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for the Development of Nanobalances

Benoit Dacosta Fernandes,” Miguel Spuch-Calvar,* Hatim Baida,” Mona Tréguer-Delapierre,* Jean Oberlé,

Pierre Langot,” and Julien Burgin™*

t

TUniv. Bordeaux, LOMA, UMR 5798, F-33400 Talence, France and *CNRS, Univ. Bordeaux, ICMCB, UPR 9048, F-33600 Pessac, France

ABSTRACT We investigated the acoustic vibrations of gold nanobipyramids and
bimetallic gold silver core shell bipyramids, synthesized by wet chemistry

techniques, using a high-sensitivity pump probe femtosecond setup. Three modes
were observed and characterized in the gold core particles for lengths varying from
49 to 170 nm and diameters varying from 20 to 40 nm. The two strongest modes
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a weak mode has been associated with the fundamental radial mode, in very good agreement with numerical simulations. We then derived linear laws

linking the periods to the dimensions both experimentally and numerically. To go further, we investigated the evolution of these modes under silver

deposition on gold core bipyramids. We studied the evolution of the periods of the extensional modes, which were found to be in good qualitative

agreement with numerical simulations. Moreover, we observed a strong enhancement of the radial mode amplitude when silver is deposited: we are

typically sensitive to the deposition of 40 attograms of silver per gold core particle. This opens up possible applications in the field of mass sensing, where

metallic nanobalances have an important role to play, taking advantage of their robustness and versatility.

KEYWORDS: gold nanoparticles - core shell nanoparticles - time resolved spectroscopy - acoustic vibrations - nanosensors

Acoustic vibrations of nanometric sys-tems
have been extensively studied in the recent
years, focusing on semiconducting,' >
metallic,’~"® and hybrid nanoparticles.?®*'
These studies addressed different kinds of
high-interest  nanomaterials  such  as
nanotubes,® quantum dots,"? nano-wires,*
and noble metal nanoparticles.’> ' Due to
tremendous progress in metallic colloidal
chemistry synthesis,”>** a wide vari-ety of
shapes  have  been investigated:
spheres,>®'3'8 rods,'"'? prisms and
triangles,”'%">'® dimers,” cubes,’® and
bipyramids.” These measurements were
performed both on ensembles of particles
and more recently on single particles.*'>~"'>"”
These vibrations have been investigated by
different
scattering
cond spectroscopy principally.
tallic systems represent a large part of such

optical techniques: Raman

268 and time-resolved femtose-
13-57-21 p1a

studies since they present a very specific
feature in their optical properties, the sur-
face plasmon resonance (SPR), which is very

sensitive to the size, shape, and environment
of the particles and is directly involved in the
detection of particle vibrations. The compre-
hension of these vibrations is of major interest
in the nanoscience field since they address
both fundamental and applied issues. They
play an important role in the energy transfer
from a nanosystem to its environment, and
the study of the damping mechanism re-
mains a hot topic.”'*~">"7 Moreover, the
high-frequency range addressed by this kind
of nanosystem (10 100 GHz) is of major
interest for applications in the nanobalance
domain.?'* In this framework, hybrid nano-
objects formed by two or more material
components of different nature offer a wide
range of possibilities for the development of
novel nanosystems. Indeed, it is now possible
to envisage the control and tuning of their
individual properties and get new functional-
ities that can fit specific needs. In this context,
many metallic systems investigated pre-
sented interesting behavior in ensemble mea-
surements but revealed a great reduction of

* Address correspondence to
julien.burgin@u bordeaux.fr.



vibration damping due to the removal of inhomoge-
neous size effects when investigated at the single-
particle level.'"'> Meanwhile, the gold bipyramid has
proven to be a very interesting system because it has a
very narrow size distribution and allows ensemble mea-
surements with low damping rates, opening up many
possibilities in terms of practical applications.”*>® These
nanosystems are also promising because they present
a very easily tunable SPR in the infrared adapted to
biosensing applications,”” and their sharp apex is ex-
pected to generate great local field enhancement.®®

We present here a comprehensive study on coher-
ent vibrations of core gold bipyramids in water and
gold silver core shell bipyramids based on studied
core samples. We addressed extensional and radial
vibrations as a function of the size of the particles, and
we also present a study of the evolution of the mode
amplitude under silver deposition for core shell bipyr-
amids. Our results are also confronted with finite-ele-
ment analysis calculations.

