal

ions, reducing agents, acids, and surfactants (we discuss this in more detail throughout the
Experimental and Results & Discussion sections). This approach enables the precise control
of the chemical solution for the two separate steps, nucleation and growth, so that the final
shape of the nanoparticles is directed and better controlled. The development of this method
has led to the uniform synthesis of many different nanoparticle shapes, including rods,8
wires,? stars,10 cubes,1! and triangles.1?

Currently, educational experiments involving gold nanoparticles primarily focus on

testing their stability in solution,13-15 utilizing them as colorimetric sensors,16-18 and
bottom-up synthetic approaches.151%-22 Although some educational experiments focusing
on nanoparticle shape control?? and seed-mediated growth22 have been implemented
previously, protocols that allow for the formation of complex shapes are generally not
applied in high-school level settings due to the use of toxic chemicals and the need for
characterization equipment such as UV-visible spectroscopy and electron microscopy, which
may not be available in most high-school settings. The experiments presented here do

not require complex instrumentation and involve optimized robust synthetic seed-mediated
protocols for preparing gold nanostars and 100 nm nanospheres. Students will visualize

the effects of nanoparticle size and shape on their optical properties. Additionally, students
will compare different light interactions, such as absorption and scattering, on solutions
containing different particle sizes. Overall, this experiment provides an opportunity to
introduce students to several topics currently studied in research labs across the globe,
including nanomaterials fabrication, surface area and colloidal stability, and the effect of size
and shape on nanoparticle-light interactions.

EXPERIMENTAL

Students will learn and use basic concepts and models, such as the wave model of

light, physical examples of a resonance, and the color wheel to understand nanoscience
concepts, including interactions of plasmonic nanoparticles with light, bottom-up synthetic
approaches, and the roles of surface energy in nanoscale objects. The laboratory consists

of three experiments, which can be performed in one or multiple sessions. Preparation of
reagent stock solutions require at most 1 h by the instructor (to perform dilutions) and can be
done up to a week before the experiment. The experiments were designed for groups of 2-5
high school students to complete within 2—-3 h (depending on the depth of the explanation).
Parts I, 11, and 111 take ca. 30 min each to perform. In our workshops, the discussion and
explanation of the concepts took an additional 45 min — 1 h in total, but this timing can

be adjusted at the discretion of the instructor, based on the backgrounds of the students.

All chemical reagents were purchased from Millipore Sigma, and detailed experimental
procedures are provided in the Supporting Manuals.

Turkevich synthesis of gold nanospheres

In this experiment, students utilize a “bottom-up approach’ to grow small gold nanoparticles
(~15 nm), which exhibit bright red coloration due to their plasmonic properties using the
Turkevich-Frens method (Figure 1A).23:24 An aqueous solution of the gold precursor, 25
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mL of 0.5 mM HAuUCI, (=99.9%), is heated to a gentle boil, and sodium citrate (2.5%

wt, 0.5 mL) is added as a reducing agent and acts as a surfactant. The introduction of
surfactants reduces surface tension and stabilizes the surface of the nanoparticles, which
have high surface energy, to generate a colloidal suspension. Reducing agents are required
in order to “reduce” the oxidation number of the gold ions in solution, since nanoparticles
are comprised of neutral gold atoms. The high temperature causes the nuclei to grow quickly
and uniformly. As the growth progresses, the solution changes color from faint yellow, to
clear, then to black/blue, purple, and finally to a deep red. The students will note the color
changes they observe at different times as the particles are formed, and each student should
note at least 4 color changes. As an optional activity, once the particle solution has stopped
changing color and has cooled to room temperature, two 5 mL aliquots of the solution will
be separated into two vials. Liquid dish or hand soap will be added to one of the vials, and
subsequently a table salt solution will be added to both aliquots. Students will record the
color changes over time and discuss how the addition of soap (surfactant) and salt affect the
colloidal stability of the nanoparticles.

Seed-mediated growth of nanostars

The particles from the first part of the experiment are used as seeds to synthesize
nanoparticles with different shapes, using seed-mediated growth. The shape-directing
reagents AgNO3 and ascorbic acid (acting as a reducing agent) will be utilized in the
growth step to facilitate nanostar formation (Figure 1B, top). Specifically, students prepare a
solution containing 5 mL of 0.5 mM HAuCIy, 0.2 mL of 10 mM AgNOs3, and 0.4 mL of the
Turkevich seeds from Experiment 1 and combine this with 5 mL of a solution containing 1
mM ascorbic acid and 16 mM HCI. The students will record the final color of the solution.
This part of the experiment can be combined with UV-visible spectroscopy, if it is available,
but it is not necessary for understanding which colors are absorbed and transmitted or
interpreting data based on changes in particle shape.

