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ABSTRACT The photoinduced formation of silver nanoprisms from

smaller silver seed particles in the presence of citrate anions is a classic & @
example of a photomorphic reaction. In this case, light is used as a
convenient tool to dynamically manipulate the shape of metal nano-
particles. To date, very little is known about the prevailing reaction
mechanism of this type of photoreaction. Here we provide a detailed
study of the shape transformation dynamics as a function of a range of
different process parameters, such as photon energy and photon flux. For

Nanoparticles

the first time, we provide direct evidence that the photochemical
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synthesis of silver nanoprisms from spherical seed nanoparticles proceeds via a light-activated two-dimensional coalescence mechanism. On the other

hand, we could show that Ostwald ripening becomes the dominant reaction mechanism when larger silver nanoprisms are grown from photochemically

synthesized smaller nanoprisms. This two-step reaction proceeds significantly faster and yields more uniform, sharper nanoprisms than the dlassical one-

step photodevelopment process from seeds. The ability to dynamically control nanoparticle shapes and properties with light opens up novel synthesis

avenues but also, more importantly, allows one to conceive new applications that exploit the nonstatic character of these nanoparticles and the ability to

control and adjust their properties at will in a highly dynamic fashion.
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ue to their unique optical properties,

metal nanoparticles have found appli-

cations in a wide array of technologies
such as solar cells," biosensors,>* and photo-
catalysis.>® A number of chemical synthesis
techniques are known to produce metal
nanoparticles with a variety of shapes and
sizes.”~"* The commonly used seed-mediated
synthesis method is a two-step process.
First, small (~4—10 nm) metal nanoparticles
(seeds) are formed through the chemical
reduction of metal ions in the presence of
stabilizing agents." Subsequently, these
seed particles are grown into anisotropic
shapes by the addition of further reducing
agents. Neither of the two processes is light-
driven. Photochemical synthesis routes re-
present an exciting alternative to classical
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synthesis methods.'” Previously, a range of
photochemical synthesis strategies have
found merit in the synthesis of metal nano-
particles, yielding a variety of distinct shapes
such as nanoprisms, nanobipyramids, nano-
disks, nanorods, and nanohexagons.'®~%'
Despite the large number of photochemical
synthetic strategies reported, it is still not known
how electromagnetic radiation throughout
the visible region guides the growth pro-
cess of silver particles. The decay of a plas-
monic excitation is believed to result in the
formation of a hot electron—hole pair.*** A
hot hole transfer follows this process to a
surface-adsorbed reducing agent such as
citrate. The excess electron then reduces a
silver ion in solution, resulting in nanoparticle
growth.?
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Scheme 1. (a) Schematic illustration of the photoinduced conversion of AgNP seeds to Ag nanoprisms in the presence of
citrate that acts as a surfactant and a photoreducing agent and their subsequent photoablation to disk-shaped AgNPs upon
prolonged illumination. (b) Mechanism of photochemical citrate oxidation in the presence of AgNPs.

Mirkin's research group was first to report on the
light-mediated formation of Ag nanoprisms from sphe-
rical seed particle solutions in the presence of citrate as
areducing agent and shape-directing surfactant.>* The
sizes of these as-synthesized prisms increased linearly
with the excitation wavelength used in the photode-
velopment process.>*?> Upon prolonged exposure, the
initially formed prism-shaped nanoparticles were ob-
served to transform to disk-shaped nanoparticles in a
photoablation process (Scheme 1a).2° The onset of the
photoablation process has been explained on the basis
of citrate depletion from the reaction solution due to its
continuous photo-oxidation.® In the presence of ci-
trate, the nanoprisms are protected against photocor-
rosion, due to the formation of a protective citrate
monolayer on the prisms' [111]-type facets. Citrate also
fills hot charge carrier vacancies in the nanoparticle via
a sacrificial electron donation process (Scheme 1b).2%2°

Here we aim to elucidate the mechanisms respon-
sible for the light-driven development and ablation of
silver nanoprisms and to identify significant process
parameters, which predetermine the properties of the
resulting metal nanoparticles.

