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ABSTRACT: Under illumination, metal nanoparticles can turn into ideal nanosources of
heat due to enhanced light absorption at the plasmonic resonance wavelength. In this
article, we aim at providing a comprehensive description of the generation of microbubbles
in a liquid occurring around plasmonic nanoparticles under continuous illumination. We
focus on a common situation where the nanoparticles are located on a solid substrate and
immersed in water. Experimentally, we evidenced a series of singular phenomena: (i) the
bubble lifetime after heating can reach several minutes, (ii) the bubbles are not made of
water steam but of air, and (jii) the local temperature required to trigger bubble generation
is much larger than 100 °C: This last observation evidences that superheated liquid water,
up to 220 °C, is easy to achieve in plasmonics, under ambient pressure conditions and even
over arbitrary large areas. This could lead to new chemical synthesis approaches in

solvothermal chemistry.

B INTRODUCTION

Noble metal nanoparticles can turn into ideal nanosources of
heat when illuminated at their plasmonic resonance wavelength.
The field of research based on this simple concept is named
thermoplasmonics' and has already led to valuable applications,
especially in biology and medicine, such as photothermal cancer
therapy,” photothermal imaging,® drug and gene delivery,** and
photoacoustic imaging.®” More recently, this field of research
led to more fundamental developments in areas such as
nanochemistry,® thermal biology at the single cell level,” or
plasmofluidics.'*™"?

Photothermal bubble generation induced around plasmonic
nanoparticles is a thermoplasmonic process that has been
studied during the past decade mainly under pulsed illumination
and in the context of biorelated applications. The large amount
of energy of a femtosecond laser pulse can generate a strong,
brief, and confined temperature increase around illuminated
plasmonic nanoparticles,® eventually followed by a short-lived
bubble nucleation.'*™'® This effect can lead to a local
destruction of biological tissues or membranes for applications
in nanosurgery'”'® or trigger the propagation of a shock wave
for applications in photoacoustic im;iging.6’7’19

A more recent and less investigated related field of research
concerns the photothermal bubble generation in plasmonics
under continuous wave (cw) illumination. In 2011, Hiihn et al.>°
were the first to study bubble generation around nanoparticles
under cw heating and to hypothesize superheating. In 2012,
Neumann et al.*' reported on the generation of nanobubbles
from gold nanoparticles under solar illumination, i.e., weaker
light intensity in comparison to experiments based on laser
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illumination. The authors envisioned applications in waste or
surgical instruments sterilization in the third world. In 2013, the
same group published a close related work intended to
theoretically describe the bubble generation around metal
nanoparticles under illumination, based on simple thermody-
namics considerations.”” Even more recently, Zhao et al.
proposed a first application of plasmon-induced microbubbles
(MBs) that consists of generating a surface MB on a metal film
as an effective lens for surface plasmon waves in a microfluidic
environment.'” However, despite these few recent break-
throughs in plasmonics, the nature of plasmon-induced MBs
remains not clarified, and associated physical processes not
exhaustively described. In particular, the role of dissolved air
molecules in the liquid is usually not identified, although it
plays a fundamental role in the bubble dynamics. Moreover, the
question of the actual temperature increase required to
generate a MB is not addressed.

In this article, we aim at providing a comprehensive
description of the physics of MBs created by plasmonic
nanoparticles heated under cw illumination and immersed in a
liquid. First, we focus on the physics of the MB generation. The
nature of the bubble is explained, along with the influence of
the presence of dissolved air molecules in the liquid. We also
evidence a temperature threshold prior bubble formation that
substantially exceeds 100 °C, the boiling point of water under
ambient conditions, independently of the size of the heated
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nanoparticle array. Then, we describe the shrinkage of MBs at
ambient temperature and explain their unexpected long lifetime
measured experimentally. A final part is dedicated to describe
the MB steady state maintained under illumination.

