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ABSTRACT:

Liquid viscous and viscoelastic properties are very important parameters in determining
rheological phenomena. Mechanical resonators with extremely high vibrational frequencies
interacting with simple liquids present a wide range of applications from mass sensing to
biomechanics. However, a lack of understanding of fluid viscoelasticity greatly hinders the
utilization of mechanical resonators. In this paper the high frequency acoustic vibrations of Au
nanoplates with large quality factors were used to probe fluid properties (water, glycerol and their
mixtures) through time-resolved pump-probe microscopy experiments. For water viscous damping
was clearly observed, where an inviscid effect was only detected previously. Adding glycerol to
the water increases the fluid viscosity, and leads to a bulk viscoelastic response in the system. The
experimental results are in excellent agreement with a continuum mechanics model for the damping
of nanoplate breathing modes in liquids, confirming the experimental observation of viscoelastic
effects. In addition to the breathing modes of the nanoplates, Brillouin oscillations are observed in
the experiments. Analysis of the frequency of the Brillouin oscillations also shows the presence of
viscoelastic effects in the high viscosity solvents. The detection and analysis of viscous damping
in liquids is important not just for understanding the energy dissipation mechanisms and providing
the mechanical relaxation times in the liquids, but also for developing applications of nano-

mechanical resonators for fluid environments.
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INTRODUCTION

Nanoparticle-fluid interactions represent an active area of research and has attracted broad
attention especially for nanoparticle mechanical vibrations at ultra-high frequencies (GHz to THz
range), where the vibrational periods can be comparable to the liquid relaxation times.!®
Understanding how vibrational energy dissipation depends on the fluid properties is prerequisite
for designing high quality-factor mechanical resonators that can operate in liquids.®!3 Recently,
simple liquids interacting with high frequency resonators have shown the emergence of
viscoelastic effects.!*!® The strength of this effect depends on the form of the vibrational mode
and the Deborah number for the liquid: De = wA, where w is the frequency of the vibration and 4
is the relaxation time of the liquid.!” Calculations and experimental results show that significant
viscoelastic effects occur for vibrational modes that generate shear. However, for breathing modes,
which create compressional motions in the liquids, effects from viscoelasticity are often (usually)

masked by the inviscid response of the liquid.!®-2°

A straightforward way to facilitate the observation of fluid viscoelasticity in these
experiments is to increase the vibration frequency by reducing the nanostructure size (higher
frequencies produce larger Deborah numbers for a given liquid). A variety of techniques have
been used to study the mechanical vibrations of metal nanoparticles.> % 2!-22 The most sensitive of
these, and therefore the most appropriate for studies of small particles, are transient absorption
spectroscopy and Raman spectroscopy.?® These techniques have been used to study particles with
dimensions on the order of a few nm, and corresponding acoustic mode frequencies of several
THz.?* 2* However, for accurate measurements of the fluid damping mechanism high quality
factors are also needed.!* 1520 This can only be achieved by studying single particles, which is a

challenge for nm size particles. Recently two dimensional gold nanoplates (NPLs) were shown to



have breathing mode vibrations with large quality factors in the frequency range of ~100 GHz.?>-
27 Thus, this system is an excellent choice for interrogating fluid-nanoparticle interactions — if the

NPLs can be made thin enough to support ultra-high frequency vibrations.

In this study, we optimized the synthesis of the Au NPLs to produce thicknesses of ~10 nm
and concomitant breathing mode frequencies of up to ~160 GHz, while still maintaining large
vibration quality factors. High quality factors were achieved by suspending the NPLs over pores
in a substrate. This is possible due to the large in-plane sizes of the NPLs. The damping of the
breathing modes of single Au NPLs in simple liquids (water-glycerol mixtures) were examined by
time-resolved pump-probe microscopy experiments. By measuring the lifetimes in air and the
liquid, the contribution from the liquid to the damping was determined. The average quality factors
for fluid damping were found to be significantly smaller than the values expected for simple
radiation of sound waves into the fluid, indicating the presence of viscous and/or viscoelastic
effects in the fluid. Brillouin oscillations were also observed for NPLs in the fluid environments.
This effect arises from interference between reflected probe light from the NPLs and acoustic
waves generated in the liquid.?3-3! For high viscosity fluids the speed of sound derived from the

