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Iodination of Gas-Phase-Generated Ag Nanoparticles: Behavior of the Two Spin Orbit
Components of the Agl Exciton in Ag@Agl Core—Shell Nanoparticles
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Ag nanoparticles, with diameters estimated to be 17 + 6 nm, were observed to react readily with I, to produce
Ag@Agl core—shell nanoparticles. Both spin—orbit components of the exciton associated with the Agl shell
were observed in the UV—vis spectra. The band gap of the Agl shell was found to shift to lower energy as
the reaction with I, proceeded and the shell thickness increased. Shell thickness can be varied by controlling
the duration of the exposure of the Ag nanoparticles to iodine. The band gap observed for the Ag@Agl
nanoparticles was comparable to that expected of a solid Agl nanoparticle with a diameter of 5—6 nm, as
estimated using the Brus formula. The difference between this effective diameter and the actual diameter of
the particle (17 £+ 6 nm) may be attributable to confinement effects associated with the finite thickness of the
Agl shell and/or effects of the Ag core on the Agl shell. The shorter wavelength exciton appeared to be much
more sensitive to surface effects, which are pronounced in nanoparticles, and appeared anywhere from 312
to 355 nm. The longer wavelength exciton behaved differently and does not appear to be affected much by
such surface effects and therefore seems to be a much more localized electron—hole pair.

1. Introduction

-Optical properties of metal—semiconductor core—shell nano-
particles are generally well-behaved and have been modeled
using Mie theory and similar physical models. In Au@SiO,
nanoparticles, for example, the surface plasmon resonance (SPR)
of the Au nanoparticle is preserved but shifted from that of the
naked Au nanoparticle of similar size.! The. senéitiviry of the

SPR to changes in refractive index of the medium in which the .

nanoparticle is situated is well-established,? and a shift of the
SPR to longer wavelengths due to encapsulation of the metal
nanoparticle core in a medium of relatively high refractive index,
relative to that around the naked particle originally, is expected
and predictable. Mie theory has also proven effective for
modeling the effect of core and shell sizes on the SPR position.?
For thin Au shells on AuS cores, as the core size is increased
the SPR position is shifted to longer wavelengths, analogous
to situating the Au in a medium of relatively high refractive
index (i.e., AuS). For a fixed core size, increasing the Au shell
thickness from ~1 to 5 nm shifts the SPR to shorter wave-
lengths. The shift is toward that of bare gold presumably because
the relative effect of the core becomes less as the amount of
gold increases. Mie theory is found to be consistent with all of
these effects. This finding shows that-by treating the core—
shell particles as two noninteracting media with bulk-like
refractive indices many of the optical properties associated with
the SPR of the core—shell particles can be understood.

For the semiconductor component of core—shell particles,
exciton formation is an absorption feature inherent in the
refractive index of the bulk material. Confinement effects are
well understood and shift the exciton energy to higher energy
as the nanoparticle size is decerased.*> For Agl, such shifis are
clearly seen in the spectra of quasi-free Agl nanoparticles as
well as during iodination of ultrathin Ag films.%’ Accordingly,
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physical models such as Mie theory which use the refractive
‘index as input “predict” an exciton absorption feature. in the
" model spectra and can also account for shifts due to.confinement,

effects. The exciton absorption of Agl near 440 nm, for example,. -
appears in the calculated spectrum of Ag@Agl nanoparticles.
Unfortunately, no experimental data are available to verify the
theoretical results. Experimentally, Au@CdS is perhaps the-only -

‘published spectrum of core—shell nanoparticles where - the

exciton absorption is obvious.” There is a paucity of data on
the impact of core size, shell thickness, or core material on the
exciton energetics: data required to test the theory. Related work
of Lahtinen et al.!® reported the spectrum of Ag nanoparticles
situated in a AgBr matrix and assigned a feature at 516 nm to
the AgBr exciton, which would imply a large red-shift from
that of bulk AgBr (475 nm). As quantum confinement shifts
the band gap to the blue,** the observed red shift suggests
significant charge donation between the shell and core or some
similar chemical effect. Such an effect is beyond the limits of
Mie theory. Au—Agl nanoparticle pair structures show an
exciton peak at 425 nm, which is the bulk value of Agl, and a
shift in Au SPR from that of an isolated Au nanoparticle. When
there is contact between the Au and Agl nanoparticles, however,
the exciton absorption is severely damped, likely due to
intermixing of the Au and Agl materials at the boundary
between the two particles.!! For Au@CdS, above band gap
absorption of CdS is obvious in the spectrum, but the onset of
the exciton absorption is difficult to determine because of
overlap of the exciton band edge absorption with the SPR of
the Au nanoparticle core. It is clear, however, that, with
increasing core:shell molar ratio, increased quenching of the
CdS exciton is observed, likely due to an increase in the extent
of charge transfer from the CdS to the Au.? In contrast to the
SPR results described above, these examples of exciton behavior
indicate that the core and shell do not behave independently.
They interact, and these interactions impact the exciton energet-
ics and dynamics. Accordingly, the pure physical models, such
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as Mie theory, that appear to describe the SPR behavior may
well be inaccurate for the exciton due to its apparent sensitivity
to chemical effects.