RESULTS AND DISCUSSION

Figure 1a shows the extinction spectra of a gold core
sample and three gold silver core shell samples. The
core spectrum presents two surface plasmon reso-
nances, one centered near 800 nm corresponding to
the longitudinal resonance of gold bipyramids and
another, near 515 nm, corresponding to SPR of gold
spheroids, a coproduct of the synthesis.>’?° As ex-
pected, the deposition of silver onto the gold core
bipyramids induces a blue shift of both resonances 3%
Figure 1bis a TEM image of gold core bipyramids where
we clearly see their anisotropic shape, which one can
simply model by a bicone or a bicone with a rounded
tip with a typical curvature radius of 5 nm. Figure 1cis a
TEM image of silver gold core shell bipyramids where
an significant quantity of silver has been deposited
(corresponding to 1 mL in our protocol). We clearly
see that the silver envelope presents a kind of ellipsoidal
or cylindrical shape. These nanostructures have been
studied with 3D TEM, and it has been shown that the
silver thickness is not constant and varies between 0 and
6 nm typically' This is why we prefer to consider the
injected silver quantities in milliliters rather than geo-
metric arguments. In our numerical simulations, accord-
ing to the measured 3D shapes,®' we decided to model
the core shell bipyramids by a bicone surrounded by a
shell defined by a parametric function yielding inter-
mediate shapes between a bicone (y = 0) and an
ellipsoid (y = 2) (see Figure 1d and eq 2).

Time-resolved experiments are performed on sev-
eral samples of gold core bipyramids with different
lengths and diameters measured from TEM micro-
scopy. We use a degenerate configuration with the
same pump and probe wavelength. The wavelength is
chosen in the vicinity of the bipyramids' SPRin order to
be sensitive to their acoustic vibrations. Indeed, the
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Figure 1. (a) Extinction spectra of Au core bipyramids (black
line) and Au@Ag core shell bipyramids for different silver
addition (increasing silver quantity: red, green, blue). (b)
TEM image of Au core bipyramids. (c) TEM image of Au@Ag
core shell bipyramids. (d) Transverse geometry of the
particles used for finite element analysis in 2D axisymme
try. From left to right: Core bicone with a rounded tip
(curvature radius r); core bicone (with r = 0 nm) surrounded
by a shell with the shape parameter y = 1.5 and 2 (eq 2). The
longitudinal and lateral offset of the shell are e, and e,.

ultrashort pump pulse induces a thermal expansion
that launches acoustic vibrations, and the delayed
probe pulse probes these vibrations that affect the
SPR.> Figure 2 shows a typical signal obtained in gold
core bipyramids (reference core sample): during the first
picoseconds, we observe the electronic response and
energy transfer to the lattice,>® while for longer probe
delay we clearly see strong oscillations that correspond to
radial and extensional vibrations. To extract the charac-
teristics of the different vibration modes, we perform
numerical fits using the following equation:

2
ft) = ZA,-e’r/“ cos (%t#—(p,) +Be s (1)
i i

where A;, T, 7;, and ¢, correspond to the amplitude,
period, damping time, and phase of the mode i, and B
and 74 correspond to the amplitude and characteristic
time of the background signal related to energy trans-
fer to the medium.®® The red line in Figure 2 corre-
sponds to a fit using two modes. The principal one,
with a period measured at T, = 53.8 ps, has already
been observed and associated with the fundamental
extensional mode of the bipyramids;’ the second one,
with a period around T; = 25.5 ps, is observed for the
first time in bipyramids: we associated it with the first-
harmonic extensional mode. This mode is quite weak
but present in our experimental data and has to be
considered in order to get a good fit. The first-harmonic
mode observed here is weak in nanorods but has
already been observed in nanoprisms.'> These two
measured periods are in very good agreement with
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Figure 2. Time dependence of the relative transmission
changes (AT/T) measured in an ensemble of gold core
bipyramids with a average length of 78 nm and diameter of
28 nm (black line and circles) and numerical fit with the sum of
two exponential decayed sinusoids (red line). Inset: Residual
oscillating component from subtraction of the two modes fit
to the data. These oscillations are due to radial vibrations.