Brillouin oscillation frequency is significantly different to the literature value.3>-3*

In order to understand the experimental results, a continuum mechanics model was
developed to calculate the frequencies and lifetimes of the NPL breathing modes in liquid
environments. The calculations show that viscous effects are important for water, which is
surprising given its low viscosity. On the other hand, as the viscosity of the liquid is increased by
adding glycerol, viscoelastic effects become dominant. Viscoelastic effects are included in the
calculations by scaling the solvent viscosities by a factor (1 — iwA) ™1, where 2 is the relaxation

time in the fluid.'® We show that this simple relation also explains the difference between the



measured and expected Brillouin oscillation frequencies. As a whole, this paper demonstrates that
transient absorption microscopy measurements of metal nanostructures is a powerful way to

interrogate the properties of liquids.

RESULTS AND DISCUSSION

High-quality mechanical resonators with high vibrational frequencies are desirable for
many studies, from fundamental research to mass sensing applications.?”- 3% 3¢ One of the
difficulties is reliably producing this type of mechanical resonator with high quality factors and
large interaction areas. Two-dimensional Au NPLs are an excellent candidate, as they have large
in-plane areas with size >100 um? and vibrational frequencies >100 GHz. However, chemically
synthesizing thin Au NPLs with thickness of ~10 nm and edge length/thickness aspect ratio >1000
is difficult to achieve. Although Au NPLs with thicknesses of ~10 nm were previously reported,
they were either formed on substrates, not uniform across the whole NPL, or had small in-plane

areas with an aspect ratio <100.37-%
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Figure 1. (a) SEM image of a Au NPL suspended over a pore of a holey silicon nitride film. The
inset shows an optical image of a single Au NPL. The underlying hole structures are clearly
observable in both electron microscopy and optical images indicating the thin plate thickness. (b)
High-resolution TEM image of a Au NPL and the corresponding SAED pattern which showing
the high-quality single-crystalline nature of the Au NPLs with {111} surfaces planes. (c) Transient
absorption trace of a single suspended Au NPL in air. The red line shows a fit to the data using the
damped cosine function. Inset: the corresponding FFT spectrum of the oscillatory signal with a
Lorentz curve fitting in red. The vibrational frequency and quality factor are f,; = 146.6 + 0.09

GHz and Qg;- = 118 &+ 12, respectively.



We synthesized Au NPLs following a previous procedure with slight modifications (see
Experimental methods for more details).*> ' A combination of binary surfactants of
Poly(vinylpyrrolidone) (PVP) and cetyltrimethylammonium bromide (CTAB) were used. The
PVP acted as both reducing agent and surfactant and was found to preferentially adsorb on the
edge of Au NPLs to promote the in-plane growth, while the CTAB is adsorbed on the basal facets
to stabilize the nanocrystals.*? Note that the addition of CTAB at the right amount is critical for
the formation of thin Au NPLs. Without the addition of CTAB, Au NPLs with thickness of tens of
nanometers are normally synthesized. Figure 1(a) shows a scanning electron microscopy (SEM)
image of Au NPLs supported on holey silicon nitride films. The underlying pore structure is clearly
visible for both the electron and optical microscopy images (shown in the inset of Figure 1(a)),
which facilitate the study of the vibrations of the suspended NPLs without perturbations of the
substrate. Figure S1 gives a wider view of the Au NPL sample. The NPLs are mostly hexagonal
shapes with edge lengths of 10-20 um. Figure 1(b) shows a high-resolution transmission electron
microscopy (TEM) image of a Au NPL and the corresponding selected area electron diffraction
(SAED) pattern (inset). The images and diffraction pattern are consistent with the face-centered
cubic (fcc) structure of gold, with the NPL surface corresponding to the {111} basal planes. There
are no obvious polymer surfactants left on the surfaces as seen from the edge of the high-resolution

TEM image.

A representative transient absorption trace of a suspended Au NPL in air is shown in Figure
1(c). The pump-probe signal shows an initial fast decay, that corresponds to the rapid cooling of
the excited electrons through electron-phonon coupling.” The slower oscillating signal after several
picoseconds delay is due to the breathing mode vibrations in the thickness direction of the Au NPL.