Recently, we have begun to explore the utility of gas-phase
synthesis'Z13 of nanoparticles as an alternative to_the_mor

——————typical solution-phase methods. Potential advantages of the gas

phase approach include narrow nanoparticle size distribution,
chemically inert synthesis environment (such as vacuum),
nanoparticles are pure and naked with no need to functionalize
the nanoparticle surface with stabilizers or surfactants as are
required to stabilize nanoparticle suspensions, and an ability to
synthesize nanoparticles of almost any metal with only minor
adjustment of the source conditions. The greatest advantage of
the gas phase approach is that it is compatible with quadrupole
mass filters that can be used to select particles of specific mass
and to narrow the nanoparticle size distribution to unprecedented
values. Truly size-dependent properties of the nanoparticles can
then be identified and the actual active component of a typically
broad size distribution identified. Core—shell nanoparticles'-!4~18
can be made by subsequent exposure of the particles generated
in the gas phase source to a reactive gas. Co nanoparticles, for
example, naturally oxidize in air to form Co@CoO particles.!?
Similarly, Fe@FeO, (n = 2 or 3) nanoparticles have been
synthesized via controlled surface oxidation of Fe nanopar-
ticles.?0 In this work, we generate Ag@Agl core—shell nano-
particles via exposure of Ag nanoparticles to controlled pressures

of I vapor. The Ag nanoparticles were synthesized in the gas.

phase under vacuum. Subsequent exposure to I, re_sulled m’l,"

growth of Agl shells on the order of nanometers thick. This -

result is compatible with previous work where ambient iodi-
nation of Ag films was found to yield nanodimensioned Agl.2!
The Ag nanoparticles and the Ag@Ag! particles were character-
ized through their absorption spectra at ultraviolet and visible

. -wavelengths. Both spin—orbit components of the Agl exciton .
were observed in the spectra. These spectral features were found -

to vary in position and intensity as a function of the extent of
I, exposure, extent of particle aggregation, and other factors.
Interestingly, the two spin—orbit components of the exciton
behave differently and independent of each other. These findings
suggest that the extent to which the interaction with the
nanoparticle surface occurs is different for the two spin—orbit
components of the exciton.

2. Experimental Section

Ag nanoparticles were generated in the gas-phase using an
aggregation-type source {(Mantis Nanogen). A schematic of the
apparatus is shown in Figure 1. Briefly, voltage (200—400 V,
200—300 mA) applied between an anode cap and a metal target,
in the presence of a few milliTorr of Ar, sustained a plasma
inside the region capped by the anode. Ar was introduced at a
rate of 10—50 sccm (MKS 1179A mass flow controller) through
a shower-head inlet directed at the anode cap and positioned
immediately in front of the anode cap. The Ar gas flow could
be augmented with a 0—20 sccm flow (MKS 1179A mass flow
controller) of He which could be introduced into the aggregation
zone through a second gas inlet. Varying the flow of He and
Ar allowed the size of nanoparticles generated by the source to
be varied. Condensation of the plasma gas began once the
plasma gas exited the plasma region, through a hole in the anode
cap and entered the first aggregation zone. The gas then
expanded into the second aggregation zone, which was evacu-
ated by a 500 L s™! turbo pump (Varian V-550). The
nanoparticles thus generated passed through an orifice into the
sample chamber where a pressure of <1074 Torr was maintained
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Figure 1. Schematic of the apparatus used to generate gas-phase Ag
nanoparticles and deposit them onto NaCl substrates. The spectrometer
allows the deposition process to be monitored in real time. See text
for details.
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Figure 2. Schematic of the gas cell used to do reactivity studies on
nanoparticle-coated substrates. See text for details.

during deposition by a 300 L s~} turbo pump (Varian TV-301).
The nanoparticles were deposited onto a NaCl prism (Interna-
tional Crystal Laboratories) positioned in the nanoparticle beam
path. Light from a deuterium lamp (Mikropak DH-2000) was
directed into the sample chamber through an optic fiber, passed
through a collimating lens, through one side of the prism, was
reflected, and left the sample chamber through a quartz window
as shown in Figure 1. The reflected light was then collected by
a second collimating lens and focused into another optic fiber
which carried the light to the CCD array spectrometer (Ocean
Optics-SD2000). The spectrometer was set to acquire spectra
every 2—3 s during deposition so that spectra of the nanopar-
ticles could be acquired in real time, as they were being
deposited. Deposition times varied from 30 s to 8 min for
different samples.