numerical calculation: the fundamental mode period is
found to be 53.4 ps, and its first-harmonic 26.1 ps.
These calculations are done with finite-element anal-
ysis software (COMSOL) in 2D axisymmetry using the
elastic constants of bulk polycrystalline gold (Young's
modulus E = 78.5 GPa, Poisson's ratio v = 0.42, and
density p = 19 300 kg m™3). We used polycrystalline
elastic constants since they are very close to the ones
associated with the longitudinal axis [110] of the
particles.'""'?3! To study the validity and robustness
of this approach, we performed several measurements
with different particle lengths (from 49 to 170 nm) and
diameters (from 20 to 40 nm) to study the evolution of
these high-frequency modes. Taking advantage of the
tunability of the laser source, we adapted the probe
according to the position of the surface plasmon
resonance wavelength for every sample. We report
the measured periods for both the fundamental and
first-harmonic period in Figure 3. The measured peri-
ods are found to be linearly dependent with their
length, as measured in nanorods.'""'*3* To associate
the measured periods with these modes, we perform
several numerical calculations varying the length of
particles. We first verify that the measured periods are
consistent with the dimension and the shape of the
nano-objects, calculating the periods for a cylinder and
a bicone. These results are shown in Figure 3 (dotted
and dashed lines) and border our measurements for
both modes. This was expected since the elongated
particles represented in Figure 1d have an intermedi-
ate shape between a cylinder (infinite tip curvature
radius) and a bicone (zero tip curvature radius). To
analyze our data, we calculate the periods as a function
of the length of an average bipyramidal particle corre-
sponding to our samples (considering the bipyramids
as bicones with a diameter D = 40 nm and a rounded
tip with a curvature radius r = 6 nm). The results
are in very good agreement, even for extreme sizes.
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Figure 3. Periods of the vibrational modes measured for
several different samples of gold core bipyramids as a function
of their length. The circles correspond to the fundamental
longitudinal mode (Ty), squares correspond to the first long
itudinal mode harmonic (T;), and triangles to the fundamental
radial mode (T,,4). The full lines correspond to computed
periods for a realistic bipyramidal shape (diameter D =
40 nm and a tip curvature radius r = 6 nm); the dotted and
dashed lines correspond to computed periods for a biconical
shape (D = 40 nm) and a cylinder (D = 40 nm), respectively
(black lines correspond to Ty and red lines to T;). The crossed
circles correspond to numerical simulation using dimensions
extracted from TEM analysis for each sample.

From this numerical analysis, we can derive qualitative
linear laws between the period and length for each
shape: T = Ospapel. For the fundamental mode, the
values are Olipy, = 0.64 ps/nm for bipyramids, Qpicone =
049 ps/nm for bicones, and oq = 0.99 ps/nm for
cylinders. For the latter, both analytical calculations and
numerical simulations predict this result>* For specific
shapes such as bicones and bipyramids, finite-element
solutions are a simple way to get the size dependence of
the periods. To go further, we perform realistic simula-
tions for every sample, designing them with dimensions
extracted from TEM analysis. These calculations are
represented by crossed circles and are in very good
agreement with experimental data. This fine analysis
associating time-resolved experiments and finite-element
analysis is the first one dealing with both fundamental
and first-harmonic mode and their size dependence.
We also investigated the damping time of the
fundamental mode. Since our measurements are per-
formed on a large collection of particles, the measured
damping time 7; with eq 1 includes an inhomogeneous
contribution due to the size distribution of the studied
samples. To get rid of this problem and extract the
intrinsic damping time 7, we perform a numerical
analysis already presented in previous studies for
samples with a narrow size distribution, which is
possible in this study since standard deviations are
smaller than 5% (see Supporting Information).>> We
thus measure the quality factor of the fundamental
mode Q = 7(t/T). We found that it is independent of
the length of the bipyramids, and its average value is
Q = 18 =+ 4. This result confirms previous measure-
ments for the same particles of one particular length® and



is in good agreement with measurements performed on
single gold nanosystems where they measured quality
factors in water around 26 in gold nanowires* and 28
in nanorods.'? These small differences probably come
from surface internal defects in bipyramids that may be
more important due to their complex crystallographic
structure®' These relatively high quality factors offer
large possibilities in the field of nanosensors and nano-
balances for metallic nanostructures since their vibration
frequencies are in the ultrahigh frequency range.