These vibrations are impulsively excited by the fast laser-induced heating of the crystal lattice.*?



Since the lateral dimensions of the Au NPLs are much larger than their thickness and the laser
excitation spot (~ 1 um), only the breathing vibration corresponding to changes in the thickness is
detected.’” The vibrational parameters are obtained by fitting the experimental data with the

function:

AI() = Sk (epn) Ax €XP (_ é) + YN=(1,2) AnCOS (ZT—? — ¢N) exp (— i) (1)

N

where the first term accounts for the background signal due to cooling of the Au NPL from
electron-phonon (K = el) and phonon-phonon (K = ph) interactions, and the second term accounts
for vibrations. Two modes (N = 1,2) are included to describe the breathing mode and the Brillouin

oscillations, and Ty and ty are the vibrational period and damping time, respectively.

To compare the damping for different NPLs, the lifetimes are expressed in terms of quality
factors Q,, = mty/Ty. This removes the trivial size dependence that arises from the way the
lifetimes and periods scale with size.** 4> For the NPL in Figure 1 the vibrational frequency and
quality factor are f,;,- = 146.6 £ 0.09 GHz and Q,;- = 118 + 12, respectively. The errors are
fitting uncertainties with 95% confidence limits which are on the order of 0.06% for the frequency
and 10% for the lifetimes. The vibrational frequency corresponds to a thickness h ~11.7 nm or ~48
atomic layers for a free Au NPLs calculated by h = ¢;/2f (the longitudinal speed of sound along
the <111> direction of bulk gold of ¢; = 3440 m/s was used). This vibrational mode has been
observed in previous investigations.3” The obtained fitting parameters are also consistent with the
fast Fourier transform (FFT) spectrum as shown in the inset of Figure 1(c). The high quality factors

for these nanostructures are important for accurate measurements of liquid damping.

The oscillatory signals in Figure 1(c) can be well fitted by the damped cosine function and

the fitting error for the frequency is extremely small (0.06%) due to the long vibrational lifetime.



However, the measurement accuracy for the vibrational frequency for a single Au NPL is also
affected by system errors, which include the stability of the microscope and surface polymer
coating inhomogeneity. Figure S2 shows the system errors from measuring a single Au NPL
multiple times at different locations. The average frequency for the NPL in air is f,;, = 111.43 £
0.15 GHz, where the error represents the standard deviation. This indicates the aggregated
measurement error is ~ 0.13%. This level of accuracy for the vibrational frequency is sufficient to
differentiate a single atomic layer thickness difference, and the sensitivity is comparable to the
two-photon photoluminescence spectroscopy.*® The narrow range of frequency values for the

single Au NPL also indicates that the NPLs have smooth surfaces without terraces.

Since the suspended Au NPLs are away from the substrates (Figure 1) with negligible
vibrational energy leakage, the measured quality factor in air just reflects the internal damping,
that is Q;n; = Quir - When the NPLs are placed in a liquid environment, the damping has

contributions from internal damping and liquid damping. In terms of quality factors, the total

1 1

! , where Q;, denotes the damping effects from the

damping Q;,; in the liquid is =
Qtot Qliq Qint

liquid. Thus, by comparing air and liquid measurements for a given NPL, we can determine the

quality factor for liquid damping Q.



a)
51 ] ¢
air ater
[ W 5
100 200 300 400 100 200 300 400
~31 b)
>
=2 5
= air water/glycerol
c 50/50
2
w
- - - - - 0
100 200 300 200 300
C) +10
air glycerol 5
0 - - - - - - 0
0 100 200 300 O 100 200
Time (ps)

Figure 2. Transient absorption traces of single suspended Au NPLs in different environments: (a)
air and water, (b) air and a mixture of 50% glycerol and 50% water by volume (corresponding to
Xgiy = 0.56 weight percent of glycerol in glycerol-water mixtures), (c) air and glycerol. The red
lines are fits to the experimental data using equation 1. Fit parameters for the acoustic modes are:
(a) fuir = 112.88+ 0.03 GHz, Qg = 140 £ 11, f ater = 114.2 £ 0.3 GHz, Quqter = 19 t 2;
(b) fair = 158.33 £ 0.08 GHz, Qg = 114+ 12, 56 = 159.8 £ 0.3 GHz, Qy=056 = 18 £
2; and (¢) fgir = 109.03 £ 0.03 GHz, Quir =96 £ 9, fyiyceror = 112.1 1 0.3 GHz, Qgiyceror =
15 4 2. The traces in the right panels also show Brillouin oscillations with (a) f;5,;. = 7.32 +
0.05 GHz, QF,.,=13+2; (b) f)f=0.56 = 9.36 + 0.05 GHz, Q;?:o.se =44+1; and (c)