The Ag nanoparticle-coated prisms were removed from the
sample chamber of the deposition apparatus and placed in the
gas cell depicted schematically in Figure 2. Spectra of the
nanoparticle film were coliected in real time using a system of
collimating lenses and optic fibers, analogous to those used in
the deposition apparatus, as shown in Figure 2. An I,—He gas
mix was introduced through a pulsed valve (900 series solenoid

_valve, 0.03” orifice, powered by an lota One driver, Parker-

Hannifen) directed at the nanoparticle-coated face of the NaCl
prism. He gas passed through a 150 mL reservoir in-line with



lodination of Gas-Phase-Generated Ag Nanoparticles

0.25

0.2

0.15

absorbunce

e
-

_o
S

300 350 400 450 500 550 600
A/ om

Figure 3. Absorbance (extinction) spectra of Ag nanoparticles
deposited onto a NaCl substrate. From bottom to top the different
spectra correspond to increasing deposition time. A denotes wavelength.
The broken red line is a sample fit of the Pearson equation to one of
the spectra (see text for details). The inset shows the position of the
peak of maximum absorbance (Aspr) of the surface plasmon resonance
band of Ag nanoparticles as a function of deposition time.

a 1/4” diameter tube packed with I, crystals. I, sublimation
saturated the vapor in the reservoir. To help ensure saturation,
. the gas mix was passed through the I»-packed tube before
reaching the pulsed valve. A backing pressure of 7 psi was
maintained on the valve. During reaction, the pulsed valve was
operated at 2—10 Hz, for the different runs. The pulse duration
was 0.5 ms. The gas cell was evacuated by a 70 L 7} turbo
pump (Varian V-70). This combination of pumping speed and
valve settings resulted in a flow-type condition where the
pressure in the cell remained effectively static. The repetition
rate of the valve had to be lowered to 0.1 Hz before the cell
pressure was seen to rise when the valve fired and subsequently
decrease as the cell was evacuated. By varying the rep. rate of
the pulsed valve and by partially closing the gate valve, the
static pressure in the cell could be varied from a few milliTorr
to ~500 Torr. In a typical run, the spectrometer was set to
acquire spectra every 2—3 s, and the pulsed valve was then
started so that a fixed pressure of I,-He gas mix was main-
tained in the cell. The spectra were seen to change upon
exposure to the reactant gas mix. The run was stopped once
changes in the spectra were no longer observable (ie., the
reaction was over).

3. Results

In situ monitoring of the deposition of Ag nanoparticles,
generated in the sputtering-aggregation source, onto NaCl prism
substrates yielded UV —vis spectra like those shown in Figure
3. The spectra have a broad, intense absorption near 380 nm
corresponding to excitation of the surface plasmon resonance
(SPR) of Ag nanoparticles. With increasing deposition time,
the spectra shifted smoothly to longer wavelengths. The shift
is co-incident with the decreased average interparticle separation
of the nanoparticles that is expected to occur as the number of
particles on the NaCl substrate increases with deposition time.
In previous work, we have shown that a Pearson function of
the form
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provides a good fit of the SPR absorption®? as illustrated by
the sample fit shown in Figure 3. a, b, ¢, d, and e are parameters
that are varied to attain the best fit, by least-squares method, to
the SPR band. Once a fit is obtained, ¢ corresponds to the peak
position of maximum absorbance. Fitting all of the spectra
acquired during the deposition of the Ag nanoparticles on the
salt allows the SPR peak position to be plotted as a function of
deposition time, as shown in the inset of Figure 3. The SPR
peak position is seen to shift nearly linearly to longer wave-
lengths until about 40 s, and then there is distinct curvature.
We have no evidence as to why the trend changes from linear
to curved near 40 s, but such a result is compatible with the
average interparticle spacing decreasing to the point where all
nanoparticles are somewhat coupled at 40 s (i.e., there are no
more isolated nanoparticles on the surface). After this time,
further deposition enhances coupling by decreasing the inter-
particle spacing further. Alternatively, the plateauing could be
indicative of formation of nanoparticle aggregates which, at
40 s, have become large enough that increasing their size further
causes no noticeable change in SPR position.”