A better look at the data in Figure 2 reveals that the
two-mode fit does not mimic the signal perfectly for
delays around 20 ps. This kind of phenomenon is
observed when short period modes are present. These
modes are generally associated with the vibration
along the shortest dimensions of the particle. They have
already been observed in nanoprisms,'® nanocolumns,®
and nanorods.'? To understand this feature, we can
consider the residual signal originating from the differ-
ence between the experimental data and a two-mode fit
using eq 1. The results are shown in the inset of Figure 2.
We clearly see residual oscillations. However, to estimate
accurately the vibrational period, we perform a fit on the
whole data set using three modes (eq 1). The period of
the weakest mode is found to be 10.1 ps. Finite element
analysis allows us to associate it with the fundamental
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Figure 4. Periods of the radial mode measured for several
gold core bipyramids as a function of their diameter. The
dotted and dashed lines correspond to computed periods
for a biconical particle (aspect ratio L/D = 3) and a cylinder
(L/D = 3), respectively. The crossed circles correspond to
numerical simulation using dimensions extracted from TEM
analysis for each sample.

radial mode of the bipyramids. The calculated period
(9.8 ps) is in good agreement with the experimental
value. This vibrational mode is strong and easily obser-
vable in nanorods since the radial and longitudinal
vibrations are well decoupled.’3* This is not the case
for bipyramids, where this mode is weak but observable
in our setup, as we can see it in the inset of Figure 2.
Figure 4 summarizes the evolution of its period as a
function of the bipyramid diameter. We find a linear
dependence with the diameter. This result is expected
because this behavior is observed and predicted in
nanorods modeled as cylinders.'>** To realize a quanti-
tative analysis of this set of data, we perform finite-
element analysis analogous to the previous one con-
cerning extensional modes. We compute the period of
the first radial mode in cylinders (dashed line in Figure 4)
and in bicones (dotted line in Figure 4). From this
numerical analysis, we can then derive qualitative linear
laws between period and length for each shape: T,.q =
BshapeD. The values are found to be Byicone = 0.31 ps/nm
for bicone and S, = 042 ps/nm for cylinders for an
aspect ratio L/D fixed at 3. We also perform calculations
for more realistic shapes, bicones with a rounded tip
(Figure 1d), and the results are found to be intermediate
between bicone and cylinder. We find a good agreement
with our experimental data. For the sake of simplicity, we
use only one mode to fit the radial vibrations, but finer
experiments (on single particles, for example) could
reveal more complex vibrational features in these parti-
cles. Indeed, it should be interesting to investigate the
potential presence of hybridized radial modes that can
exist in systems with complex transverse symmetry. Note
that hybridized modes have been observed in single
suspended gold nanowires* We also verified that the
use of bulk polycrystalline elastic constants do not affect
the accuracy of our calculations. Indeed, with an average
speed of sound for the transversal directions of the bi-
pyramids ([100] and [110]) the computed periods are
slightly modified (around 4%).

Another aspect of our investigations deals with the
modes' amplitudes. We take care to perform these
experiments on the red side of the SPR (at its inflection
point), where the amplitudes of radial and extensional
modes are locally independent of the probe wave-
length.'? The amplitude ratios are merely constant for
the whole batch of gold bipyramids. Fitting the data

TABLE 1. Mode Amplitude Ratios Measured on Core and Core Shell Particles and Ratio Normalized over the Ratio

Measured in the Core Particle”

A1M0 Arad/Ao Arad/A1
core 0.25 £ 0.03 0.094 £ 0.015 0.37 £ 0.06
(Sa 0.21 £ 0.03 0.12 £ 0.02 0.59 £ 0.08
Sb 0.054 = 0.006 0.18 £ 0.02 337 £ 047
CSc 0.039 £ 0.006 0.29 £ 0.03 74£12

“The amplitude values are extracted from fits using eq 1.

(Ao /A1) (Arad /Ao) (Arad /A1)
(Ao /A7) (Arad /A0)*" (Araa /A1)
1 1 1
12£02 13£04 16£05
4610 19£05 9.1£27
6416 31408 06



TABLE 2. Ratio of the Excitation Amplitudes of Several Modes for Core Bicone (a), Pentagonal Bipyramid (b), and Three
Core Shell Particles Based on the Pentagonal Core with the Shells Made with an Ellipsoid (c), with the y Parameterized
Shape Using y = 3 (d), or with a Rounded Cylindrical Shape (e)?

Particle shape Ay /A (Ag/A)"S Arad/Ao (Araa/A0)™S
(Ag/Aq)core (Araa/Ao)ere

@ 0.188 0.668 X

(b) 0.186 0.342 1

Y“j,:\\ i ";

© 0.181 1.04 0.838 245

(d) 0.115 1.62 0.646 1.89

S?