fhyceror = 13.97 £ 0.09 GHz, Q5 cerer = 5 % 1.
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Figure 2 shows the representative transient absorption traces for single Au NPLs in
different environments. Fitting the data using Equation 1 gives the vibrational frequencies and
quality factors for the Au NPLs in the corresponding media. The fitting parameters are listed in
the figure caption. There are several important points to note about the breathing mode vibrations.
First, there is a slight increase of the vibrational frequency of the Au NPLs in liquids compared to
the corresponding NPLs in air. The results are consistent with the corresponding FFT spectra
shown in Figure S3. We notice that the fitting errors of the vibrational frequencies for Au NPLs
in liquids are much larger (~0.3%) than that for the NPLs in air (~0.03%). The aggregated system
errors for the vibrational frequency of Au NPLs in liquids are shown in Figure S2, and have a
value of ~ 0.54% which is four times larger than that for Au NPLs in air (~ 0.13%). However, the
increase in frequency observed when the NPLs are placed in liquid is larger than the experimental
errors — see Figure S4. This effect is most obvious for the NPLs vibrating in glycerol. We believe
the increase of the vibrational frequency in the liquid is due to a ligand releasing effect that is

caused by the laser beam heating.?’

The second effect from adding liquid to the samples is that there is a dramatic decrease in
the vibrational quality factors. By correlating the lifetime measurements for the same single Au
NPL in air and liquid, the damping of the liquid Q;;4 is obtained. Figure 3(a) shows a statistical

analysis of the quality factor for liquid damping for NPLs in water, a glycerol/water mixture with

glycerol weight percent of yg4, = 0.56, and glycerol. The raw data for the air and liquid

experiments is presented in Figure S5. The average quality factors for liquid damping determined

from this data are Qygrer = 24.6 + 3.9, Q) =056 = 21.2 + 2.3 and Qgiyceror = 16.1 & 2.4 (errors

are standard deviations). This data, and the quality factors for other glycerol/water mixtures are

11



collected in Table 1 below. Understanding the decrease of vibrational quality factors when liquid

is added, and the associated fluid damping mechanism is the major goal of this study.
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Figure 3. Confined acoustic vibrations of single Au NPLs and the propagating sound waves in
different environments (multiple Au NPLs were tested for statistical analysis, see Table 1). (a)
Quality factors for damping of the fundamental breathing mode by water, a glycerol/water mixture
with y g, = 0.56 and glycerol. The average quality factors are Qqter = 24.6 = 3.9, Qy—056 =
21.2+ 2.3 and Qgiyceror = 16.1 £ 2.4, respectively (errors are standard deviations). (b)
Measured Brillouin oscillation frequencies and quality factors in water, and glycerol/water
mixtures with varied glycerol weight percent. The average frequencies and quality factors are

listed in Table 1.

In addition to the fundamental breathing mode of Au NPLs, there is another oscillating

signal in Figure 2 for the Au NPLs in a liquid medium. This signal is assigned to Brillouin

12



oscillations that arises from the interaction of light with propagating sound waves in the liquid.?®
Au NPLs are excellent opto-acoustic transducers for generating propagating sound waves in
liquids.?® The frequency of the Brillouin oscillations fZ depends on the refractive index (ns) and

speed of sound (cy) of the fluid: f B = 2cenp cos ¢/ A, where ¢ is the angle of incidence of the

pr>
probe beam and A,, is the probe beam wavelength. Under normal incidence, the frequency
expression reduces to fZ = 2ceng/ Ay, Figure 3(b) shows a scatter plot of the quality factor versus
frequency for the Brillouin oscillations measured for different NPLs in different liquids. The
average Brillouin oscillation frequencies and quality factors from the data in Figure 3(b) are listed
in Table 1. The errors are standard deviations. Using a refractive index n = 1.33 of water and
fB ter = 7.4+ 0.1 GHz at 530 nm, we calculate a speed of sound of ¢4 = 1474 + 3 m/s,
which is consistent with previous results.!® 28 However, the calculated speed of sound in glycerol
1S Cgiyceror = 2470 = 47 m/s, which is considerably larger than the literature value of 1930 m/s.3%
33 Note that the errors for the Brillouin frequency in glycerol and glycerol/water mixture are much

larger than that in water.