RESULTS AND DISCUSSION

Wavelength Dependence and Temporal Evolution. The re-
action dynamics as well as the final shapes and sizes of
the nanoparticles strongly depend on the wavelength
of light used in the photodevelopment process. Figure 1
illustrates the temporal evolution of different nano-
particle shapes and their corresponding absorption
spectra during a typical citrate-mediated photodeve-
lopment process. Blue (445 nm), green (503 nm), and
orange (593 nm) color light was used for the photo-
excitation of the nanoparticle solutions. The light
intensity of all three light sources was adjusted to yield
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an identical photon flux of 1.5 x 10'® photons cm 257",

The position and number of surface plasmon resonance
bands (SPRBs) observed in Figure 1 contains important
information about the shapes and sizes of the AgNPs.?’
The initial seed nanoparticles have a single dipole
absorption band (blue spectra) at ~390 nm, as pre-
viously reported.?* As the spherical seed nanoparticles
photodevelop into prisms, a second absorption peak
emerges. This peak is red-shifted from the initial peak
and can be attributed to the in-plane dipole and in- and
out-of-plane quadrupole SPRBs of the prism-shaped
nanoparticles.?® The in-plane dipole SPRB is the stron-
gest absorbing feature in the spectra. The position of
the emerging in-plane dipole SPRB depends on the
excitation wavelength and red shifts with increasing
excitation wavelength. This red shift is due to an
increase in the average nanoprism size (Figure 1b,eh),
in accordance with previous studies.?® Further illumi-
nation eventually results in the photoablation of the
prisms to disk shapes, which results in a blue shift of
the SPRBs (green spectra). The transformation of the
prisms to disks has been reported to result from the
photo-oxidation of Ag at the prism tip corners.?® In
agreement with the change in absorption character-
istics, the TEM insets also show that the final size of the
resulting disks increases with increasing excitation
wavelength.

In an experiment in which the same photon flux of
15 x 10" photons cm™2 s~' was chosen for all
excitation wavelengths, it was found that the reaction
kinetics of the photodevelopment process systemati-
cally become faster with decreasing excitation wave-
length. To better understand this phenomenon, we
monitored the UV—vis spectra of the developing AgNP
solutions at regular intervals during photodevelop-
ment and photoablation (Figure 2). This was performed
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Figure 1. Properties of silver nanoparticles following photodevelopment and photoablation. Absorption spectra recorded
for AgNP solutions photodeveloped at different excitation wavelengths: (a) 445 nm; (d) 503 nm, and (g) 593 nm). UV—vis
spectra of the original seed AgNP solution (blue), photodeveloped silver nanoprism (red), and photoablated silver nanodisk
(green) solutions are shown. Representative TEM micrographs of the respective photodeveloped (b,e,h) and photoablated
nanopatrticles (c,f,i) are also shown. All three photodevelopment reactions were performed under identical excitation photon
flux conditions (1.5 x 10'® photons cm? s ). All scale bars in the TEM micrographs are equal to 100 nm.

for six different excitation wavelengths (1¢,) in the
range from 445 to 619 nm under identical photon flux
conditions. Figure 2 shows the observed spectral reac-
tion dynamics as contour plots. The spectral dynamics
show a number of common features that are indepen-
dent of the excitation wavelength. At the start of the
photochemical reaction, the typical SPRB absorption of
the seed particles can be observed with an absorption
maximum at around ~390 nm. This absorption feature
subsequently vanishes as a new SPRB emerges at
wavelengths that are slightly longer than the excitation
wavelength (shown as the white dotted line). Once
established, this new SPRB only undergoes minor
spectral changes over a prolonged period of time, until
the abrupt onset of photoablation, which is witnessed
as a spectral blue shift of the SPRB. The spectral
features of the photoablated nanoparticles remain
unchanged upon further illumination (see Supporting
Information Figure S1).