B EXPERIMENTAL METHOD

Sample Description. The substrate consists of a uniform
quasi-hexagonal array of spherical gold nanoparticles on a glass
coverslip (Figure 1a). The sample was made by diblock
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Figure 1. (a) Scanning electron microscope (SEM) image of a
substrate covered with a uniform quasi-hexagonal array of gold
nanoparticles (scale bar: 200 nm). (b) Schematic of the system that
consists of a microbubble on the substrate immersed in water. The
bubble is generated by heating the gold nanoparticles with laser
illumination. (c) Dark field imaging of a single microbubble (scale bar:
20 pm). (d) Bright field imaging of the same microbubble.

copolymer micellar lithography.”® The nanoparticles were
typically 28 nm in diameter and featured an interparticle
distance of 72 nm in average. A drop of water was deposited on
top of the sample and then covered with another coverslip to
obtain a 1 mm thick water layer. A full description of the
sample geometry is provided in the Supporting Information. In
such a configuration, the plasmonic resonance of the nano-
particle assembly is located around 530 nm. When such a
system is locally illuminated at this wavelength, efficient light
absorption occurs at the glass—water interface, where the
nanoparticles are located, which generates a temperature
increase in the surrounding water." If the light intensity is
strong enough, a MB generation occurs at the interface, as
sketched in Figure 1b.

The advantage of such a sample is that the NP distribution is
regular and perfectly uniform over a centimetric area on the
coverslip. This way, for a given laser beam diameter and power,
the temperature increase is the same irrespectively of the
location of the laser beam on the sample. Besides the
uniformity of the NP distribution, the other advantage is the
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small NP interdistance. Indeed, when heating dense arrays of
NPs, the temperature increase is no longer spatially localized
around each NP. On the contrary, the temperature distribution
is smooth throughout the set of illuminated NPs due to
collective thermal effects, as we explained in a recent
publication.**

Set-up Description. The optical setup used to generate
plasmon-induced MBs and perform the optical and thermal
measurements is depicted in Figure 2. In order to generate heat,
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Figure 2. Schematic of the optical setup used to photothermally
generate the bubbles and perform the optical and thermal measure-
ments. KI, Kohler illumination; DFI, dark field imaging; S, sample;
DBS, dichroic beam splitter; DF, dichroic filter; FM, flip mirror; VC,
video camera; CO, camera objective; QSI-WA, wavefront analyzer
based on quadriwave shearing interferometry; D, diaphragm; FL, flip
lens; RM, rotating mirror.

the nanoparticle array is illuminated from the bottom through
the microscope objective (MO) (Olympus 100X, oil, 1.3 NA
and Olympus 40X, oil, 1.35 NA) using a laser illumination at a
wavelength of 532 nm. Two illumination conditions can be
applied: (i) A focused illumination to heat a sub-micrometric
diffraction-limited area. In this first case, which is the one
represented in Figure 2, the focalization spot of the laser
illumination on the sample can be displaced by manually
rotating the mirror RM. (ii) A circular wide-field illumination
(WFI) obtained by removing the flip lens FL in order to focus
the laser at the entrance pupil of the objective MO. In this
second case, the beam diameter at the sample location is
adjusted using the diaphragm D. The video camera VC is used
to take images and videos of the MBs either under standard
Kohler illumination (KI) or dark field illumination (DFI). In
order to map the temperature, a TIQSI (temperature imaging
using quadriwave shearing interferometry) configuration was
implemented.” It consists of a KI and a Sid4Bio wavefront
analyzer®® (based on quadriwave lateral shearing interferom-
etry) QSI-WA.

Here is in brief the principle of the TIQSI technique: When
the temperature T increases, the liquid features a modification
of its refractive index n, which creates a distortion of the KI
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Figure 3. (a) Schematic of the experiment. (b) Thermal-induced optical path difference measured by TIQSI. (c) Heat source density retrieved from
image a, which naturally matches the laser beam shape. (d) Temperature map retrieved from image ¢, featuring a maximum temperature of Ty, =
220 °C. (e) Ty as a function of the laser power P, for a set a various beam diameters D. The occurrence of a bubble formation for each curve is
spotted by a blue disc. (f) Ty as a function of the ratio P/D for the same set of various beam diameters D, featuring an expected invariant profile.

planar wavefront, subsequently measured by the wavefront
analyzer. The temperature distribution in the sample is then
retrieved from this wavefront distortion using an inversion
algorithm, based on the knowledge of the function (T) = dn/
dT (see the Supporting Information and ref 27). Even though
the temperature distribution could be retrieved in three
dimensions using the TIQSI technique,”® all the temperature
maps presented herein represent the temperature distribution
at the glass—liquid interface, i.e., where the nanoparticles are
located. Since this optical technique is diffraction limited, the
measured temperature is actually an average temperature over a
diffraction limited volume that is less than 1 ym in size. In our
configuration, since the heated area is always larger than a few
micrometers, spatial variations of the temperature distribution
are supposed to be smooth at the micrometer scale, even along
the z axis.”® Hence, the temperature is not supposed to be
underestimated due to any spatial under-sampling.