Table 1. Number of measurements N, Quality factors for the breathing modes of the nanoplates in
air and quality factors for liquid damping Q, Brillouin oscillation frequencies fZ probed at 530
nm and quality factors O, calculated speed of sound in the liquid cp, and the liquid relaxation

times derived from the vibrational quality factors (4;;4) and Brillouin oscillation (AB) experiments.

Errors are standard deviations for Q, & and O, and 95% confidence limits for the cg, Aiiq and

AB 46
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N 0 f?(GHz)  QF cg (m/s) Z4iq (PS) 2% (ps)

246 +£39 | 74 +0.1 1474 +3 | 1.1+0.9/-0.5

21223 110.0+0.8]3.0+0.5]| 1880 + 67 14 +6/-4

glycerol

Theoretical analysis

To analyze the results we follow the theoretical analysis of nanoparticle vibrations in
liquids by Galstyan er al.'® A detailed description of the derivation for the breathing mode
vibrations of NPLs is presented in the Supporting Information. In this analysis the Navier equation
is used to describe the displacement in the NPL, and the motion of the liquid is described by the
Navier-Stokes equation. Assuming harmonic time dependence, a standing wave for the
displacement in the plate, and outgoing waves for the fluid (et*rZe~i®t where ks is the

wavevector for the fluid), matching the stress and velocity for the fluid and solid at the NPL

surfaces yields the following eigenvalue equation for the frequency:

2icsps\/pf(cf2pf —iwp) + (cszps2 + ps(cr?py — iwﬁ)) tan (}l—(:) =0 (2)
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where h is the thickness of the NPL, ¢, and ¢ are the speed of longitudinal sound waves in the
solid and fluid, and ps and p; are the density of the solid and fluid, respectively. f = k + 47/3,

where 77 is the shear viscosity and k is the bulk viscosity of the fluid. Note that the wavevector in

the fluid is given by k; = w/ (cf J 1—iwf/cs?p f)' Equation (2) can be solved numerically to

determine w. The frequency and quality factor of the breathing mode vibrations are then obtained
by f = Re[w]/2m and Q = Re[w]/2Im[w].'> '®4" For Au NPLs vibrating in an inviscid fluid
medium (k =71 =0, f = 0), where the damping is simply due to generation of sound waves in

the fluid, Equation (2) reduces to:
. h
2icspscrpy + (cs2ps? + ¢%ps?) tan (C—:)) =0 (3)

which is equivalent to the result of Fedou ef al.’” for the damping of NPLs in solid environments.

Fluid viscoelasticity can be included in this analysis by scaling the fluid viscosities by
K- k/(1—ilw)andn - n/(1—ilw) 4)

where A is the relaxation time in the liquid (here we assume that the relaxation time is the same
for the shear and bulk viscosities).'® > When the relaxation time for the fluid 2 is comparable with
the vibrational time scale 1/w, the fluid has a large Deborah number and viscoelastic effects
become significant. In contrast, the fluid turns into a Newtonian viscous fluid if the relaxation

time is A = 0.

Figures 4(a) and 4(b) show calculations of the breathing mode quality factors versus
frequency for Au NPLs in water and glycerol. The dash lines are the quality factors calculated for
an inviscid liquid (Equation (3)) where the shear and bulk viscosities are set to zero. The solid

green lines are calculations for a viscous fluid (1 = 0), and the solid blue lines are the calculations
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for a viscoelastic fluid. The parameters used in these calculations were taken from Ref. [16], and
the frequency was varied by changing the NPL thickness. The markers correspond to the
experimental results, with the error bars indicating the standard deviations in 4(a), 4(b) and 4(c),
and 95% confidence limits in 4(d). The results show that for water both the viscous and
viscoelastic models are in reasonable agreement with the experimental data, whereas, for glycerol

only the viscoelastic model gives a correct description of the damping.
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Figure 4. Calculated quality factors versus frequency for Au NPLs in (a) water and (b) glycerol.