Seed-mediated growth of 100 nm nanospheres

In addition to absorption and transmission, this experiment will enable students to explore
the differences between light absorption and scattering. Students will again apply seed-
mediated growth by adding 0.120 mL of the seeds synthesized in the first part of the
laboratory to a solution containing 6.5 mL 1.92 mM HAuUCI,, 0.4 mL 0.75% wt sodium
citrate, followed by the addition of 5 mL of 4 mM ascorbic acid as a reducing agent (Figure
1B, bottom). Once the growth is complete (<5 min), the students can observe the difference
in scattering intensity between the small and large nanoparticle suspensions by shining a
flashlight onto the vial. Students will record their observations and rationalize their results
based on the particle size.

HAZARDS

Personal protective equipment will be worn by students at all times during the experiment,
including lab coats, goggles, and gloves. Although non-toxic materials are utilized in this
experiment, both tetrachloroauric acid and silver nitrate can cause stains to clothes and skin.
The synthesis also uses a small amount of 16 mM HCI, which can cause skin irritation. The
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HCI should only be handled by the instructor during the pre-laboratory preparation period.
When performing the Turkevich synthesis, the solution should be brought to a gentle boil
and handled carefully. No fume hoods are necessary, and all reagents are non-toxic.

RESULTS & DISCUSSION

Observations of the synthesis in Experiment | will help students establish the idea that gold
nanoparticles, due to their small size, appear brightly colored instead of the metallic yellow
color characteristic of bulk gold. These observations will then be utilized in a discussion led
by the instructor, who should then define the key terms ‘plasmon’ and ‘localized surface
plasmon resonance.” Following completion of Experiment I, students should have recorded
data indicating the color change at different time points of the Turkevich synthesis (example
shown in Figure 2A). The observed bright colors that arise as nanoparticles are formed can
be explained using the wave model of light: the electric fields in electromagnetic waves can
collectively push weakly bound electrons in the metal nanoparticle back-and-forth as the
electric field oscillates. When the light wave frequency is in resonance with the inherent
oscillation frequency of the electrons in the nanoparticle (called the plasmon), the light is
absorbed. This absorption is referred to as a localized surface plasmon resonance (LSPR)
because the process is localized on a single nano-sized object. Physical models, such as
resonant pushing of a swing in motion, can be applied to explain the LSPR phenomena

to students. In this model, when a person on a swing is pushed at exactly the right time,
their motion can increase, representing absorption of the matching frequency of light (see
Supporting Materials). If the swing is pushed either too early or too late, however, the force
instead slows down the motion of the swing; this off-resonance pushing corresponds to light
with either too low or too high a frequency, which is not absorbed by the nanoparticle.
Moreover, students will learn the basic procedure for bottom-up nanoparticle synthesis,
which can be expanded to discuss chemical oxidation/reduction and the role of capping
molecules to stabilize colloidal nanoparticle suspensions.

Once students have been introduced to the key terminology, color complementarity (using
the color wheel) provides a shortcut to enable students to predict the position of the LSPR
peak, and thus the approximate wavelengths of absorbed and transmitted light. The final

~15 nm particle solution exhibits a red color, due to their LSPR peak at ~512 nm (Figure
2B-C). This is because the LSPR causes absorption of the green part of room light causing
the student to perceive the red light that is not absorbed (Figure 2B). For more advanced
students, addressing the color changes (black/blue, purple, to red) throughout the synthesis
can reinforce the relationship between size and absorbed wavelengths, as well as the concept
of small particles having high surface energies. As particles grow in size, the resonant
frequency of their plasmon decreases, leading them to absorb longer wavelengths and
shifting the LSPR peak to the red. Therefore, a solution of large particles that absorbs

more in the yellow region instead of green would have a more purple coloration to it based
on the color wheel. As small particles form, they are unstable due to their high surface-to-
volume ratio, meaning that a higher percentage of their total atoms are on the surface (see
Supporting Manuals). To reduce their high surface energy, the small nanoparticles form
clusters. The clusters effectively absorb light as if they were large particles with lower
plasmon resonance frequencies, causing absorption at longer wavelengths (Figure 2A: black/

J Chem Educ. Author manuscript; available in PMC 2021 October 19.
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blue, purple). As the individual particles grow in size, they become more stable as their
surface area-to-volume ratio decreases and eventually the clusters separate (Figure 2A: red).