Note that temperature measurements are possible only prior
to MB formation. Indeed, once a MB appears, the optical
wavefront is not only distorted by the thermal-induced
refractive index variation of the water layer but also by the
MB itself. This restriction was not a limitation within the scope
of this work.

B RESULTS AND DISCUSSION

Bubble Formation. To begin with, we will focus on the
nature of the MB generated from plasmonic nanoparticles in
water. Such bubbles, generated by heterogeneous nucleation,
are not supposed to be made of water steam but rather of air
molecules. In practice, there are always air molecules adsorbed
on solid surfaces®”*® and there is also always a large amount of
air molecules dissolved in water, unless it was previously
degassed. The MBs observed in plasmonics experiments
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originate from these dissolved air molecules. In 2013, Deguchi
et al. studied the formation of MBs on a carbon microfiber.*!
The authors explained that, when generating MBs from a
micrometric source of heat in water, water vaporization was
responsible for the primary formation of the bubbles, and their
subsequent expansion was caused by the diffusion of dissolved
gases. In other words, as soon as a MB appears, if a dissolved
gas is present in the liquid (say N,, for instance), a N, diffusion
occurs in the liquid and across the MB boundary to fill in the
MB until an equilibrium between the chemical potentials of N,
inside and outside the MB is achieved. At equilibrium, one has
the Henry law:

(1)

where P is the partial pressure of N, in the MB, K is the Henry
coefficient, and c is the N, concentration in the liquid just at the
MB boundary. The fact that the MBs are mainly made of air
molecules is also evidenced by their long lifetimes. Once
formed, and upon stopping the laser heating, a MB can last
from a few seconds to several hours, depending on its initial
size. If the MBs were made of water steam, they would
disappear as soon as the heating is stopped. The shrinkage of
the MBs is discussed in detail in the next section.

Another interesting feature is the actual temperature value Ty
required to generate a MB, which was observed to be much
larger than 100 °C, the water boiling temperature under 1 atm.
Experimental results are gathered in Figure 3. The experiment
consisted of illuminating an area of diameter D for S s (Figure
3a) and measuring the temperature distribution meanwhile.
This procedure was repeated for various laser powers, from low
to high, until a MB appeared, in order to estimate the
temperature threshold Ty of MB formation, and figure out
whether T} is dependent on the size of the heated area. Parts

P = Kc
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b—d of Figure 3 present a thermal imaging measurement using
the TIQSI technique where the laser power was set just below
the power threshold required to trigger the generation of a
bubble. In this example, the water temperature reaches a
maximum of T, & 220 °C at the laser spot location. All the
measurements are gathered in Figure 3e for beam diameters D
ranging from 4.6 to 64 ym. The occurrence of MB formations
is spotted using blue discs. Interestingly, Ty turns out to be
rather independent of the size of the heated area. Regardless of
the size of the heated area, a bubble formation systematically
occurred between 220 and 240 °C. Figure 3e evidences that a
small laser diameter requires a much smaller laser power to
generate a bubble. Hence, the occurrence of a bubble formation
cannot be determined by simply considering the power P, sent
on the sample. It is also not a function of solely the laser
intensity P,/D? (power per unit area). The occurrence of a MB
is determined solely by the quantity B/D. This trend comes
from the fact that the source of heat is two-dimensional. Indeed,
when illuminating a two-dimensional uniform distribution of
nanoparticles, the temperature achieved in the medium is
proportional to B/D, as we recently detailed in ref 24. To
illustrate this effect, Figure 3f displays the results presented in
Figure 3e as a function of B/D and an overlap is observed
between line shapes, as expected.

