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Sound propagation in light-modulated carbon nanosponge suspensions
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Single-walled carbon nanotube bundles dispersed in a highly polar fluid are found to agglomerate into a
porous structure when exposed to low levels of laser radiation. The phototunable nanoscale porous structures
provide an unusual way to control the acoustic properties of the suspension. Despite the high sound speed of
the nanotubes, the measured speed of longitudinal-acoustic waves in the suspension decreases sharply with
increasing bundle concentration. Two possible explanations for this reduction in sound speed are considered.
One is simply that the sound speed decreases because of fluid heat induced by laser light absorption by the
carbon nanotubes. The second is that this decrease results from the smaller sound velocity of fluid confined in
a porous medium. Using a simplified description of convective heat transport, we estimate that the increase in
temperature is too small to account for the observed decrease in sound velocity. To test the second possible
explanation, we calculate the sound velocity in a porous medium, using a self-consistent effective-medium
approximation. The results of this calculation agree qualitatively with experiment. In this case, the observed
sound wave would be the analog of the slow compressional mode of porous solids at a structural length scale

of order of 100 nm.
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I. INTRODUCTION

Materials with nanometer-sized pores, often referred to as
nanosponges, are finding numerous applications. For ex-
ample, they can serve as contaminant absorbers,! carriers for
drug delivery,” catalysts for oxygen reduction,® and templates
for producing defect-free ultralow-k dielectrics.* Typically,
the sol-gel method is used to make these nanosponges, in
which a solution containing nanoparticles in suspension is
polymerized to form a gel.’

In this study, we report on the creation of nanosponges
made by dispersing networks of single-walled carbon nano-
tube (SWCNT) bundles in a polar fluid and exposing the
suspension to low-level laser radiation (~2.5 kW/cm?). Re-
markably, exposure to laser light leads to agglomeration of
the dispersed bundles into a nanoporous structure whose av-
erage pore dimensions and volume fraction within the focal
volume are tunable by light. Since the physical scaling
lengths associated with such fluids—such as the wavelength
of sound—are typically larger than the dimensions of the
nanopores, these suspensions offer excellent opportunities to
investigate the propagation of acoustic waves through inho-
mogeneous media.

Sound propagation in liquid-solid mixtures has been stud-
ied extensively. For example, Biot® proposed that, in a bicon-
nected liquid-solid mixture, there are typically three sound
modes: a fast compressional mode, a shear mode, and a slow
compressional mode. This work has been followed by many
additional theoretical and experimental studies (e.g., Refs.
7-11) of wave propagation in liquid-solid composites. These
works consider composites as diverse as colloidal
suspensions,® superfluid helium in aerogel,’ and water-
saturated sand.!”

Here we experimentally investigate propagation of sound
in liquid-solid composites but in a different regime where the
structural length scale is ~100 nm. Such suspensions are of
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interest scientifically because of the sensitivity of sound
propagation to connectivity and nanoscale structure, and
technologically because of possible opportunities for control
of the spongy nanobundle structure with light and improved
heat-management applications.'> We study these acoustic
properties by Brillouin light scattering.'®!# Despite the stiff-
ness of the SWCNTSs, our measurements reveal an unex-
pected softening of the sound velocity of the suspension with
increasing initial weight fraction of the bundles. We comple-
ment our experimental study with a simple effective-medium
model for sound propagation in these media.

II. SAMPLE PREPARATION AND EXPERIMENTAL
RESULTS

We produce solutions containing dispersed bundles of
single-walled carbon nanotubes by first adding 1 mg of the
carbon material (CarboLex, AP grade, as produced with
50%-70% purity) to 100 mL of N,N-dimethylformamide
(DMF). Upon sonication for 45 min, the carbon material
becomes uniformly dispersed in the DMF solution. This so-
lution is then diluted further with DMF to obtain concentra-
tions ranging from 5X 107 to 9X 10~ g/L, and sonicated
again until the solute is evenly dispersed.

Previous work!> has shown that these sonicated mixtures
contain bundles of 1.4 nm diameter SWCNTs. The bundles
are ~25 nm in diameter and several microns long [Fig.
1(a)]. Moreover, the sonication process produces both posi-
tively and negatively charged bundles. The positively
charged bundles are solvated by the highly polar DMF mol-
ecules so that only the negatively charged bundles are free to
migrate.!> The fact that the migratory bundles are negatively
charged becomes evident when a positive bias is applied to
the solution."