In this part of the laboratory, students will also learn about the required components for

the bottom-up synthesis of gold nanoparticles: (i) gold salt (source of gold ions), (ii) a
reducing agent (to turn gold cations into AuC atoms so nanoparticles can form), and (iii)

a surfactant that binds to the surface of the nanoparticle (also referred to as a “capping”
molecule). The gold cations need to be reduced because metallic nanoparticles are composed
of neutral Au atoms. This is because it is unfeasible to form a solid material composed of
charged atoms. The surfactant lowers the surface energy and allowing the particle to retain
nanoscale dimensions. The initial color change in the Turkevich synthesis from yellow to
clear (Figure 2A) is due to the reduction of Au3* following the addition of reducing agent
sodium citrate. In this synthesis, sodium citrate also acts as a surfactant or capping molecule
(see Supporting Manuals for detailed discussion).

Expanding upon the idea of surface energy for advanced students, the additional soap/salt
colloidal stability activity in Experiment | tests the surface stability of the nanoparticles
following addition of surfactants, which acts as a stronger surfactant for stabilizing the
particles and preventing them from aggregating following the addition of table salt, which
causes aggregation due to electrostatic interactions. This concept has been documented in
previous educational lab experiments!3-15 and is a general phenomenon of nanomaterials
that are stabilized in solution by putting charges on their surfaces.

In Experiment |1, students test the effects of nanoparticle shape on the observed color

and LSPR peaks. This experiment uses the seed-mediated growth method, where the
nucleation step (initial formation of small gold clusters <20 nm in diameter, also called
nuclei or seeds) and the growth step (increased reduction of gold ions onto the seeds) are
performed separately. Synthesis of uniform nanoparticle suspensions can be done through
the rapid and uniform reduction of gold salt. In the Turkevich synthesis, heat is used to
achieve quick, uniform nucleation in solution. Various nanoparticle shapes can be produced
through addition of various surfactants, salts, and metal ions, and other shape-directing
reagents. However, the presence of these reagents would also affect the nucleation step. So,
rather than performing the nanostar synthesis in one single step, we instead perform the
nucleation step first, then add the seeds to a separate growth solution where shape-control
is performed (Figure 1B). This so-called seed-mediated growth method enables improved
control over each synthesis step and is reliable for generating uniform suspensions of
different nanoparticle shapes.”12

A photograph of a typical nanostar solution synthesized via the seed-mediated method is
shown in Figure 3A. The difference in color between the gold nanostars and the original
seeds is due to the generation of a new LSPR peak at ~650 nm (Figure 3B). The arms/
branches of the nanostar have a distinct shape compared the spherical “core” or center of
the nanoparticle, and therefore the arms and core will have different plasmon resonance
frequencies (Figure 3B: pink = LSPR for the core, blue = LSPR for the arms).2 Since
changing nanoparticle shape leads to the formation of new LSPRs, shape control can be

J Chem Educ. Author manuscript; available in PMC 2021 October 19.
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applied to access LSPRs across the entire visible spectrum, and even into the near-infrared
regime.

When developing experiments for high-school and undergraduate students, it is important to
consider aspects in the procedure that may lead to variations in the final products. The size
of the arms in the final products depends on the accuracy in timing the addition of growth
reagents, which can vary between student groups. Figure 3C shows transmission electron
microscopy (TEM) images of gold nanostars with different arm lengths. In Figure 3D, we
show a representative set of final nanostar products that are ordered in color from smallest
to largest branches, and their corresponding UV-visible spectra. Due to yield differences, the
student samples can range in color from purple (shortest arms) to black (longest arms).26:27
However, regardless of their yields, students can again utilize complementary colors to
understand the size and shape effects on the optical property: purple color comes from a
combination of complement pairs green-red and orange-blue. Particles with a darker blue
color can be attributed to longer arms and thus higher absorption in the orange/red region of
the spectrum. Thus, this reasoning relating nanostar arm length to the observed color, can be
applied to infer particle shape. Student groups can compare and rank the lengths of the arms
of their nanostars without UV-visible spectroscopy or TEM analyses, which are generally
not available to high-school students.