The UV—vis spectra of nanoparticle samples exposed to
~107° Torr of I, in the gas cell were seen to change significantly
in time. After some minutes of exposure, the reaction was over
and the spectra remained static. Some of the spectra acquired

M

~ once the reaction was complete are shown in Figure 4., The

spectra are difference spectra; the spectrum of the nanopaﬁicle
sample before exposure to I> has been subtracted from each
one. Spectra are dominated by loss of the SPR, near 450

500 nm, associated with the Ag nanoparticles. In addition to .

the SPR, features associated with Agl are also observed in the
spectra. These are observed near 310 and 430 nm and cor-
respond to the two spin orbit components of exciton excitation
in Agl.2%25 The observation of these features is indicative of
conversion of Ag to Agl upon exposure of the Ag nanoparticles
to the I, vapor. With uptake of iodine, the SPR of the Ag
nanoparticles, which is sensitive to changes in the refrictive
index of the medium at or near the particle surface, shifts
steadily to longer wavelengths as seen in the inset shown in
Figure 4. As for Figure 3, the SPR peak position in the inset of
Figure 4 was determined by fitting the Pearson expression, eq
1, to the SPR absorbance bands of a series of spectra of the Ag
nanoparticles collected in situ and in real time as the nanopar-
ticles were exposed to I vapor in the gas cell.

Variability in the peak positions of the absorptions (~310
and 430 nm) associated with two spin orbit components of the
Agl exciton was also observed. The 430 nm feature was
observed to shift to longer wavelengths as the conversion of
the nanoparticles to Agl proceeded. In light of the knee-like
shape of this absorption feature (as seen in Figure 4) objective
determination of the actual position of this peak directly could
be difficult and so was determined by looking at the first
derivative of the absorption spectrum. Sample derivative spectra
are shown in the inset of Figure 5. As seen, the derivative
spectrum is dominated by a feature near 430 nm that corresponds
to the “knee” feature of the Agl spectrum. Using the dotted
line in the inset of Figure 5 as a reference, a distinct shift of
the peak position to shorter wavelengths as one goes from the
bottom to the top spectrum is observable. By fitting Gaussian
functions to the peaks in the derivative spectra, the position of
the ~430 nm band was determined for a series of spectra
collected in real time as the Ag nanoparticle samples were
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Figure 4. Difference spectra of the change in absorption (extinction)
that occurred after exposure of five different Ag nanoparticle samples,
deposited on NaCl, to ~107° Torr of I, vapor for a period of minutes.
Features labeled A and B are absorptions characteristic of Agl, absolute
spectra of which are shown in Figure 6. C is the surface plasmon
resonance of the Ag. The irregular ‘spikes’ in the spectra near 490,
590, and 660 nm are artifacts caused by room light being reflected
into the optic fiber used to input light into the UV —vis spectrometer.
A denotes wavelength. In the inset, the change 'in the position of the
peak of maximum absorbance of the surface plasmon resonance band

(AAmax) of Ag nanoparticles is plotted as a function of time of exposure

to I,. The pressure of I, was in the order of 10 Torr for all five runs.
The nanoparticles were situated on a NaCl substrate.

exposed to L. A sampling of résults is shown in Figure 5, and
a shifting of the band to longer wavelengths (lower energy) as

the reaction with I, proceeds is obvious. As this feature of the

absorption spectrum of Agl corresponds to the onset of the
above band gap excitation, the peak positions have been
converted to units of eV to facilitate comparison with literature.
Spectra of the shorter wavelength spin orbit component of the
Agl exciton near 310 nm are shown in Figure 6 where the
position of the short wavelength spin—orbit component of the
Agl exciton is marked with dashed lines. As seen, the position
of this band was significantly different for different nanoparticle
samples and shifts much greater than those observed for the
long wavelength component (band near 430 nm) occurred. The
type of variability in peak position of the short wavelength
exciton band is illustrated in the inset of Figure 6 where the
band position is plotted as a function of the SPR peak position
of the Ag nanoparticle sample before exposure to 1. No obvious
correlation exists between exciton position and SPR peak
position. Relatively large variation of the exciton peak position,
however, is obvious.