© 0.066 0.613 1.79

“The core dimensions are L = 78 nm and D = 28 nm, and the shell is 79 nm long (e; = 0.5 nm) and 34 nm wide (e, = 3 nm).

with a three-mode function allows us to find A;/Aq ~
0.25, Aaa/Ag & 0.094, and A,,q/A; ~ 037 (Table 1). We
observe a strong domination of the vibrational response
by the fundamental mode. This result is to be compared
with the vibrations measured in nanorods where the
radial vibrations are strong and present nearly the same
amplitude as extensional vibrations'? (for a probe wa-
velength on the red side of the SPR) and where the first
harmonic is very difficult to observe. These differences
are due to the shape of the particles. The expected
amplitudes are difficult to predict, even for simple
geometries, because both excitation mechanism and
detection process in the vicinity of the SPR have to be
modeled precisely.® Meanwhile, we can compute the
excitation amplitudes for several core particle shapes in
3D geometry (see Supporting Information). We find that
for 3D rounded tip bicones and for 3D pentagonal
rounded bipyramids, A;/A; ~ 0.19, which is in fair
agreement with the measured values (Table 2). For the
radial mode, we found A,.4/Ao =~ 0.67 and 0.34 for a
bicone and a bipyramid, respectively, values larger than
the measured one (~0.1). First, note here that the more
realistic pentagonal section has a strong effect on
the radial mode amplitude, a reduction by a factor 2.
Since the section of the particle plays an important role,
we can wonder if a finer description taking into account
the twisted shape of the bipyramids and/or its complex
transverse profile could explain this discrepancy.®'?’
Single-particle measurement would be necessary to
address these points. Second, we must keep in mind
that these calculations do not take into account the

AT/T (norm.)
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Figure 5. Time dependence of the relative transmission
changes (AT/T) measured in Au core bipyramids with a
length of 78 nm and a diameter of 28 nm (black line) and
Au@Ag core shell nanoparticles (sample CSa, red line;
sample CSb, green line; sample CSc, blue line). For more
clarity, the three colored curves are arbitrary shifted.

detection efficiency. This effect can be estimated for
spherical particles***® and has been found to be quite
important and dependent on the displacement field of
the considered mode (see Supporting Information).>®
Since the radial and extensional modes have very
different displacement fields, we can reasonably associ-
ate this discrepancy with the detection efficiency. Final-
ly, the calculation of the excitation amplitudes in a
rounded cylinder mimicking nanorods shows that the
harmonic mode is weakly excited (A,/A, ~ 0.006), while
the radial mode is strongly excited (A,.q/Ao ~ 0.68),
which is in good agreement with measurements
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Figure 6. Measured vibrational periods for Au@Ag core
shell samples, normalized on the measured period for Au
core particles as a function of quantity of silver added
during the synthesis (fundamental mode (a), first harmonic
(b)). The three samples CSa, CSb, and CSc are represented in
red, green, and blue, respectively. The black symbols corre
spond to other core shell samples based on different
cores. (c) Computed periods for a biconical core shell
particle as a function of the shape parameter y from eq 2
(black line, fundamental mode Ty; red line, first harmonic T;).
The periods are normalized over the core periods, corre
sponding to y = 0. The computed periods are superimposed
with experimental data on (a) and (b) using the following
calibration with an equivalent volume V., = (y  1)/0.6.

obtained by Zijlstra et al. (see Supporting Information).'?
We clearly see here that the initial condition (isotropic
dilatation) has a bigger projection over the first-harmo-
nic mode for a bipyramidal shape than a cylindrical one.

After studying the vibrations of gold core bipyra-
mids, we focused on the evolution of the vibrational
modes under silver deposition. Similar experiments are
performed on Au@Ag core shell bipyramids synthe-
sized from different gold core bipyramid samples
already studied. Figure 5 shows the measured AT/T
signals on the reference gold core sample (L = 78 nm,
D = 28 nm) and three core shells based on it. The
core shell CSa, CSb, and CSc samples correspond to
an injection of 0.25, 0.5, and 1 mL of 1 mM AgNO;
solution, respectively.