The reason for this particular temperature threshold at
around 230 °C is not understood for the time being. This
temperature is not a significant temperature for water: It is
neither the boiling temperature at ambient pressure (100 °C)
nor the spinodal decomposition temperature of water (around
320 °C). We do not exclude possible systematic error in the
temperature estimation using the TISQI technique at such high
temperatures. Indeed, the retrieval of the temperature from the
wavefront distortion is based on solely the knowledge of the
refractive index of water as a function of the temperature over
the temperature range investigated. For this, we trust what was
reported in ref 27. Then, estimating the temperature using the
TIQSI technique does not require the knowledge of the
thermal conductivity of water. However, a dependence of the
thermal conductivity of water as a function of temperature may
induce some systematic error, but the thermal conductivity of
water is not strongly dependent on temperature (less than 10%
variation over the temperature range investigated).

The occurrence of a liquid heated above its boiling point and
being in a metastable state is a phenomenon known as
superheating. This phenomenon is well-known, and the absence
of bubble formation can be explained by classical nucleation
theory:>> A bubble is characterized by an inner pressure that
reads

Py = P + 2L
MB T ‘o0 + a (2)
where 7 is the surface tension of the liquid, P,, the ambient
pressure, and a the radius of the MB. For instance, in water
under atmospheric pressure, a bubble of 1 um in diameter
features an inner pressure of 3.4 bar (y ~ 0.059 N-m™" at 100
°C). At such a pressure, the boiling point is larger than 100 °C.
The formation of a micrometric bubble at 100 °C would thus
lead to a paradox: water steam at 100 °C under a few bars. The
direct consequence is that no liquid—gas interface appears at
100 °C. However, this effect does not explain by itself a
superheating up to 220 °C. Indeed, the boiling temperature
under a few bars does not exceed 150 °C. There is another
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effect that will further prevent the formation of a MB: Even if a
MB would be thermodynamically stable, an energy barrier still
remains to be overpassed to generate a MB.>” This energy reads

®)

The formation of a MB is thus governed by the Arrhenius law.
Bubble formation (boiling) occurs only when this energy
barrier is crossed, one way or another.

In everyday life, boiling is yet observed systematically around
100 °C, despite the few considerations above. The reason is
that most surfaces are endowed with nucleation centers that
contribute to lowering the energy barrier AE.** Nucleation
centers can be impurities or surface scratches. In the present
work, we used glass coverslips, which are particularly clean and
flat, avoiding the presence of nucleation centers. This is the
origin of the systematic superheating observed in our
experiments. As an example, in chemistry, since glassware
surfaces are also usually perfectly flat and cleaned, superheating
may occur in some experiments, even at the macroscale. This is
why a pumice stone is often added to a reaction medium as an
efficient provider of nucleation centers, in order to avoid
superheating and subsequent hazardous explosive boiling.

Although superheating is a phenomenon discovered a long
time ago, it has been mostly investigated on the macroscale,
under uniform heating. Our approach is markedly different,
since we are locally heating a microscale area, which implies a
strong temperature gradient. The advantage is that the absence
of nucleation centers (impurities, scratches, cavities, etc.) is
much easier to ensure. Some works reported the generation of
MBs when heating a microscale area using a resistively heated
microwire. However, the presence of a microwire strongly
affects the MB dynamics and morphology.®***

In 2011, Hiihn et al.*® were the first to hypothesize that
heating gold NP clusters in a liquid could lead to superheating
due to the lack of nucleation centers. However, they refer to the
presence of nucleation centers in the liquid itself, and not on
the surface. In 2012, Carslon et al.*> addressed the problem of
superheating using the photothermal excitation of a single gold
nanoparticle in water. They measure a boiling temperature of
only Ty = 54 °C, which is unexpectedly much lower than 100
°C. However, the authors argued that this value was
underestimated due to the limited spatial resolution of their
thermal imaging technique (the nanoparticle was around 400
nm in diameter and the distribution of the temperature not
much larger than that in principle). In order to take into
account this lack of resolution, the authors multiplied the
measured temperature increase by a factor of 10.2, which led
them to an estimation of the actual nanoparticle temperature of
320 °C, which turns out to be the spinodal decomposition of
water. Our procedure and our conclusions are somehow
different from the ones reported by Carlson et al. First, we do
not suffer from a constraining spatial resolution, since we are
heating micrometric areas and our spatial resolution is ~500
nm.”® The actual temperature is thus unambiguously the one
we measure. Then, we never reached the spinodal temperature
decomposition of water of 320 °C. We observe the formation
of a bubble at a lower temperature, around 230 °C. Finally, we
evidence that superheating in plasmonics does not require the
heating of a single nanoparticle and can also be achieved over
very large areas using assemblies of nanoparticles. In 2013, the
Halas group studied experimentally and theoretically the
formation of nano- and microbubbles generated around single
spherical gold nanoparticles. They reported interesting features,