Table 1 summarizes the results of a quantitative
analysis of the reaction dynamics shown in Figure 2,
combined with a TEM-based size analysis of the parti-
cles resulting from photodevelopment and photoabla-
tion. The appearance of the new SPRB was observed
following an induction period that varied from 1 min
for the shortest wavelength (445 nm) up to 47 min for
longest wavelength used here (619 nm). This onset was
accompanied with the simultaneous disappearance of
the SPRB of the initial seed particles. Interestingly,
during the longer induction phases, an increase in
the absorption and width of the SPRB associated with
the seed nanoparticles could be observed. The rate of
change of absorption at the absorption maximum of
the emerging SPRB ((dAbS;max(t)/dt)max) is 1 order of
magnitude faster for photodevelopment with short-
wavelength light (445 nm), compared with longer
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wavelength photoexposure (619 nm). As observed in
Figure 2, the solution illuminated with an excitation
wavelength of 445 nm completed the growth and
photoablation processes after 23 min. Whereas at
619 nm (1e,) photodevelopment set in only after an
induction period of 47 min, photoablation only be-
came apparent after more than 6 h of continuous
illumination. The rate constants for photoablation
again proved to be more than 1 order of magnitude
faster for shorter wavelength excitation light. A similar
trend was observed for the photodevelopment pro-
cess (Table 1).

Phototransformation of Seeds to Nanoprisms. In the fol-
lowing, we aim to elucidate the hitherto mostly un-
explored mechanism that leads to the photoinduced
formation of prism-shaped silver nanoparticles. The
photochemical reduction method has been reported
to yield the abrupt appearance of prismatic nanopar-
ticles in the early stages of photodevelopment.®®’
Ostwald ripening® and coalescence®' of seed particles
were both postulated as possible mechanisms for the
observed formation of prism-shaped AgNPs under
illumination. Yu et al. were the first to provide evidence
that the synthesis of silver nanoprisms in the absence
of light, following the wet-chemical reduction method,
proceeds via a combination of coalescence and dis-
solution—recrystallization mechanisms.3> These me-
chanisms were also found to prevail during the
electron-beam-induced formation of noble metal nano-
particles when observed in an in situ transmission
electron microscope.®? Furthermore, detailed studies
conducted by the Huang research group elegantly
demonstrated that Au nanoparticle coalescence of
seed nanoparticles has been observed for the forma-
tion of nanoplates and octahedral shapes being in-
duced by thermal and halogen methods.>***
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Figure 2. Time-dependent contour plots of the absorbance spectra of Ag nanoparticle solutions during illumination. The
wavelength of light used for the photodevelopment is shown in each graph (white numbering and white dashed line). The

photon flux was 1.5 x 10'® photons cm 25",

In this study, a number of independent observa-
tions provide evidence for a light-driven nanoparticle
growth mechanism based on two-dimensional particle
coalescence. Figure 3 shows TEM images of AgNPs
isolated from a photoinduced growth reaction at A, of
619 nm immediately after the induction period (tinq).
Figure 3a shows transmission electron micrographs of
nanoparticles, which already exhibit prismatic shapes
similar to those found in completely photodeveloped
particles but still reveal the granular structure of the seed
AgNPs from which they were formed. Figure 3b—e shows
partially formed nanoprisms in various development
stages that provide strong evidence that coalescence
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of seed AgNPs is the dominant mechanism in the light-
driven growth process of silver nanoprisms from seeds.
Like the previously reported thermally induced coales-
cence from seed nanoparticles, many of the nanopar-
ticles are fused toward the central regions to form a
thick mass.>* The spectral dynamics in Figure 2 show a
spontaneous evolution of the prism SPRB, accompa-
nied by a simultaneous disappearance of the SPRB of
the initial seed nanoparticles. This also points to a
coalescence process rather than Ostwald ripening as
the underlying mechanism for nanoprism growth.
Interestingly, the sizes of the coalesced aggregates
appear larger than the final nanoprisms, pointing toward
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TABLE 1. Influence of the Excitation Wavelength (4.,) on Reaction Dynamics and Silver Nanoparticle Properties

photodeveloped photoablation

Aexc (nm) ting (Min) (dAbs/dt) (Abs) Amax (nm) fwhm (eV) size (nm) Lablation (MiN) (dAbs/dt) (Abs) Amax (nNm) fwhm (eV) size (nm)
445 1.0 0.138 462 0.30 1946 22.7 —0.128 407 0.44 1444
478 13 0.116 504 0.27 21+ 4 341 —0.106 433 0.46 1543
503 28 0.074 553 0.27 28+7 64.8 —0.046 476 0.45 21+5
522 48 0.033 583 0.30 35+9 95.7 —0.031 504 0.46 26+ 6
593 24.0 0.024 712 0.34 51+38 373 —0.010 609 0.45 36+ 8
619 47.0 0.013 767 0.36 59+7 N/A N/A N/A N/A N/A