After a similar fast transient signal we observe
pronounced vibrations for every sample and a phase
shift between them for longer delays (r phase shift for
CSc at 350 ps), proving that the periods are affected by
silver deposition. Moreover, for a probe delay between
25 and 75 ps, we see that short period vibrations are

strongly modified, principally their amplitude. These
short period vibrations, which have been associated
with the radial mode, are then significantly excited
when the silver quantity deposited increases. First, we
monitor the evolution of the vibrational periods under
silver deposition, performing experiments with several
silver quantities deposited on several gold core bipyramid
samples. The results obtained on CSa, CSb, CSc, and
core shell samples based on different gold cores are
summarized in Figure 6, where the periods of the funda-
mental mode and its first harmonic (normalized over the
measured period of the corresponding core sample) are
plotted as a function of the silver quantity injected during
the synthesis. We observe a rich behavior for both modes.
For small amounts of deposited silver, T, decreases rapidly
down to 5% of the core period and then finally increases
for large amounts of silver, up to 10%. For small amounts
of silver deposited, T; gently decreases down to 8% and
then begins a slight rise for larger silver deposition. This
asymmetric behavior can originate from the specific silver
deposition that occurs here preferentially on the lateral
facets with a small amount of silver on the tip. By the way,
the average aspect ratio of the particles barely decreases
while silver mass is deposited onto them and since the two
modes do not have the same lateral and longitudinal
displacements; their periods are affected differently by
silver deposition. To interpret these observations, we per-
form finite-element analysis of the mechanical vibrations
with biconical core shell particles sketched in Figure 1d.
Taking account of the shape extracted from 3D TEM
analysis of this kind of object’’ and in order to get a
scalable and simple shape factor mimicking the silver
quantity deposited, we design the shell as follows. The
simulations are performed in the axisymmetrical config-
uration, where a 2D drawing is sufficient for the calcula-
tion. Here, the core is designed with two triangles,
yielding a simple bicone, while the shell is delimited by
a radius p depending on the altitude z varying between
L/2 and L/2:

v\ /v

D
pla) = e+ 1 — V)

—t+e
2+1

where e, and e, are longitudinal and radial offsets,
respectively (Figure 1d), and y is a shape parameter
varying between extreme values 1 and 2. The value
y = 1 generates a bicone slightly bigger than the core
(assuming e; > 0 and e, > 0), corresponding to a slight
silver deposition. The value y = 2 creates an elliptical shell
shape surrounding the core, corresponding to a substan-
tial silver deposition. We use typical values measured in
TEM for e; and e; (¢, = 0.5 nm and e; = 1 nm) and
L =100 nm and D = 30 nm for the core bipyramids to
calculate the evolution of the periods To™ and T, as a
function of y. In Figure 6¢, we observe that for 1<y <1.15
the ratio To™/T,“ is inferior to 1 and then increases



linearly for y > 1.2 up to the value 1.15 for y = 2.
Qualitatively, this non-monotonic behavior is in good
agreement with the measured periods. The calculated
behavior is intermediate to the one calculated for pure Au
or Ag using the same parametrized shape (see Support-
ing Information). Concerning the first-harmonic mode,
the ratio T;/T,“*"® is found to be less than 1 and
decreases for 1 < y < 1.2, increases for y > 1.2, and
becomes greater than 1 if y > 1.7. This behavior is partially
observed in our experimental data. Experimentally, the
ratio T,“/T;“° is less than 1 for low silver deposition and
presents a slight increase for substantial silver deposition.
We have not been able to observe the T;%/T;“" > 1
regime because of the low stability of highly silvered
samples. By the way, according to these observations we
can assume that our measurements on samples with the
largest amount of silver correspond roughly to y ~ 1.6 in
the framework of these 2D simulations. Both the absolute
increase in To"/Ty™ up to 1.1 and the increase of
T,°/T;°°" near 1 for the highly silvered sample lead us to
this assertion. Even if these calculations were not performed
with a realistic rounded tip bicone for the core particle
(in order to address the 1 < y < 2 range), we super-
imposed them with our experimental data (Figure 6a
and b). To do so, we calibrated the abscissa axis by
defining an equivalent volume V4(y) = (y  1)/0.6.
Consequently, y = 1 corresponds to an equivalent volume
Veq=0mLandy = 1.6 corresponds to a volume Veq=1mL.
The results are in good qualitative agreement, but one
would need a better correspondence between the real
and computed shape to make quantitative conclusions. To
go further, the influence of e; and e, could be investigated
because their effect on the calculated periods is quite
important, particularly for low silver quantities where T,%/
To™" < 1. Amore quantitative analysis of these core shell
nanostructures would necessitate measurements on sin-
gle particles associated with exact 3D TEM characterization
coupled with finite-element analysis simulations.