Figure 1(b) shows a transmission electron microscope
(TEM) image of the bundles after exposure to 514.5 nm laser
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FIG. 1. (a) TEM image of SWCNT. The images were from
specimens obtained by drying a sonicated DMR-SWCNT bundle
suspended on a grid. (b) TEM image of light-induced agglomerated
bundles. The clear regions are pores while the dark regions are the
SWCNT bundles.

radiation. There are several possible mechanisms underlying
the observed light-driven agglomeration. First, the charge on
the bundles might be modified by electron emission due to
the laser electric field. Such field emission from SWCNTs is
well known.'®!7 In fact, enhancement factors exceeding 10*
that reflect the diameter, length, and packing density of
SWCNT bundles have been reported.'” This allows applied
fields of 10°—10° V/m to initiate electron emission from the
bundles. These relatively low turn-on fields are, in fact, eas-
ily realized by the laser electric field for the power densities
used in this study. Second, the charge on the bundles could
be modified by localized laser-induced heating.'® These
mechanisms could initiate nanobundle agglomeration by dis-
turbing local charge neutrality. Energy transfer from the
nanobundles may also heat the DMF near the focal volume,
leading to thermally driven convective bulk fluid motion and
to further growth of the agglomerates as they sweep through
the fluid. We have observed such bulk motion of the fluid,
and display the resulting larger spongelike structures in the
TEM image of Fig. 1(b). The pore dimensions are mostly
less than 500 nm, i.e., of the order of the wavelength of
sound probed in this study. Thus, one expects the sound ve-
locity in the suspension to differ substantially from that of
the pure liquid, as indeed the measurements show.

The acoustic modes in the suspension are detected by
Brillouin scattering, using laser excitation at wavelength A\
=514.5 nm. The incident power was maintained at
~50 mW, focused to a spot size of ~50 wum in diameter,
and the backscattered spectra from freshly sonicated suspen-
sions were recorded. The frequency of the longitudinal pho-
non is measured from the Brillouin doublet at a fixed wave
vector g=(4mn/\)sin /2, where n is taken to be the refrac-
tive index of the liquid, and #=180° in backscattering. Now
the index of refraction of pure SWCNT in the visible is es-
timated to be approximately two, as extrapolated from mea-
surements of SWCNTs at lower frequencies, and of highly
porous SWCNT films.'*? Since this is larger than npyp, the
index of refraction of the suspension is greater than that of
pure DMF. If c.,, were obtained using the value of the sus-
pension index, the speed would thus be even lower than that
shown in Fig. 3.
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FIG. 2. (Color online) Frequency shift of the backscattered Bril-
louin doublet (in GHz) as a function of the inifial weight fraction fy,
of CNT bundles in the suspension. All Brillouin spectra were re-
corded for two minutes. In all cases in the main figure with fy,
# 0, the Brillouin spectra were measured immediately after sonica-
tion. The inset shows the Brillouin doublet at fy=1.5X 1074, re-
corded (a) after sonication for 1/2 h, (b) after simultaneous sonica-
tion and exposure to 514.5 nm laser radiation for 1/2 h, and (c) after
ceasing sonication but continuing to expose the sample to 514.5 nm
laser illumination for 1/2 h.
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The mode frequencies were measured for different initial
weight fractions fy, of the nanotube bundles, and their phase
velocities (v=w/q) determined from the frequencies of the
Brillouin peaks. The weight fraction of the nanobundles
within the focal volume of the incident probe-laser beam is
time dependent and greater than fy, because of agglomera-
tion. Therefore, most measurements are recorded not only
immediately after sonication but also after exposing the sus-
pension to laser radiation for specified time periods.

Figure 2 shows a sequence of Brillouin spectra recorded
for two minutes from the DMF-SWCNT suspension with
different fy,. For all fy, we observe only one mode, as evi-
dent from the single Stokes/anti-Stokes Brillouin doublet.
With increasing fy, the Brillouin peaks clearly shift to lower
frequencies and become slightly asymmetric toward the low-
frequency side. Given the structural rigidity of the nanotubes
and their very high sound velocity (more than 100 times that
of pure DMF), the observed decrease in frequency is coun-
terintuitive. Moreover, the relatively large (25%) decrease in
the frequency (and therefore the sound velocity) of the sus-
pension with modest fy, (~7X10™%) is surprising. The
variation in the speed of the acoustic mode with fy, is sum-
marized in Fig. 3.

To understand the large decrease in acoustic velocities
with increasing fy, additional Brillouin experiments were
performed to identify contributions to self-agglomeration
from light exposure, and the countereffects due to sonication.
Sonication leads to the systematic breakup of the nano-
sponges and eventually to the creation of isolated nanotube
bundles. The inset of Fig. 2 illustrates this effect for fy
=1.5X107°. Initially, the suspension was sonicated for 1/2 h
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FIG. 3. Sound speed c.yp in m/s, as extracted from the peak
positions in the Brillouin doublet, as a function of the initial weight
fraction of SWCNT bundles in the suspension. The dashed line
denotes the value of fy, beyond which c., changes little. Note that
fw is 10>2-10% times smaller than the weight fraction in the focal
volume.

without laser exposure to ensure that no agglomeration oc-
curred immediately prior to the measurement. Next, a Bril-
louin spectrum was acquired (while continuing the sonica-
tion) with 514.5 nm laser light. This measurement yielded a
longitudinal mode at a frequency of 7.1 GHz [curve (a) of
Fig. 2]. To distinguish the competing effects of laser-driven
self-agglomeration and fragmentation from sonication, illu-
mination of the suspension with 514.5 nm laser light was
continued for an additional 1/2 h, together with ongoing
sonication. At the end of this period, a Brillouin spectrum
was recorded, which showed that the mode frequency of the
suspension had dropped from 7.1 to 5.9 GHz [curve (b) of
Fig. 2]. This decrease is consistent with our finding that ex-
posure to light causes agglomeration of the carbon
nanobundles, overcoming the breakup due to sonication, and
yielding a corresponding decrease in the sound velocity. In
order to confirm that the decrease in the sound velocity is
primarily due to the laser-driven agglomeration, we stopped
the sonication but continued the laser exposure for another
1/2 h. Following this, the mode frequency was measured
again, and observed to decrease further to 5.8 GHz [curve (¢)
of Fig. 2].