“The time-dependent spectral evolution data shown in Figure 2 was analyzed to retrieve the following parameters: the induction times (f;,q) and ablation times (tpjation)
corresponding to the overall reaction times that lapsed before the onset of photodevelopment and photoablation were observed (see Supporting Information Figure S2). The
maximum rate of absorbance change (dAbs/dz) for the appearance and disappearance of the nanoprism SPRB (at A, during photodevelopment and photoablation,
respectively, were determined from the time derivative of the Abs; yx(t) curve. Full width at half-maximum (fwhm) of the surface plasmon resonance band of photodeveloped
and photoablated AgNPs and the nanoparticle sizes of photodeveloped and photoablated nanoparticles, as determined from TEM analysis. The photon flux was kept constant at
1.5 x 10" photons cm 2 s~ for each experiment.
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Figure 3. Transmission electron micrographs. (a—e) TEM images of nanoparticles sampled from a photodevelopment
process after 47 min (t;,q) of illumination at 619 nm. Different stages of light-activated seed particle coalescence can be seen
ranging from an early stage cluster formation to nanoparticles that already exhibit prism-like shapes. (f) Plot of the size of the
photodeveloped silver nanoprisms obtained from TEM analysis as a function of the natural logarithm of the observed
induction time for the photodevelopment measured at different excitation wavelengths (1.,) and a photon flux of 1.5 x 10'®

photons cm 257", (b-e) Same scale bar.

subsequent additional transformation modes that lead
to the final crystalline structure. A growth process
based on Ostwald ripening would result in a contin-
uous spectral shift of the original seed nanoparticles’
SPRB as their sizes change gradually. However, this is
not observed experimentally: SPRBs of AgNPs of inter-
mediate sizes (between seed particle and the final
prism size) could not be identified in any of the ab-
sorption spectra obtained during the photodevelop-
ment process (Figure 2). TEM analysis of aliquots taken
from the reaction solution prior to tj,q showed no
evidence of nanoparticle coalescence.

The observed excitation wavelength dependence
of the induction time can provide additional indica-
tions toward the underlying growth mechanism. While
induction times to date have not been analyzed for the
light-induced formation of silver nanoprisms, Ghader
et al. have studied induction times for the wet-chemi-
cal synthesis of spherical silver nanoparticles in the
absence of light to investigate the underlying growth
mechanism.>* The driving force for assembling the
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seed nanoparticles into nanoplates is unclear. Assum-
ing a thermally activated crystallization process in
which the rate-limiting step is the nucleation of a
particle cluster of a critical size, the induction time
(tina) depends on the free energy barrier to nucleation
(AG,) according to the Arrhenius relationship:>

A
tina = Aexp (&)

kT M

In this equation, A is an kinetic prefactor,®’ kg is the
Boltzmann constant, and T is the absolute temperature
(temperatures during the experiment were found to
vary slightly (3 K) depending on the light source used
and were found to have an insignificant affect on the
experiment, Figure S3). We propose that the formation
of prismatic AgNPs from seed particles can be de-
scribed as such a two-dimensional crystallization pro-
cess. The hypothesis that the observed nanoparticle
growth is essentially two-dimensional is supported
by a strong correlation between the observed prism
z-height (9 + 2 nm) and the size of the original seed
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particles (10 £ 3 nm): seed particles assemble and
crystallize in only two dimensions to form prisms.
Furthermore, all photodeveloped prisms are of the
same z-height independent of their size (ranging from
19 to 59 nm in bisector length), which also emphasizes
the two-dimensionality of the underlying process.

Following classical nucleation theory and assuming
that the free energy change associated with the coa-
lescence of seed particles to form a prismatic nano-
particle is a sum of bulk and surface terms,3**? the free
energy activation barrier for nucleation (AG,) can be
shown to be related to the critical particle size L. at the
barrier by

_chy,

AG. 3

)
where y is the interfacial tension between the prism's
growth faces and the solution, h is the height of the
prism, and C is a dimensionless geometric factor
defined such that CL. is the prism's circumference
around the growth faces (see Supporting Information
for details). AG, is also directly proportional to the
particle size Ly = 2L at which the prisms become more
stable than the seed particles.