The dashed black lines correspond to an inviscid liquid, and the solid green and blue lines are
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calculations for a viscous fluid and a viscoelastic fluid, respectively. The markers show the
experimental results, where the error bars are standard deviations. (c¢) Plot of quality factor versus
weight percent glycerol in glycerol-water mixtures. Lines and symbols have the same meaning as
in panels (a) and (b). Calculations were performed using the liquid parameters given in Ref. [16].
(d) Calculated molecular relaxation times 4;;, and A based on the damping of the acoustic
vibrations and sound wave velocities, respectively, errors are 95% confidence limits. The line

shows the relaxation times given in Ref. [16].

Figure 4(c) shows a comparison of the measured and calculated quality factors for liquids
with different weight percentages of glycerol. The calculations were performed for NPLs with a
vibrational frequency of 120 GHz (the average frequency for the experimental samples). The
markers are the experimental measurements. This plot shows that the viscoelastic model gives the
best description of the fluid damping over the entire water-glycerol composition range, indicating
that fluid viscoelastic effects are important for this system. In our previous studies of the breathing
modes of Au nanowires, the effects of fluid viscoelasticity were hidden by the inviscid response
of the fluid. That is, the experimental measurements were not accurate enough to differentiate
between the inviscid and viscoelastic models of the fluid.!>?° The higher frequencies and quality
factors of the Au NPLs in the present experiments provide a much better system for investigating
these subtle effects. Note that the experimental measurements can also be used to estimate the
relaxation times for the different liquids.!® In these calculations the speed of sound and viscosity
of the liquid were held constant, and the relaxation time was adjusted to match the experiments.
The results are given in Table 1 and Figure 4(d). The relaxation times derived from our

measurements are similar in magnitude, but consistently larger than the literature values.
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The last point examined in this paper is the difference between the speeds of sound
measured from the Brillouin oscillations and the literature values. Table 1 shows the calculated
values from our transient absorption experiments. We find sound velocities varying from 1474 +
3m/s to 2470+ 47 m/s for the glycerol/water mixtures from the Brillouin oscillation
experiments. The value for water is within experimental error of the literature value (1510 m/s),
but the value for glycerol is 28% higher that the literature value (1930 m/s). To understand this

effect we mnote that viscosity modifies the wavevector in the fluid by k=

w/ (cf \/ 1—iwB/cs?p f>.16 Thus, the speed of sound measured in the Brillouin oscillation

experiments is modified by a factor of \/ 1 —i2nfpB/cs?ps. Using the viscoelastic model for the
liquid (8 = B/(1 — iA2nf)) and values for B8, c; and py from Ref. [16] predicts a 38% increase
in the speed of sound for glycerol, which is consistent with the experimental observations. The
Brillouin oscillation frequencies can also be used to estimate the liquid relaxation times, as was
done above for the vibrational damping measurements. The values from this analysis are included
in Table 1 and Figure 4(d), and are in reasonable agreements with the relaxation times obtained

from the breathing mode experiments. Note that the relaxation times for water and the y 4, = 0.3

glycerol/water mixture can’t be accurately determined in the Brillouin oscillation measurements.
Recently, Brillouin spectroscopy was used to measure the relaxation times in biopolymer
hydrogels for the characterization of biomechanical properties.*® The measurement is limited to
relatively low frequencies, which are mainly determine by the wavelength of the probe laser. In
the current work, we realized that the high frequency acoustic vibrations provide better sensitivity
over the Brillouin oscillations for determining the molecular relaxation times, especially for water
which is the most biological relevant fluid. Thus, we anticipate an application of high frequency

acoustic vibrations in biomechanics using the time-domain transient absorption spectroscopy.
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CONCLUSIONS