We now focus on another aspect induced by silver
deposition onto these gold bipyramids: the evolution
of the modes' amplitudes. The most important effect,
previously mentioned, is the important increase of the
radial mode amplitude under silver deposition. We
measure the amplitudes of each mode in core shell
samples and calculate the ratios A.g/Ao, A1/Ao, and
Arad/Aq. To monitor their evolution under silver deposi-
tion, we normalize them over the ratio measured in the
corresponding gold core sample. The results are pre-
sented in Table 1, and a part of them are shown in
Figure 7 for our reference sample set made of three
core shell samples CSa, CSb, and CSc. First, we ob-
serve that the ratio Ag/A; increases with silver deposi-
tion, up to a factor of 6.4. This is due to a strong
quenching of A;, the harmonic mode amplitude. At
the same time, we observe an increase of A,,q over
both Agand A,. For sample CSc, the ratio A,,4/A; of 20 is
due to both an increase of A,.q and quenching of A;.

[ —=— AJA
Arad/AO
g 10 - —— Arad/A1
] C
(v L
o X
o
g L
‘s
IS
<

core CSa CSb CSc
Sample

Figure 7. Amplitude ratios measured on core shell parti
cles, normalized over the ratio measured in the core parti
cle. The amplitude values are extracted from fits using eq 1.
The circles correspond to A,,4/A,, triangles correspond to
Arad/Ao, and squares correspond to Ag/A;.

We also notice the large increase of the ratio A,.4/Ao Up
to 3.1 in sample CSc, clearly showing that the radial
mode is more excited in core shell than in core
particles. To understand this behavior, we perform
numerical calculation of the excited amplitude for
core shell particles of several geometrical shapes. As
previously discussed, the transverse shape has an
important impact on the amplitudes; we thus calculate
them for core particles with a pentagonal symmetry
and a rounded tip (length L = 78 nm, diameter
D =28 nm, and tip radius r = 5 nm), to approximate as
best as we can the particle shape. The results are presented
in Table 2. With an ellipsoidal silver shell, we find an
increase of 1.04 and 2.45 for Ag/A; and A,.4/Ao, respec-
tively. Using this geometry, our calculation predicts the
increase of the radial mode correctly but predicts less
accurately the quenching of the first-harmonic mode.
To go further, we can implement the already used
parametrization p(z) (eq 2) in three dimensions using
y = 3 in order to design a more rounded shell. We
obtain a stronger quenching of the first harmonic
(factor 1.62) but a slighter increase of the radial mode
(factor 1.89). Meanwhile, the calculated excitation am-
plitudes using this shape reproduce the trend ob-
served experimentally. Finally, we can also calculate
the amplitudes using a cylindrical shape ended by two
spheres. This extreme shape yields an important
quenching of the first-harmonic mode, by a factor of
2.8. Note here that the value A;/Ay = 0.066 is thus very
close to the one calculated in a pure gold rounded
cylinder (0.058). This confirms the experimental ob-
servations on core bipyramids, nanorods,'? and core -
shell bipyramids; the transformation of a bipyramid
into a more cylindrical shape induces a quenching of
the first-harmonic mode. Meanwhile, even if we do not
predict exactly the ratios' evolution, their absolute
values are close (the measured value of A;/A, =~ 0.04
is comparable to the calculated value 0.066). Concerning
the radial mode, the rounded cylindrical shell yields an



enhancement factor of 1.8, which is in fair agreement with
experimental values. As previously mentioned, we think
that the detection efficiency depends strongly on the
particle shape and is responsible for the deviations ob-
served between experiments and simulations (see Sup-
porting Information). For the radial mode, these calcula-
tions underestimate the experimental enhancement: we
can thus suppose that the radial mode detection efficiency
increases as far as silver is deposited, and the particle looks
cylindrical. This could be also the case in nanorods, where
Ad/Ao = 1 in experiments,'® whereas A,,q/A; =~ 068 in
simulations (see Supporting Information). For the first-
harmonic mode, these simulations underestimate the
experimental quenching, which suggests that the detec-
tion efficiency of this mode is not constant and drops as far
as silver is deposited.

Then, monitoring the evolution of amplitudes yields
information on mass deposition. By the way, the
evolution of (Aq/Ag) " *"/(A,.a/A))"® from 1 to
1.3, 1.9, and 3.1 in this experiment can be related to
an approximate mass deposition of 40, 80, and 160
attograms per particle, respectively. This sensitivity is
not the best one can get for mass sensing,>® but these
nanosystems present interesting properties: local sen-
sing at the nanometric scale, versatility in solid-state
deposition sensing, and fluid environment capabilities.
Moreover, since both periods and amplitudes are
sensitive to mass deposition on the facets, one can
imagine a cross-checking procedure based on several
parameters (relative amplitudes and periods of three
modes) that are very sensitive to the mass deposition
and their localization, in order to get rid of experi-
mental artifacts based on a single frequency measure-
ment. These results give a new perspective for metallic
mass sensing systems and nanobalances for solid-state
materials. The extension of this study to protein sen-
sing will probably face two issues. First, if we roughly
consider that mass is the relevant parameter, the
detection limit of 40 ag corresponds to 80 proteins of
300 kDa, which is far from the single-protein detection