Thus, for an anisotropic crystallization process that
follows eqs 1 and 2, we expect a linear relationship
between In(ti,q) and the nanoparticle size. Figure 3f
illustrates that the nanoparticle size does indeed in-
crease linearly with In(t;q), supporting the hypothesis
that the light-driven development of silver nanoparti-
cles proceeds via an anisotropic two-dimensional crys-
tallization process.

Another possible explanation for the observed
growth pattern is an autocatalytic process. Here the
formation of prism Ag particles would be catalyzed by
the presence of previously formed nanoprisms. To test
this hypothesis, a control experiment was conducted,
in which a small volume (2%) of a fully developed
nanoprism solution was added to a freshly prepared
seed solution prior to its photodevelopment. As indi-
cated in Figure 4a,b, the presence of preformed na-
noprisms does not affect the duration of the induction
phase, so that an autocatalytic mechanism can clearly
be ruled out.

Growing Large Nanoprisms from Smaller Ones. In a sepa-
rate study, we investigated whether preformed smaller
nanoprisms can be used as building blocks to grow
larger nanoprisms by exploiting the same coalescence
mechanism as described above. In this experiment, we
first used a 503 nm (4,) to grow silver nanoprisms from
seed particles for 20 min and then switched to a
619 nm (1) for an additional 20 min to grow bigger
nanoprisms. The spectral reaction dynamics during
this dual wavelength photodevelopment experiment
are shown in Figure 4c. The spectral evolution observed
during the first 20 min of 503 nm (A, is identical to the data
presented for the single wavelength photodevelopment
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process (see Figure 2) under 503 nm (4,) illumination.
When the excitation wavelength is changed from 503
to 619 nm (Ae,), the initially formed SPRB, centered
around 560 nm, blue shifts abruptly and disappears
gradually. Simultaneously, a new SPRB emerges from
the spectral position of the originally formed SPRB,
which continuously red shifts and increases in absorp-
tion over time, stabilizing at about 680 nm (see Sup-
porting Information Figure S4).

To further elucidate the dominant growth mecha-
nism in this experiment, aliquots of the reaction solution
were taken at different reaction times (20, 22, 27, and
40 min) and analyzed by transmission electron micro-
scopy. The results illustrated in Figure 4d,e show that
the predominant nanoparticle size yielded after the
first 20 min of 503 nm (4,) illumination is 23 to 29 nm.
Two minutes after the wavelength was changed over,
the relative frequency of occurrence of these particle
sizes is decreased, both in favor of smaller (19 nm) and
larger (32 nm) nanoparticles. Furthermore, TEM images
reveal an increased occurrence of growing nanoprisms
and shrinking nanodisks over this 2 min period. Upon
further 619 nm (Ao, illumination (7 min total), the
average size distribution broadens and shifts to larger
nanoparticles. At this stage, the sizes of the nanoprisms
are again observed to increase. After 20 min of photo-
development with the 619 nm (1,), the majority of the
particles are nanoprisms with a minority of small
spherical nanoparticles observed (Figure 4e(iv)). The
full width at half-maximum of the final SPRB at ~678 nm
was 0.22 eV. TEM micrograph image analysis of the
nanoparticles shows that the size distribution of the
alternate dual excitation wavelength synthesis method
produces nanoparticle sizes with a narrower size distribu-
tion at the half-width of the histogram (14.5 nm) com-
pared to that of the single excitation wavelength method
(18.1 nm) (see Supporting Information Figure S5). Addi-
tionally, two distinct populations of sizes are observed in
the histograms of the alternate dual excitation wave-
length synthesis method.