We synthesized Au NPLs with thickness of ~10 nm and large in-plane areas. The acoustic
vibrations of single Au NPLs were characterized by time-resolved pump-probe microscopy
experiments. The high quality factor mechanical vibrations of Au NPLs were used to probe fluid-
nanostructure interaction. Simple liquids, including water, glycerol and glycerol/water mixtures
were analyzed. The measured quality factors were found to be significantly different to the values
expected for an inviscid liquid (damping controlled by simple radiation of sound waves into the
liquid). The experiments were modelled using a continuum mechanics theory for the damping of
NPLs in liquids. Comparison between the calculations and experiments show that viscoelastic
effects in the fluid are important for this system. The accurate fluid damping measurements in this
work were also used to estimate the molecular relaxation times of the fluid (see Table 1 above). It
further shows that the high frequency acoustic vibrations provide better sensitivity in probing fluid
viscous and viscoelastic properties than Brillouin waves. The results from this study demonstrate
that transient absorption microscopy measurements are a powerful method to probe the
viscoelastic response of fluids. In particular, it may be possible to exploit the inherent sub-micron
spatial resolution of these experiments to obtain fluid mechanics information about cellular

systems.

EXPERIMENTAL METHODS

Materials. HAuCls-:3H20, 1-pentanol, Glycerol, CTAB and PVP (Mn = 40,000) were purchased

from Sigma-Aldrich. Ethanol was purchased from Sinopharm Chemical Reagent Co. Ultrapure
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water was used throughout the experiments. Holey silicon nitride films with pore size of ~ 5 pum

and thickness of ~ 200 nm were purchased from Ted Pella Inc. (catalog no. 21536).

Au nanoplates synthesis. The Au NPLs were synthesized using a modified method.*>>#! Briefly,
a mixture of HAuCls-3H20 1-pentanol solution (10 mL, 0.02 mm) with CTAB water solution (0.5
mL, 0.2 M) was heated to 110 °C until fully transparent. PVP (Mn= 40,000, 74 mg) dissolved in
I-pentanol (3 mL) was then added drop by drop. The final solution was kept at 110 °C for 10 hours
to facilitate the growth of Au NPLs. The yellow product was collected and washed with ethanol
three times by centrifugation to remove excessive surfactants before drop-casting on the holey
silicon nitride film. After Au NPLs deposited on silicon nitride films, they were immersed in water
at 30 °C for 12 hours to trying to minimize the surfactant on Au NPLs surfaces. The sample is air
dried and ready for vibrational measurements. Note that only the Au NPLs suspended over the
pores of silicon nitride films are investigated for the study of liquid effects. Only thin Au NPLs
with acoustic vibration frequencies above ~100 GHz were selected for the study of liquid damping
effect. The Au NPLs synthesized in the current studies have {111} surfaces with edge lengths of

~10-20 pm.

Femtosecond Transient Absorption Microscopy. The setup for transient absorption microscopy
has been described earlier.”> A Coherent Mira 900 Ti:sapphire oscillator combined with Coherent
Mira optical parametric oscillator (OPO) laser system is used for the pump-probe measurements.
The 800 nm pump beam from the Ti:sapphire oscillator was modulated at 1| MHz by an acousto-
optic modulator (IntraAction AOM-402AF3), triggered by the internal function generator of a
lock-in amplifier (Stanford Research Systems SR844). The probe beam from the OPO was tuned
to 530 nm and overlapped with the pump beam and focused at a single Au NPL with an Olympus

100X, 1.4 NA microscope objective. Note that the polarizations of the pump and probe beams
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were made linear and circular before the objective lens, respectively. The delay time between the
pump and probe beams was controlled by a Thorlabs DDS600 linear translation stage. The
measurements were performed in reflection mode by monitoring the reflected probe beam intensity
with an avalanche photodiode (APD, Hamamatsu C12702-11) and the lock-in amplifier at a time
constant of 30 ms. Typical powers were 3 mW for the pump and 100 uW for the probe. Under
these conditions, the signal was stable and no melting or reshaping of the Au NPLs was observed.
The confined acoustic vibrations of Au NPLs can be excited due to the absorption of the pump
power. These acoustic vibrations cause periodic changes of the thickness of the nanoplate and thus
of the absorption of the probe, and consequently are detected by monitoring the probe beam
intensity.® % 4% A signal due to the propagating acoustic waves in the liquids, known as Brillouin
oscillations, is also detected. This signal arises from interference between the reflected probe
beams from the NPL surface and acoustic waves generated in the liquid by rapid laser induced

heating of the sample.? 3130
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