AE = 4na’y
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but they made the assumptions that the MBs were made of
water steam and that a MB appears at 100 °C. Even though
these assumptions seem intuitive at first sight, the underlying
physics of the MB generation in plasmonics is more complex, as
demonstrated by our experimental results.

Apart from these few recent developments in plasmonics,
there is also a large community, specialized in fluid mechanics
and phase transitions, which has been studying for long the
physics of the generation of small bubbles. Below, we give a
brief overview of the most important developments in this field,
and explain how our contribution stands out from these
developments.

A large community is working on the presence of
nanobubbles at solid—liquid interfaces.**™*® It has been
observed using atomic force microscopes (AFMs) that
nanobubbles were impinged in most liquid—solid interfaces
and could exist for very long times (up to several days). These
nanobubbles are too small to be observed by optical means.
This is a quite peculiar and recent discovery that is still under
investigation, since the origin and the nature of these
nanobubbles are still not clearly explained. The bubbles
considered in our experiments are completely different from
these famous nanobubbles. They do not feature the same size,
the same dynamics, and the same origin, since nanobubbles do
not originate from heating,

Several studies have been reported on the physics of the
micro- and nanobubble dynamics under cavitation.>*~*" This
physics is quite different from the one related to our
investigations. Indeed, cavitation is a bubble formation that
results from a pressure decrease (not a temperature increase)
which is usually very brief due to the propagation of a shock
wave. Consequently, such bubbles are known to feature very
short lifetimes and they are made of steam, not air (dissolved
gas molecules do not have time to diffuse from the liquid
environment to fill in the bubble).

Finally, another important area of research consists of the
bubble generation under pulse heating.">**** The physics is
also very different from what we report, as the bubbles collapse
as fast as they appear (for the same reason as just above).

The context of our work is in that sense different and
complementary in comparison with what was reported so far:
the bubbles are observed on plasmonic structures, they are not
nanometer sized, and they are generated under cw illumination.

Bubble Shrinkage. Once the MB is formed, if the heating
beam is switched off, the temperature increase vanishes in a few
microseconds due to the small size of the heated area. The time
scale 7 of the cooling can be estimated using the relation 7 =
L?/Dy, where L is the characteristic size of the system and Dy
its thermal diffusivity."® In our experiments, 7 is on the order of
a fraction of a millisecond. However, the MB does not
disappear straight away. It slowly shrinks during a few seconds,
a few minutes, or even a few hours, depending on the initial size
of the MB, before fully disappearing. The fact that the MB does
not collapse as soon as the temperature increase vanishes stems
from the nature of the MB: it is not made of steam water but of
air molecules, as explained in the previous section. The air
contained in the MB comes from the air molecules dissolved in
the surrounding water. Under standard conditions, the
molecular concentrations of O, and N, in water are,
respectively, 0.26 and 0.50 mM, which corresponds approx-
imatively to 22 mL of air dissolved/L of water.

In order to investigate experimentally the MB dynamics, an
area of approximately 7 ym in diameter was heated above Ty
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during At = 20 s to generate a MB in a steady state. Then, the
heating (i.e., the laser) was stopped and a video was acquired at
a rate of 25 frames per second to follow the MB diameter (see
the video jp411519k_si_002.mov in the Supporting Informa-
tion). The observations are reported in Figure S where the MB
diameter is plotted as a function of time for four different MBs.
The time origin was arbitrarily taken at the moment when the
bubbles disappeared. The MB dynamics was observed to be
fairly reproducible from one MB to another and a clear
dependence of the bubble radius in (—t)"2 is observed,
regardless of the initial MB radius. In other words, the bubble
lifetime 7 is proportional to a’, i.e., the volume of the bubble
(Figure 5d). The measurements led to the fitting formula 7, =
0.22a> with 7y in seconds and a in micrometers.