In Experiment |, students discuss the relationship between nanoparticle size and the
absorbed wavelength. Here, students will revisit nanoparticle size in the context of
evaluating different light-matter interactions, namely transmission (light passing through
the sample) and scattering (light bouncing back from a sample). Light transmission can be
observed by holding a light source (smartphone light, white light-emitting diode (LED),

or flashlight) behind the nanoparticle solution, as shown in Figure 4A. The nanoparticle
solution coloration from this viewing angle is a direct result of the color of light that is being
absorbed. When the illumination direction is changed so that the light source is moved to the
same side as the viewing angle, the effect of nanoparticle light scattering can be observed
(Figure 4B). The scattering is a result of the condition that the particles are much smaller
than visible light wavelengths. Following the synthesis of large spheres in Experiment Ill,
students will observe that within this size regime, larger particles preferentially scatter light
with more intensity than smaller particles. Both the large and small particles will appear red
in the transmission setup (Figure 4A,C,D). In contrast, when the light source and viewing
position are in the same direction, the ~100 nm spheres will appear a murky green or brown
color due to scattering, where the ~15 nm seeds will still appear red (Figure 4E). The
green/brown color is due to preferential scattering of green light, which, like the absorbed
color, is based on the nanoparticle properties. Although the Turkevich seeds do scatter light,
they do so with such low intensity that it cannot be detected by the naked eye, where the
scattering for the ~100 nm particles is so intense that it can be perceived. In fact, the portion
of incident light scattered by the nanoparticle increases with the particle radius to the sixth
power. From this section, students will understand that particle scattering intensity depends
heavily on the particle size, and that there are different ways in which light can interact with
nano-objects.

J Chem Educ. Author manuscript; available in PMC 2021 October 19.
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As can be seen in the sample data shown in Figure 4D, variations in the color of the

final products can arise due to addition of inexact amounts of citrate or poor stirring.

These differences also lead to variations in the scattering intensity (Figure 4E). Although
particle size differences will affect the scattering yield, students should nonetheless see
noticeable differences between the particles synthesized in this step and those synthesized
in Experiment I. Moreover, much like with the nanostar synthesis, the scattering variation in
products between groups can be used to rank the sizes of each group’s particles without the
need for UV-visible spectroscopy or TEM (highest scattering intensity = largest particles).
The instructor can further apply nanoparticle absorption and scattering concepts to connect
to art history through the example of famous Lycurgus cup, which is colored by gold
nanoparticles embedded in the glass and exhibits different coloration based on the direction
of illumination.28

USE & ASSESSMENT

This experiment was developed as part of the UCLA California NanoSystems Institute
(CNSI) Nanoscience Education Program targeting teachers from schools in the greater Los
Angeles area. The experiment has been implemented with high school teachers for the

last two years (2018 — 2020). This far, more than 35 teachers have participated in the
three-hour workshop. The teachers’ opinions, comments, and understanding of the concepts
in the experiment was gauged through a “High School Teacher Evaluation” questionnaire
following the experiment. In one of the questions, teachers were asked to list/describe three
scientific concepts they learned from the experiment. This produced a range of responses,
including statements comparing surface energy/stability of nanoparticles with different sizes,
requirements for bottom-up nanoparticle synthesis, efc. For our analysis, we focus on
assessing their understanding of the following main concepts: (1) Nanoparticle perceived
color depends on size and shape and (2) collective oscillation of the particles’ electrons leads
to the absorption of specific colors.

Of the teachers that commented on concept (1), >90% produced a correct statement. Here
we provide an example of a correct statement for concept (1): “visible light interacts with
nanoscale particles based on size, shape.” For concept (2), which is more advanced, 50%
of teachers provided a correct statement. Looking more into the teachers’ comments related
to topic (2), we find a common misconception that the particle itself is moving/oscillating.
For example, one Teacher wrote “nanoparticles can oscillate with different waves.” This
response is incorrect since they imply the nanoparticle is oscillating or moving in space.
Where it is actually the particle’s electrons that are coherently oscillating, rather than

the particle itself. In a couple other examples, teachers wrote: “charged nanoparticles
Interact with waves” and “the frequency of light matches the frequency of each ion’s
oscillation. ” This indicates that further explanation is required to differentiate plasmons
from ions. Although the electrons on the particle are charged, and thus interact with light/
electromagnetic fields, the gold particles are made up of neutral gold atoms. Incorporating
discussions about the results from the experiments in between each synthesis step could be
useful for reinforcing the relevant concepts.