The continuous transition from one SPRB band to
another in the absorption characteristics as well as the
TEM analysis of the corresponding NP sizes suggests
that the process underlying the growth from medium
sized (~26 nm) to large prisms (32 nm) in this experi-
ment is Ostwald ripening rather than coalescence.
When the excitation wavelength is changed, one part
of the medium sized prism population shrinks and
thereby donates silver ions to the further growth of
the other part of the population. Both shrinking and
continuous further growth of the medium sized NPs
can be clearly identified in the absorption spectra
(Figure 4c): the blue shift and successive disappear-
ance of the medium sized prism's SPRB (shrinking); the
red shift and gradual increase of the same SPRB
(further growth) at the time of excitation wavelength
changeover.
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Figure 4. Comparison of different photodevelopment experiments. (a) Absorption spectra contour plot of a typical seed
AgNP solution that was photoilluminated for 200 min (1, =619 nm). (b) Absorption spectra contour plot for the evolution of a
seed AgNP solution that was spiked with (2%) preformed nanoprisms and photodeveloped for 200 min (1o, = 619 nm). (c)
Absorption spectra contour plot of a seed AgNP solution that was initially photoilluminated using 503 nm (1) for 20 min
followed by a subsequent photoillumination using 619 nm (/.,) for an additional 20 min. All solutions were photoilluminated
using a photon flux of 1.7 x 10'® photons cm~2 s~ ". (d) Histogram* of the frequency versus size (bisector length) distribution
and representative TEM images of the silver nanoprisms (e) at different stages of the dual wavelength photodevelopment
experiment: (i) after 20 min of 503 nm (4,) illumination as well as an additional (ii) 2, (iii) 7, and (iv) 20 min of 619 nm (1.,)
illumination. All scale bars in the TEM micrographs are equal to 100 nm. *Bin size = 3 nm; nonprismatic nanoparticles were not

included in the statistical analysis; n = 2000 nanoparticles.

The mechanistic transition from nanoparticle growth
by seed particle coalescence to growth by Ostwald
ripening is due to a combination of factors. First, the
absence of seed particles following the initial 503 nm
(Aex) illumination eliminates the coalescence pathway
during the subsequent 619 nm (A¢,) illumination step.
Second, most the nanoprisms formed from the initial
illumination are likely postcritical nuclei, whereas the
seed particles are likely precritical with respect to the
solution; thus, whereas nucleation of larger nanoparticles
via growth of seed particles appears to be inhibited by
a high activation barrier, this barrier is absent in the
case of nanoprism growth, allowing the latter mechanism
to dominate during the subsequent illumination step.

LEE ET AL.

Furthermore, although most of the nanoprisms appear
to be postcritical nuclei in the second illumination step,
the observation of two distinct populations of sizes
following this second step suggests that the smaller
nanoprisms in the tail of the size distribution after the
first illumination step are precritical: in the second
illumination step, most of the prisms grow in size via
Ostwald ripening at the expense of these smaller
prisms, which in turn shrink, resulting in the two
populations of particle sizes that are observed.
Generally, for the successful light-driven synthesis
of silver nanoprisms, we observed that the age of the
seed solutions and the overall photon flux are critical
reaction parameters. The height and half-width of the
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Figure 5. Influence of seed solution aging and photon flux on the photodevelopment process. (a) UV—vis spectra of AGNP
solutions that were photodeveloped for 80 min (1., = 619 nm) after the initial seed solutions were aged for 0, 24,48, and 72 h.
(b) Histogram of nanoparticles versus prism bisector length (bin sizes of 3 nm, n = 476) for the solutions that underwent
photodevelopment after initial synthesis (blue) and aged in the dark for 72 h (gray) prior to photodevelopment. Each solution
was photodeveloped for 80 min with an identical photon flux of 2.2 x 10'® photons cm 25~ ". (c) Absorbance values at A,ax Of
solutions photodeveloped with an excitation wavelength of 619 nm at different light intensities as a function of the
accumulated number of incident photons. (d) Absorption spectra of Ag nanoprisms developed at different light intensities.

The photon fluxes used were 0.19, 0.37, 0.75, 1.5, and 3.0 x 10'® photons cm 25"