Table 1. Notations Used in This Article

name description dimension
r radial coordinate m
t time s
a bubble radius m
v bubble volume m®
D laser beam diameter m
B laser power w
p bubble inner pressure Pa
P, ambiant pressure Pa
N amount of gas molecules in the bubble mol
T temperature K
Q absorbed power by NPs w
At heating duration s
c gas molecule concentration in the liquid mol m™
Coo initial molecular concentration in the liquid mol m™
] molecular flux density in the liquid mol m™ s~
7 surface tension of the liquid/gas interface Jm™
K Henry coefficient Pa m* mol™
Dy thermal diffusivity m?s7!
D molecular diffusivity m” s~
D, Soret coefficient m? s K7t
R gas constant J mol™! K™
K thermal conductivity Wm™!' K

This simple a* law stems from a subtle interplay between the
Laplace pressure in the bubble and the molecular diffusion in
the liquid. This law can be derived by assuming a spherical
symmetry (discarding the substrate) where a gas MB stands in

liquid

Figure 4. Schematic of the simplified system consisting of a gas bubble
immersed in a uniform and isotropic liquid.
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Figure S. (a) Dark field images of a MB at successive times during shrinkage. (b) Evolution of the bubble radius a as a function of time for four
different bubbles. The time origin is the bubble disappearance. (c) Same graph with a logarithmic scale. (d) MB lifetime as a function of the initial

bubble radius (fit from experimental data).

a uniform and infinite liquid environment (Figure 4). The MB
inner pressure as a function of the MB radius a reads

P=P +2y/a (4)

where P, is the ambient pressure and y is the surface tension of
the gas—liquid interface. If the gas is considered as ideal, it
follows the ideal gas law PV = NRT, where V = 47a®/3 is the
MB volume, N is the amount of gas molecules (in moles), R is
the gas constant, and T is the MB temperature. Using these two
relations, one gets the constitutive equation relating the gas
amount within the bubble and its radius:

4na’ 2
_ 4ma (Poo L )
3RT a (%)
The molecule variation rate noted N = dN/dt reads thus
2.
N = 4ra a(Pm_'_ il)
RT 3a (6)

Let c(r, t) be the molar concentration of the gas dissolved in the
liquid and constituting the MB. ¢ is dependent on the radial
coordinate r due to the central symmetry of the problem. The
temporal variations of ¢ are governed by a diffusion process
(Fick’s law) but also by the variation of the bubble size, which
induces a centripetal overall fluid convection. The equation
governing the gas concentration within the liquid is thus®

D_,, a*a
Oc = —0,(r"dc) + —-0c

r r (7)
On the right-hand side of eq 7, the first and second terms are,
respectively, the diffusion and convection terms. In the context
of this study, one can consider that the diffusion process is
dominant, and neglect the contribution of the convective term.
This assumption can be justified by dimensional analysis of the
equation and based on the experimental observations: the order
of magnitude of the ratio of the diffusive term by the convective
term is on the order of D/(aa) > 1. This amounts to making a
quasistatic approximation where the variation of the bubble size
is slow enough in comparison with the time scale of the
molecular diffusion processes. Hence, if the convective term is
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discarded in eq 7, one ends up with a regular diffusion equation
and the solution simply reads
_ C(a) ~ Co
c(ryt) =c, + a )
The boundary condition c(a) is directly related to the inner
bubble pressure P via the Henry law:

P = Kc(a) (9)
Since P, = Kc,, and using eqs 4 and 9, one gets
2y
c(ryt) =co+ —
(nt) = Kr (10)

Surprisingly, the molecular concentration in the liquid is not
dependent on the size of the MB, i.e, not dependent on time.
This means that, during the whole evolution of the MB radius,
the concentration profile c(r, t) will not be affected. Hence, we
can write c(r, t) = c(r). Only its domain of definition [a(t),
+oo] will be time-dependent. The concentration profile is
plotted in Figure 6a.