J Chem Educ. Author manuscript; available in PMC 2021 October 19.
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High school teachers from the workshops have implemented the experiment independently
with their classes in 2018 and 2019. This workshop is easy to implement in high school
settings due to the fact that no fume hoods or specialized equipment is required (only a hot
plate with magnetic stirring is needed) and no toxic chemicals are used. Although gold and
silver salts, and other reagents in the synthesis can be costly, we find that proper storage of
the chemicals prevents the cost from becoming prohibitive to performing the experiment in
high school settings. Agueous solutions of tetracholroauric acid in distilled water (distilled
water purchasable from any grocery store) can be stored away from light and in a designated
chemical refrigerator (4 °C) for at least three years. Teachers additionally found that silver
nitrate, sodium citrate, and ascorbic acid have greater longevity (~2-3 years) when kept as
solids out of light at 4 °C (aqueous solutions of these last ~3 months under refrigeration).
One gram of gold salt costing ~$134 is enough for ~300 repetitions of the entire experiment
(enough for performing the laboratory ~10 times for classes of 30 students working in
groups of 3, performing 3 repetitions). Furthermore, citrate-capped seeds are stable and can
last for years, if kept refrigerated and out of the light (such as in aluminum-foil wrapped
containers), and thus can be used to grow stars or large spheres at much later times. We
have also found that off-the-shelf hand soap can be added to the synthesized stars and large
spheres to preserve them for later demonstrations, if desired (they are then stable for more
than 1 year).

This experiment has also been implemented in the 2019 UCLA CNSI High School summer
nanoscience workshops. Thus far, two summer workshop sections, with 66 high school
students total, have performed the experiment (3 students per group) over a 2-h period.

As mentioned above, the synthesis itself is fairly forgiving, and all groups were able to
synthesize seeds, stars, and large spheres. When students made mistakes, such as adding
inexact amounts of reagents, adding reagents too slowly, or overheating their solutions,
slightly different LSPR peaks in their final products and slight differences in scattering
yields resulted, as shown in Figures 3 and 4. Following the laboratory, students were
evaluated via a drawing assignment where they had to depict two nanoscience concepts they
learned from the experiment (see Supporting Information for the prompts).

Overall, the feedback from instructors and students was extremely positive, and shows that
this experiment is useful for introducing students to complex ideas in nanoscience and
plasmonics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Schematics of A: Turkevich seed synthesis and B: subsequent nanostar and large nanosphere

growth utilizing the seed-mediated method.
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~2 min

Red

A: Examples of typical student observations and data for the Turkevich synthesis. B: The
UV-visible spectra showing maximum absorbance of the final products at ~520 nm. C:
Transmission electron micrograph of a typical seed sample.
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Figure 3.
A: Photograph of typical gold nanostar products and B: corresponding UV-visible

spectrum (inset: diagram showing gold nanostar core and arms). C: Transmission electron
micrographs showing variation in nanostar shape with longer and shorter branches, D: the
color change resulting from the different shapes and their corresponding UV-visible spectra;
longer branches cause the peak to shift to the right.
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Figure 4.
A: Schematic showing illumination angle to observe color of transmitted light for small and

large nanospheres (Flashlight=illumination source; eye=viewing position); inset: photograph
of large and small samples viewed with transmitted light. B: Illumination schematic to
evaluate scattering intensity for small and large nanospheres; inset: photograph of large

and small samples viewed with scattered light. C: UV-visible spectra of small nanospheres
(black) and large nanospheres (red). Photographs comparing nanospheres of different sizes.
The photographs include images of the same samples viewed under transmitted light in part
D and under scattered light in part E (different illumination direction/angle). Here, small

= the Turkevich seeds. (Note: The difference in contrast for the first vials shown in panels
D,E is due to the difference in lighting angle compared to the camera in the scattering vs.
transmission geometry. For all other vials, the color difference is due to increased scattering
from larger nanoparticles).
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