METHODS

The elongated bipyramidal nanoparticles are synthesized
using a seed mediated technique in water.?? Gold seed nano
spheres are first prepared by adding 0.3 mL of a fresh 10 mM
NaBH, solution to 20 mL of a 0.125 mM HAuCl, and 0.25 mM
sodium citrate solution under fast stirring. Seed solution is aged
at least 5 h before use to allow total decomposition of NaBH,.
Gold core nanoparticles are synthesized by injection of a small
volume (between 15 and 80 ul) of seed solution to a growth
solution prepared as follows. A 0.5 mL amount of 10 mM HAuCl,
is added to 10 mL of a 0.1 M CTAB solution followed by the
addition of 0.2 mL of 1 M HCl and finalized by the addition of
0.08 mL of 0.1 ML ascorbic acid. The growth is performed under
gentle stirring at 35 °C for 2 h. The cleaning process of the
colloidal suspension is performed by centrifugation (1500g for 1
h 30 min). The process is repeated until the CTAB concentration
reaches 1 mM. Gold silver core shell nanoparticles were

level reached using surface plasmon resonance.***'

Second, this would require a new modeling deal-
ing with localized adsorption of a soft material on
the particles. Such modeling and experimental work
should focus on the effect of protein adsorption on the
damping of vibrations and particularly the impact of
the environment viscosity and the protein geometry
on the detection limits.*?

CONCLUSION

To conclude, we investigated the vibrational modes
of bare gold nanobipyramids and gold silver core
shell bipyramids using a time-resolved femtoscecond
technique. We measured and simulated the evolution
of two extensional modes and a radial mode in gold
bipyramids as a function of their size. The results are in
very good agreement with finite-element analysis
calculations of the periods and amplitudes. We also
measured the quality factor of the fundamental mode
and found it was independent of the particle size. In
core shell nanosystems, we monitored the evolution
of the periods of the two extensional modes, which
presented a complex behavior. A simple geometry and
finite-element analysis were found to be in good quali-
tative agreement with the measurements taking account
of the particular shape of these core shell systems
where the silver is preferentially deposited on the facets.
Finally, we monitored the evolution of the amplitude of
the three modes and found a strong enhancement of the
breathing mode under silver deposition. This behavior
has been compared to finite-element analysis calcula-
tions of the excitation amplitudes that predicted the
observed trends. We think this phenomenon is very
promising for nanobalance applications where multicri-
terion systems are searched. Moreover, they can offer the
possibility of addressing both single-particle level to
perform local measurements and large-scale measure-
ments. This kind of bimetallic system, once totally char-
acterized, could be a good candidate for specific mass
sensing applications needing robustness and versatility.

prepared using a technique described elsewhere*3! An 80 mg
sample of PVP is added to 5 mL of a cleaned bipyramid solution
and gently agitated for 20 min. A volume of 1 mM AgNO; solution
(between 0.3 and 1 mL) is then added, followed by the addition of
0.1 mL of 0.1 M v ascorbic acid. The silver ion reduction is then
initiated by reducing slowly the pH to 8 with dropwise addition of
a 0.1 M NaOH solution. The reaction has to be very slow (2 h). It
was previously observed that silver preferentially deposits onto
lateral facets rather than the tips.' Extinction spectroscopy is
performed using a UV3600 Shimadzu in quartz cells. TEM micro

scopy is performed using a TECNAI operating at 120 kV.

Time resolved experiments are performed using a femtose
cond laser operating at a wavelength adjustable from 700 to
1000 nm delivering 150 fs pulses at 80 MHz repetition rate
(Coherent Chameleon Ultra ). The output pulse train is sepa
rated into two beams to create pump (100 mW) and probe
beams (10 mW), linearly cross polarized and focused ina 1 mm
thick Hellma cell with 15 and 10 cm fused silica lenses,



respectively. The pump induced transmission AT/T changes are
detected using a standard pump probe setup with mechanical
chopping of the pump beam at 2 kHz and lock in differential
detection (Stanford SR830) of the transmitted probe beam.
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