Let J be the molecular flux density vector in the liquid. J is
radial, and its amplitude reads by definition

J(r) = —Da,c(r) (11)
_ 2D
Jtr) = Kr? (12)

By considerations on mass conservation, the molecular
variation rate N of the MB can be expressed as a function of

J(a):

N = —47a’J(a) (13)
G 8ryD
M=% (14)

Interestingly, the delivering rate of gas molecules N from the
bubble to the surrounding liquid turns out to be constant
during the bubble shrinkage. This is the origin of the fact that
c(r) is constant, since ¢(r) = ¢y, + N/(42Dr). From the two
expressions of the molecule variation rates obtained in eqs 6

dx.doi.org/10.1021/jp411519k | J. Phys. Chem. C 2014, 118, 4890—4898
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and 14, we finally obtain the differential equation governing the
evolution of the MB radius:

2yDRT

G=——r
Kaz(Poo + ﬂ)
3a

(15)

Two regimes can be expected depending on which term is
dominant between P, and y/a. In water, the transition between
these two regimes is obtained for ¢ =~ 500 nm. Since the
purpose of this work is to investigate long-lived MBs that are at
least a few micrometers in radius, we can discard the second
term. Note that discarding this second term does not mean that
the Laplace pressure does not play a role. Indeed, y is still
present in the simplified differential equation. In this
approximation, the solution of eq 15 reads

6RTD,
a(t)’ = ——L
P K

o

~
~

t + const

(16)
From this equation, the lifetime of a MB can be simply
estimated:

PK
- 6RTDya

T

MB (17)
The MB lifetime scales thus as 4, i.e., the volume of the MB, as
observed experimentally (see Figure Sd). Note that, in this
model, the presence of the substrate is not taken into account.
However, the presence of a surface is supposed to affect eq 13,
since the MB surface will be smaller than 47a% and is supposed
to affect eq 8 as well, since the surrounding medium no longer
features a central symmetry. Taking these corrections into
account would add a correction factor to the estimated lifetime
but would not change the power-three dependence.

Bubble Steady State Maintained under Illlumination.
We have investigated in the previous sections the physics of the
formation of a MB under illumination and of the shrinkage of
the MB upon stopping the illumination. In this section, we shall
describe the bubble steady state under illumination.

In the following, we consider that the laser beam diameter is
smaller than the bubble diameter (D < 2a), so that the heat
power Q is generated inside the MB. This assumption simplifies
the discussion, and matches what was done experimentally. As
the heating laser is on, a temperature gradient is expected
within the medium. Since the temperature profile is no longer
uniform in the system, the new molecular flux density vector
now reads**

J=-DVc - DcVT (18)

The second contribution involving the temperature gradient
expresses thermophoresis. Thermophoresis is a process that
induces a diffusion of dissolved species in a liquid due to a
temperature gradient.** Most of the time, dissolved species
tend to move toward colder regions (D, > 0). As we consider a
steady state, ¢ = —V-J = 0, which yields

V-(=DVc) = V-(DcVT) (19)

(20)

As the steady state temperature profile is governed by the
Laplace equation, V2T = 0 and T(r) = Q/(4z«r), where k is the
thermal conductivity of the liquid. Using this expression in eq
20 leads to the differential equation governing the molecular
concentration around the MB, under illumination:

—~DV*c = DcV’T + DV VT
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Q

4rkr

1 D
7dr[rdrc(r)] =3 50,c(r)

(1)

The solution of this equation fulfilling the boundary conditions
lim,_, o, c(r) = c,, and lim,_ ., d,c(r) = 0 is

o(r) =y exp(— bQ ) = e "
D4gmkr (22)
where
DQ
G D4k (23)

is the depletion length of the molecular concentration around
the MB induced by thermophoresis.

As a conclusion, during heating, the steady state is
characterized by a molecule depletion at the vicinity of the
MB. On the contrary, upon stopping heating (during the
bubble shrinkage), the opposite effect occurs: a molecule
accumulation is observed around the MB (see previous
section). This is summarized in Figure 6.
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Figure 6. (a) Radial temperature profile in the liquid surrounding a
MB of radius g, both under heating and without heating. (b)
Associated radial profile of the molecular concentration of the gas
dissolved in the surrounding medium (plotted for the particular case of

rq = a).