4. Discussion

4.1. Formation of Ag@Agl. The Ag nanoparticles deposited
from the plasma source onto NaCl substrates have absorption
spectra characteristic of relatively small nanoparticles. As seen
in Figure 3, spectra have a dominant absorption between 400
and 500 nm corresponding to excitation of the surface plasimon
resonance of the Ag nanoparticles. The band shifts to longer
wavelengths with increased deposition time, as shown in Figure
3, consistent with increased coupling between the Ag nanopar-
ticles on the NaCl surface. The shift in the SPR peak position
reflects the increase in particle density on the surface. As the
number of nanoparticles on the surface increases, the average

Pedersen and Wang

W17 538
29
£
528 74 8
e
2 %
2
5
2881 - 590
butk band gap=2.8 ¢V
287 . | ) 1 . | . U 6.10
0 500 1000 1500 2000
time/s .

Figure 5. Position of the peak in the derivative spectra (band gap),
like that shown in the inset, as a function of time of exposure of Ag
nanoparticles to I, vapor. The I, partial pressure was about 1072 Torr.
The different traces correspond to different nanoparticle samples. The
effective diameter (right y axis) was calculated from the left y-axis
values using the Brus formula (see text for details). Note that this makes

the right y axis nonlinear. The inset shows first derivative of absorption -
(extinction) spectra of a sample of Ag nanoparticles; on a NaCl ~
substrate, in the region near the onset of exciton absorption (labeled B '

in Figure 4). The three derivative spectra shown were taken after
different exposure times to I the uppermost spectrum at the shortest
time and the lowermost at the longest time. The dotted line marks ‘the

peak position for the bottom spectrum. The derivative spectrum Wwas =
determined using the finite differences approach. A denotes wavelength.

interparticle spacing decreases so that the particles get close
enough to each other that there is coupling between the particles.
Such coupling is well-known to shift the surface plasmon
resonance to longer wavelengths as observed.?6=28 Ultimately,
at Jong deposition times, the SPR peak position corresponds to
that of a Ag nanoparticle encased in a matrix of Ag nanopar-
ticles. In the inset of Figure 3, the shift in SPR peak position is
shown as a function of deposition time. At the earliest times,
when the signal:noise ratio in the optical spectrum is just
sufficient that the SPR band can be seen, the SPR peak position
is ~380 nm. This value cotresponds to a minimum coupling
situation and approximates the value for truly isolated particles.
Bonding with the NaCl substrate is expected to be purely
dispersive and no chemical effect on the SPR peak position is
expected. Comparison of the 380 nm value with the data of
van Duyne?® and the theoretical results of Liebsch® indicates
that the nanoparticles initially deposited have a diameter of 17
+ 6 nm. Using optical data to size nanoparticles can be
problematic for smaller nanoparticles and does depend on
substrate effects. Accordingly, the 17 £ 6 nm should be taken
as a reasonable estimate of the nanoparticle diameter. The value
is consistent with the type of gas-phase aggregation source used,
which is designed to deliver nanoparticles between 0 and 20 nm
in diameter.

Exposure of Ag to I, is a well-established process in the
making of photographic film*!32 and is well-known to form Agl.
For the reaction

Agyy + 1, — 2Agl 2)

&n
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Figure 6. Absorption (extinction) spectra of Ag nanoparticle samples'
after exposure to [, vapor. The features near 350 and 450 nm correspond
to the two spin—orbit components characteristic of Agl. The dotted
line marks the peak position of the low wavelength component of the
exciton, for the middle spectrum, and is shown to help the eye see that
the peak position of this band is different in each spectrum. A denotes

wavelength. In the inset, the peak position of maximum absorbance of

the short wavelength component of the Agl exciton (Acxciwon) is.plotted
as a function of the peak position of maximum absorbance of the surface
plasmon resonance of the Ag nanoparticles (Amx) before exposure to
I,. Each point corresponds to a different Ag nanoparticle sample. The
Ag nanoparticles are situated on a NaCl substrate. Samples where the
short wavelength exciton was not observed are given a vatue of 300 nm,
so as to fit on the graph. ’ .

the dissociation energy of I is 62.42 + 0.08 kJ mol~!, the bond
strength of Agl is 291 kJ mol™!, and the heat of vaporization
of silver is 250.58 kJ mol~".333* The overall reaction is therefore
exothermic by 18 kJ mol™'. Furthermore, in light of the
relatively high electron affinity of I; (2.5240 £ 0.0050 eV)*
and the relatively low work function of Ag (4.26 eV for
polycrystalline Ag),* a harpoon type reaction mechanism is
feasible. Charge transfer from the Ag to the I, becomes
exothermic when.the Ag—I, distance is below ~1 nm. Accord-
ingly, one can expect a barrierless reaction path from reactants
to products to be present at relatively. large distances, and the
reaction should occur readily. Experimentally, upon exposure
of the Ag nanoparticles to partial pressures of I, in the 1077
Torr range, depletion of the silver SPR was observed within 1

min. This depletion was accompanied by growths near 325 and .