SPRB provides a good indication of the yield and
monodispersity of the resulting nanoprisms. Storing a
freshly prepared AgNP seed solution for 24, 48, and
72 hiin the dark at room temperature prior to the actual
photodevelopment step resulted in a significant re-
duction in the maximum absorption of the SPRB as well
as a remarkable increase in peak half-width, indicating
a broadening of the size distribution (Figure 5a). This
was accompanied with a significant red shift of the
SPRB, indicative of an increase in the average nano-
particle size, which was verified by TEM image analysis.
Developing a freshly prepared seed solution yielded
silver nanoprisms of a very uniform size (59 & 7 nm).
When photodeveloped from a seed solution that had
been stored for 72 h, the average size of the silver
nanoprisms increased to 132 & 72 nm (Figure 5b). The
average z-height of the nanoparticles in a solution
aged for 72 h was 18 = 4 nm. This reveals that the
final nanoprism size is not exclusively predetermined
by the excitation wavelength but also depends on the
nature of the seed particles. Using a zeta particle sizer,
we were able to observe an increase in the hydrodynamic
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diameter of the seed nanoparticles from 10 £ 1t0 17 &
1nm, 19 & 3,and 19 & 2 nm as the seed particles aged
for 0, 24,48, and 72 h. The fact that the z-height of 18 +
4 nm of the prisms photodeveloped from the 72 h aged
seed solution again is equal to the diameter of the
seeds of the aged solution (19 £+ 2 nm) is further
evidence for a two-dimensional coalescence process.
The photon flux used for photodevelopment appeared to
have a similar effect on the quality of the resulting
nanoprisms. As the photon flux increases, smaller
nanoprisms with a more monodisperse size distribution
are obtained. Interestingly, we observed a nonlinear
dependence between the induction time and the photon
flux (Figure 5c). When plotting the absorption of the AGNP
solution at An.x of the photodeveloped nanoprisms
against the accumulated number of incident photons,
we observe that nanoprism growth can be induced with a
smaller number of incident photons at lower photon
fluxes (Figure 5c). Also, the absorption spectra of prismatic
silver nanoparticles photodeveloped at different light
intensities show a pronounced red shift of the absorption
maximum as light intensities decrease (Figure 5d).
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CONCLUSIONS

The light-driven citrate-mediated synthesis of AgNPs
from initial seeds to prism shapes and their subsequent
photoablation to disks was investigated. We observed
that the reaction dynamics strongly depend on the
excitation wavelength and the photon flux used to
drive the reaction, affecting the onset times for photo-
development and photoablation. For the first time,
we provide direct evidence that the growth of silver
nanoprisms from seed AgNPs proceeds via a coales-
cence process that involves the aggregation of seed
AgNPs to final prism shapes. The linear dependence
between the natural logarithm of the induction time
and the size of the resulting nanoprisms indicates the
prevalence of an activated 2D growth process that
obeys the Arrhenius reaction velocity relationship.
Autocatalytic mechanisms for nanoprism growth could
be excluded. The sizes of the original seed nanoparti-
cles as well as the overall photon flux are critical
reaction parameters that determine the quality of the
photodeveloped silver nanoprism solutions. Highly
monodisperse solutions of nanoprisms were obtained
at high yields when the photodevelopment was per-
formed with fresh AgNP seed solutions at high photon

METHODS AND MATERIALS

Formation of Seed Nanoparticles. Seed AgNPs, used for photo-
development, were synthesized using a wet-chemistry tech-
nique as reported previously by sequentially combining 1.0 mL
of 0.005 M AgNO;, 1.0 mL of 0.02 M trisodium citrate, 1.0 mL of
0.02 M NaBH,, and 1.0 mL of 0.005 M 4,4’ (phenylphosphinidene)
bis(benzenesulfonic) acid dipotassium salt (BSPP) to 96.0 mL of H,O
while stirring.?® All stock solutions and experiments used
reverse osmosis water as the solvent. These as-synthesized seed
solutions were sealed with parafilm and allowed to rest in the
dark for a minimum of 30 min before photodevelopment with a
high-intensity LED light source (Luxeon Star, Canada, see below).
The seed solutions underwent photodevelopment using 2 mL
volumes in 3.5 mL plastic cuvettes and were photodeveloped for
varying lengths of time. Fresh seed solutions (within 1 h of
preparation) were used in these reported experiments unless
stated otherwise. Prior to the synthesis, all glassware was
thoroughly washed with 2 M HNOs followed by six rinses with
water. Then, the glassware was allowed to completely dry overnight.

Light Sources. High-intensity LED arrays (containing 7 high-
power LEDs) were equipped with a narrow focus cluster lens
(Polymer Optics; part number 263). The LEDs featured narrow
emission profiles (spectral half-width = 30—80 nm), and emis-
sion maxima were determined ranging from 445 to 619 nm:
royal blue [445 nm] (SR-02-R0500), blue [478 nm] (SR-02-B0030),
cyan [503 nm] (SR-02-E0070), green [522 nm] (SR-02-M0100),
red [593 nm] (SR-02-D2050), and deep red [619 nm] (SR-02-
D3350) (see Supporting Information for the emission profiles;
Figure S6). (Warning: these light sources are very bright, reach-
ing several times the intensity of the sun at their focal point. This
is potentially damaging to the eye. Proper protective equip-
ment and encasement of the experiment is necessary.)