Let us now discuss a singular observation that often occurs
when illuminating a MB on plasmonic nanoparticles. In our
experiments, in order to maintain the bubble under a steady
state, the laser beam was focused on gold nanoparticles located
around the center of the MB (Figure 1b). These heated
nanoparticles were thus no longer surrounded by water but by a
gas phase. If this focused heating beam is moved toward the
edge of the MB, at the glass/water/gas junction (see Figure 7e)
or even a few micrometers away from the MB, it is possible to
induce boiling within the MB, without affecting the MB itself.
Successive images of a MB boiling event are displayed in Figure
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Laser

Figure 7. Successive dark field images of a single MB (see the video jp411519k_si_002.mov in the Supporting Information). (a) Initial MB with the
heating focused in the center of the bubble. (b—d) Successive images when the laser is focused near the water—bubble interface, evidencing boiling

inside the bubble. (e) Schematic side view of the system.

7a—d. Boiling is induced at the edge of the MB, which produces
a large amount of steam within the MB, which recondenses
instantaneously nearby the other extremity of the MB, where
the temperature of the substrate is lower and below 100 °C.
This is the origin of the observation of water microdrops within
the bubble. When the heating is stopped, these water
microdrops within the MB are stable. However, if the laser
beam is focused right within the MB, they all evaporate
instantaneously. A video evidencing these phenomena is
provided in the Supporting Information (jp411519k_si 003.-
mov).

This observation illustrates that complex and unexpected
processes may occur when investigating phase transitions and
fluid dynamics on the microscale.** For this purpose, plasmonic
nanoparticles, and especially gold nanoparticles, are good
candidates for several reasons: they lead to large optical
absorption with a low quantity of metal, they are biocompatible,
they do not suffer from oxidation, and they feature catalytic
properties, which could lead to new applications in
solvothermal chemistry.***” Solvothermal (respectively hydro-
thermal) chemistry is a branch of chemistry based on the use of
superheated liquids (respectively water) as solvents. For this
purpose, the use of a pressured chamber (autoclave) is
necessary to avoid boiling. Our approach based on the use of
plasmonic NPs would not require the use of an autoclave,
which could certainly open the path for new synthetic
experimental procedures in chemistry.

B CONCLUSION

To summarize, we first focused on the physics of the generation
of microbubbles. We explained that no microbubble is expected
at 100 °C for two reasons: a too small bubble curvature radius
that increases the boiling point and the absence of nucleation
centers in our samples. Supercritical liquid water, up to 220 °C,
are systematically observed prior to bubble formation,
regardless of the size of the heated area. Then, we described
the physics of the bubble shrinkage once the heating is turned
off. We evidenced experimentally very long lifetimes, due to the
fact that the MBs are not made of water steam but of air
molecules coming from the liquid. The lifetime is proportional
to the MB volume and can reach several tens of minutes. A
theory is developed to explain this feature, and we evidenced
that the dynamics is governed by a diffusion process of the gas
molecules in the liquid.

All this work strongly benefits from the capabilities of our
TIQSI thermal imaging technique that we recently developed.*®
Indeed, this microscopy technique makes it possible to measure
temperature over a wide range of values, with no real upper
limitation, mainly because our technique is label free, and not
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based on the use of temperature-sensitive fluorescent molecules
likely to thermobleach around 70 °C.**

All of these observations evidence how interesting and
complex a thermal-induced fluid mechanism can be on the
microscale, especially when phase transitions are involved. We
hope that this work will be the basis for new fundamental
investigations in fluid mechanics and phase transition on the
microscale. We also foresee valuable applications especially in
chemistry: the ability of heating a fluid far above 100 °C
without using an autoclave would certainly open the path for
new synthetic pathways in chemistry. Moreover, gold nano-
particles are known to feature catalytic properties for some
chemical reactions, especially at high temperatures, which
appears to be another promising benefit of such an approach.

B ASSOCIATED CONTENT

© Supporting Information

Details of the sample geometry and of the refractive index
variation as a function of temperature. jp411519k _si_002.mov:
Shrinkage of a microbubble. jp411519k_si_003.mov: Internal
boiling. This material is available free of charge via the Internet
at http://pubs.acs.org.
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