425 nm, which are characteristic absorptions of the two spin
orbit components of exciton excitation in bulk Agl or Agl
nanoparticles.!!2* The change of spectral features is illustrated
in Figure 4. These difference spectra show extensive loss
(negative absorbance) of the Ag SPR (labeled C) as well as the
growth of the low and high-energy spin orbit components of
the Agl exciton (labeled B and A, respectively).

Loss of the surface plasmon band, or more specifically a loss
of the low wavelength component and growth at longer
wavelengths, occurs whenever the refractive index of the
medium surrounding nanoparticles increases and is therefore,
by itself, not characteristic of chemical reaction. It can be caused,
for example, by physisorption of I, on the surface of the
particles. The appearance of absorption features characteristic
of Agl, however, does confirm that a chemical reaction is
occurring. Accordingly, monitoring the SPR position as a
function of reaction time gives some indication of the extent of
conversion of the Ag nanoparticies to Agl. Sample data are
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shown in the inset of Figure 4 where the position of the SPR
band of the Ag is shown as a function of the time that the
nanoparticles are exposed to I vapor. The SPR shifts smoothly
to longer wavelengths as the nanoparticles are converted from
Ag to Agl, which is most consistent with an Agl shell or islands
of Agl forming on the Ag nanoparticle surfaces. Due to the
relatively small size of these particles (17 & 6 nm), shrinkage
of the Ag core due to conversion to Agl is not expected to shift
the SPR (to lower wavelengths) significantly. The SPR peak
position is relatively size independent for nanoparticles with
diameters less than ~25 nm.’’~*! Formation of a hollow Ag
core, due to the Kirkendall effect,*? or change of the Ag core
to a more oblate shape are possibilities that we cannot rule out.
However, the SPR and exciton behaviors are consistent with
the more simpler interpretation of core—shell formation. This
is certainly the case in solution where reaction of Ag nanopar-
ticles with iodine yields Ag@Ag! structures in which the core
is stable and the overall shape of the nanoparticle does not
change significantly.*3 During reaction of the NaCl-deposited
Ag nanoparticles with I», the Agl formed cannot be leaving the
Ag nanoparticle surface as such a reaction mechanism would
not manifest a shift of the SPR to longer wavelengths. Similarly,
the appearance of the exciton absorption of Agl in the spectra
as the reaction proceeds is evidence of formation of relatively
large pieces of Agl; large enough to have a band gap (exciton)
near 430 nm. Typically quantum dots lose their band structure
when their effective diameters decrease below ~1 nm.“:‘u ‘The
band gaps observed for Agl (Figure 5) lie in the 2.875-2:910
eV range which is comparable to the band gap of 2" Agl
nanoparticle with a diameter of 5.4—6.0 nm (see below). Clearly
the spatial dimensions of the Agl formed must be at least
comparable to 5—6 nm, which is most compatible with
formation of an Agl shell about the' Ag core rather than little
islands of Agl. In this context, these results are most compatible
with Ag@Agl core—shell formation. The magnitude of the SPR
shifts, as much as 90 nm as seen in the inset of Figure 4, are
consistent with encapsulation of Ag nanoparticles in an Agl
matrix. Mie theory predicts the SPR of a 3 nm Ag particle
encapsulated in a relatively thin 0.75 nm Agl shell is shifted
almost 40 nm from the SPR of the noncapsulated Ag particle.®
Shells slightly thicker are consistent with the 90 nm shift
observed. In combination, all of these findings indicate that the
reaction of Ag nanoparticles with I, results in Agl shell
formation about a Ag core. In this context, the shift of the SPR
in Figure 4 and the shift of the Agl band gap (Figure 5) in time
reflects the effect of increasing Agl shell thickness as the
reaction proceeds. This conclusion is also compatible with the
work of the Foss group who found the Agl exciton absorption
was quenched upon contact of Agl with Au nanoparticles due
to intermixing of the Agl and Au phases.!! Accordingly, the
fact that the Agl exciton is observed in our spectra indicates an
absence of intermixing of the Agl and Ag phases, which is most
consistent with a core—shell structure.