LED Setup and UV—Vis Measurements. The setup of the LEDs was
done by aligning and focusing the focal point of the LEDs to the
bottom of the 1 cm? cuvettes (see Supporting Information
Figure S7). Importantly, the cuvettes were sealed by parafilm
to prevent evaporation. Additionally, a cuvette cover was used
to secure the photodeveloping solutions. The cuvette containing
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fluxes. An increased reaction rate for nanoprisms was
demonstrated when the excitation wavelength was
changed during photodevelopment and a decreased
full width at half-maximum of the surface plasmon
resonance band was observed. Ostwald ripening of
intermediately formed smaller silver nanoprisms was
found to be the prevailing reaction mechanism for the
second phase of the two-step photoreaction. The
present study yields important insight into the me-
chanism of a classical light-driven metal nanoparticle
growth process while also providing an overview over
the major parameters affecting the quality of the
resulting metal nanoparticles. This highlights the great
potential of controlling the size and shape of matter on
the nanoscale in a single reaction vessel simply by
controlling the illumination conditions.

In contrast to most classical colloidal synthesis routes,
nanoparticles yielded from photomorphic reactions,
once synthesized, retain their susceptibility to external
stimulus, such as light, to respond with changes to their
sizes and shapes. This has important implications in areas
such as nanoparticle synthesis, such as for the growth of
metallic nano-heterostructures and medicine, such as the
development of agents for photodynamic therapy.

the solution was housed in an Ocean Optics (HR-4000) cuvette
holder (Ocean Optics, USA). The beam height of the Ocean
Optics spectrophotometer is 15 mm, measured from of the
bottom of the cuvette. The LED arrays were connected to a DC
power supply (0—60V, 0—1 A) (Iso-Tech, Australia). The LED arrays
were switched off for the time that spectra were collected (2 s).

Constant Photon Flux Experiment. To compare the effect of
excitation wavelength on the dynamics of the photodevelop-
ment process, a series of experiments were conducted at
different wavelengths. For these studies, the current input to
the LEDs was adjusted to yield a set photon flux that was equal
for all photodevelopment processes independent of excitation
wavelength. A thermophile (Thorlabs, model 310C) was used to
determine the energy output of the LEDs. A 1 cm x 1 cm mask
was placed directly over the cavity of the sensor (which was the
dimensions of the well that the cuvettes occupied during
photodevelopment). The beam of the LED was focused on the
inside area of the opening of the mask. The average photon
energy was calculated based on the LED emission profile (see
Supporting Information Figure S6). The thermophile was al-
lowed to stabilize for approximately 30 min, and the input
current of the LED was then slowly adjusted until the values
plateaued at the required output energy (photon flux) for the
experiment. The LEDs were used at different photon fluxes
ranging between 0.19 and 3.0 x 10'® photons cm ™2 s~". For
reference, the solar photon flux below 1000 nm at the surface of
the earthis 4.3 x 10" cm ™25~ for the entire AM 1.5 G spectrum
with 1000 W m 2.

Preparation of TEM Grids and the Shape Passivation of the AgNP
Solutions. We observed early during our experimental proces-
sing that AgNPs undergo shape changes during and after the
deposition onto TEM grids. We observed that this shape
transformation could be stopped through a surface passivation
step that involved the addition of 3 uL of 0.005 M 1-phenyl-1H-
tetrazole-5-thiol sodium salt (NaPTT) to 2 mL of the photode-
veloped solutions. The chemisorption of the bidentate ligand
NaPTT onto the silver surfaces has been reported in the
literature, and we found it to be an excellent passivation agent
for AgNPs, superior to more commonly reported alkanethiol
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passivation agents.>® The AgNPs were concentrated by centri-
fugation (5.9 rcf for 60 min). Then, the concentrated AgNPs were
drop-casted onto 300 um, carbon-coated Cu grids (Ted Pella
Inc., USA) and allowed to dry for several hours in the dark.
Approximately, 6000 nanoparticles were characterized by TEM
image analysis (400 spherical seeds, 4459 photodeveloped
prisms, and 850 photoablated disks) using ImageJ software.*®
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