4.2. Exciton Behavior. With exposure to I, the conversion

~ of the surface of Ag nanoparticles to Agl manifests growth of

an Agl shell from an initial thickness of near zero to a thickness
of at most ~10 nm (which would constitute 100% conversion
of the silver to silver iodide). In this regime, confinement effects
are well-known to impact the energetics of exciton excitation
in band gap materials.*3 For the Agl shell, the onset of exciton
absorption appears as a knee in the spectra observed, feature B
in Figure 4. This feature is accentuated by taking the first
derivative of the absorbance, some examples of which are shown -
in the inset of Figurc 5. By fitting Gaussian functions to the
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peak in the derivative spectrum, the peak position was deter-
mined for a series of spectra, and results are shown in Figure 5
for a number of Ag nanoparticle samples as a function of time
of exposure to I,. Differences between the various traces are

thought to reflect variability in the Ag nanoparticle-sizes-and———
—————_extent of aggregate formation due to slightly different source

and deposition conditions as well as to differences in the
roughness of the NaCl substrates on which the nanoparticles
were deposited. Despite these differences, the overall shapes
of the traces are similar. Initially, they exponentially decrease
to lower energy with increased exposure time; at longer exposure
times they asymptotically approach a constant value. Bulk Agl
can assume both wurtzite and zinc-blend structures with band
gaps of ~2.8 and ~2.4 eV, respectively #7472 The asymptote

approached in Figure S is close to the wurtzite value, although

there is up to 0.3 eV variability in the asymptote approached
for the different samples. The variance could be attributable to
differences in the final shell thickness obtained and the overall
diameter of the Ag@Agl nanoparticle. It may also reflect
difference in the crystalline structure that the Agl shell assumes,
which is likely polycrystalline to some extent.

The exponential decrease in energy is the trend expected of
a band gap material whose dimensions are systematically being
increased, which is consistent with increasing Agl shell thickness
as the Ag + I, reaction proceeds. Semiconductor band gaps

experience an analogous exponential-like decrease in band gap

as the diameter of the quantum dots is increased. To first order

the band gap of a semiconductor nanopaltlclc is given by the'

Brus fonnu]a .

R w18
. E."ari'fi:Ehu'k omrd  2meed |

where Enm is the band gap of the nanopamcle Ebuu\ is the band o

gap of the'bulk semiconductor, 4 is Planck’s constant, m* is
the reduced mass of the exciton, d is the diameter of the
nanoparticle, e is the charge on an electron, € is the dielectric
constant of the semiconductor, and € is the vacuum permittivity.
For Agl, appropriate values of the material-specific parameters
are m* = 0.185 and ¢ = 5.6.%° Substitution of these values into

eq 3 allows the effective diameter (d) of the Agl generated in
the Ag nanoparticle—I; reaction to be determined by substituting

band gap values, taken from Figure 5, for Eqano. The results are
illustrated in Figure 5 where the right y axis is labeled with the
effective diameter calculated for the corresponding value shown
on the left y axis (note that this makes the right axis nonlinear).
Interestingly, even at early reaction times where the Agl shell
thickness is relatively thin, the band gap observed for the
Ag@Agl particles corresponds to that of a solid Agl nanoparticle
with a diameter of between 5 and 6 nm. That is, the Agl shell
behaves as if it had a diameter, its effective diameter, of 5—
6 nm. Given that the excitons generated in the Agl shell are
free to travel over the entire surface of the nanoparticle, the
effective diameter should be close to that of the original Ag
nanoparticle (estimated to be 17 + 6 nm). The difference
between the effective diameter and the actual particle diameter
may be attributed to confinement (due to the fact that the Agl
appears as a shell as opposed to a solid Agl particle) and/or to
effects of the Ag core on the Agl shell. There is also some
error in the 17 £ 6 estimated particle size that may account for
some of the difference. However, in light of the relatively large
difference between 5 and 6 nm and 17 & 6 nm values of the
effective and actual particle diameters, it is very likely that
confinement within the shell and the influence of the Ag core
do play a role in determining the band gap measured. Accord-
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ingly, systematically varying these parameters (shell thickness
and core material or size) over a larger range should afford an
opportunity to tune the band gap of the Agl shell over a
relatively large range.

The second spin—orbit component of the Agl exciton appears
near 330 nm in the spectra of Ag@Agl nanoparticles (feature
A in Figure 4). In contrast to the long wavelength component
of the exciton, which was always observed at 429 + 3 nm, the
short wavelength band varied widely in position, from 312 to
355 nm, for the different samples. The difference in behavior
of the two bands is illustrated in Figure 6. As seen, the long
wavelength component of the exciton absorption occurs near
425 nm for all three samples shown, but the component near
350 nm is seen to vary by more than 10 nm. Similar behavior
has been observed when the temperature of single-crystal Agl
samples is varied; the long wavelength feature shows little
temperature dependence, while the short wavelength component
changes significantly.?* The height of the short wavelength
component, relative to the long one, also varies more signifi-
cantly, at times becoming larger than the long wavelength
component. Similar spectra can be found in the literature for
nanoscale Agl.*® In short, the two bands behave differently. The
sensitivity of the short wavelength component to changes in
environmental conditions, such as temperature, nanoparticle
diameter, extent of nanoparticle aggregation, and the nature of
the substrate, most likely indicates that the wavefunction
associated with the hole generated upon creation of the exciton
is poorly shielded from the Agl surface. As the two spin orbit
componénts of the exciton have different symmetries, it.is

reasonable to assume that the spatial extent of one, and the extent
that it interacts with the Agl surface, is greater than the extent

that the other interacts with the surface. In the inset of Figure
6, the pdsition of the short wavelength component of the exciton

"is plotted as a function of the position of the SPR in the
“unreacted sample. Interestlngly, for samples where the SPR’

position was less than ~450 nm, no exciton could be observed.
This is most likely because the nanoparticle density is quite
low for these samples and the spectrometer does not have the
sensitivity to detect the small amount of Agl produced. SPR
positions less than 450 nm are approaching those of the isolated
nanoparticle (see above), which indicates minimal coupling and
a low nanoparticle density on the surface: Regardless, for the
excitons that were observed, there is no real trend in the data
suggesting a correlation between exciton peak position and the
extent of nanoparticle coupling. The exciton position is seen to
vary by over 40 nm for the different samples. Such variability
in Agl peak position far exceeds that observed in single-crystal
studies. In light of the nanometer dimensions of the Agl shell
in the Ag@Ag]l particles, most of the constituent Agl molecules
reside at or near the inner or outer surfaces of the Agl shell.
Accordingly, surface effects are greatly accentuated and vari-
ability in the exciton peak position much higher than that
observed in bulk Agl is not surprising.

S. Summary

Ag nanoparticles, with diameters estimated to be 17 + 6 nm,
were observed to react readily with I to produce Agl. Above
band gap excitation of the Agl component was readily observ-
able in the UV—vis spectra. The band gap of the Agl, as judged
by the onset of absorption in the spectra, was found to shift
smoothly to longer wavelength as the reaction with I proceeded.
So too did the SPR band associated with the Ag. These results
are most consistent with the formation of Ag@Agl core—shell
nanoparticles during the reaction. To our knowledge, these are
the first spectra where the band gap of a semiconductor shell
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on a metal nanoparticle core has been observed and seen to be
tunable by varying shell thickness. Shell thickness can be varied
by controlling the duration of the exposure of the Ag nanopar-
ticles to iodine. The band gap observed for the Ag@Agl
nanoparticles is comparable to that expected of a solid Agl
nanoparticle with a diameter of ~5—6 nm, as estimated using
the Brus formula. The difference between this 56 nm effective
diameter and the estimated diameter of the particle (17 & 6 nm)
may be attributable to confinement.effects associated with the
finite thickness of the Agl shell and/or effects of the Ag core
on the Agl shell. Accordingly, varying these parameters over a
larger range than explored in this work should afford an
opportunity to vary the band gap of the Agl component over a
larger range.

Both spin orbit components of the Agl exciton were evident
in the UV—vis spectra. The two components behaved very
differently. The longer wavelength component shifted modestly
with change in the duration of exposure to I, but always
appeared at 429 £ 3 nm. In contrast, the shorter wavelength
exciton appeared anywhere from 312 to 355 nm for the various
samples. The much higher range of wavelengths of the latter
suggests that the wavefunction associated with this exciton is
poorly shielded from the Agl surface. The range of wavelengths
at which this exciton appeared is also much broader than that
observed in Agl bulk crystals. The fact that for the Agl shell,
and for nanoparticles in general, a large fraction of the
constituent Agl molecules reside at or near the inner or outer
surface of the shell translates into surface interactions more
pronounced than in the bulk crystal medium. The enhanced
surface interaction expected in the nanoparticles coupled with
the broad range of wavelengths at which the exciton is observed

. strongly support the notion that this exciton is poorly shielded

from the nanoparticle surface.. The longer wavelength exciton
behaves differently and does not appear to be affected much
By such surface effects and therefore seems to be a much more
localized electron—hole pair.
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