Figure 3 summarizes the variation in the measured sound
speed Ceyp With fy. Beginning with fy~5x 107, we found
that the frequency, and thus the sound velocity, of the sus-
pension decreases monotonically from the value of 8.4 GHz
in the pure DMF solvent. The frequency continues to de-
crease until f;;~ 6 X 1074, beyond which the mode frequency
stabilizes and appears unaffected by further increases in
SWCNT concentration.

III. ANALYSIS OF THE EXPERIMENTAL RESULTS
A. Effects of heating

We now turn to the interpretation of these sound velocity
measurements. One possibility to consider is that the ob-
served drop in the sound velocity is due to local heating of
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the DMF liquid resulting from absorption of laser energy by
the SWCNTSs. To check this possibility, we have, first of all,
directly measured the change in sound velocity of pure DMF
as a function of temperature, by measuring its temperature-
dependent Brillouin spectrum from 7=30 °C to 7=105 °C.
We find that the frequency of the longitudinal mode drops
smoothly with increasing temperature from about 8.1 GHz at
30 °C to 6.15 GHz, at 105 °C, a decrease of about 24%. If
the index of refraction is, as seems likely, very weakly tem-
perature dependent, this measurement would indicate a de-
crease in the speed of the longitudinal mode also of about
24% over this temperature range. While this is comparable to
the decrease in sound speed of the suspension which we
observe, the actual increase in the temperature of the suspen-
sion is expected to be only a few kelvin, as we now argue.
Heating of the DMF occurs indirectly. The laser energy is
first absorbed by the SWCNT bundles and dissipated to the
surrounding fluid. This results in a localized heated region
within the fluid where the temperature is higher than that of
the surrounding cooler DMF, and causes a flow driven by
natural convection. An estimate of the temperature rise of the
laser-irradiated region may be obtained by examining the
momentum conservation equation for a fluid flowing under
the influence of natural convection. Using the Boussinesq
approximation,”! the body force in free convection may be
linearized. This is done by relating the density difference to a
temperature difference via the volumetric thermal-expansion
coefficient, 8. Then, comparing the inertia term and this lin-
earized body force term in the streamwise momentum equa-
tion yields?!
Upaw ~ 28LB(T - T..), (1)

max

where u,,, is the maximum induced velocity of the flow
(which we measured by tracking a particulate), L is a char-
acteristic length scale, which is taken to be the spot size of
the laser, B=—p~'(dp/dT)p is the volume thermal-expansion
coefficient, T, is the surrounding fluid temperature (taken as
300 K), T is the temperature in the laser spot, and g is the
acceleration of gravity.

The density of DMF is 925 kg/m?® at 318 K and
961 kg/m? at 278 K. A straight-line fit to this data gives
poMme(T)==0.917T+ 1217, where T is in kelvin and p in
kg/m?. In order to estimate u,,,,, we observed and recorded
the positions of the agglomerated particles in suspension as a
function of time. From these observations, we estimate u,,,,
to be no greater than 2 X 10~ m/s. If we take the laser spot
size to be 5X 107 m, we then obtain -7, ~4 K. Thus,
we estimate the localized heating of the DMF liquid to be
less than 10 K. According to the above measurements of the
temperature-dependent sound velocity in DMF, this tempera-
ture change would produce only a 1%-2% change in the
sound velocity, too small to account for the observed velocity
change.

B. Composite effect modeling of the sound velocity in the
suspensions

We are thus led to an alternative interpretation of these
measurements by considering the sound velocity of the sus-
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pension created by the laser-induced agglomeration. To cal-
culate this sound velocity, we use a simple effective-medium
approximation (EMA). Several such approximations have
been developed both for random composites of solid grains??
and for suspensions of solid particles in a liquid host.?> These
approximations appear to be quite good for compressional
modes,>* such as are studied here. We consider a suspension
consisting of two components: a liquid (DMF; medium 1)
and a solid (the nanotube bundles, medium 2), present in
volume fractions 1—fy and fy, respectively. Since the aggre-
gates shown in Fig. 1(b) appear macroscopically isotropic,
we follow standard approaches to effective-medium theories,
and treat the composite as if it were composed of small ap-
proximately spherical units, each of the same radius a, and
randomly distributed in the composite. The liquid and solid
are assumed to have compressional sound speeds ¢, and c;
> c,. Other more elaborate approaches are also feasible but
we believe that they would give qualitatively similar results,
as discussed further below. Within the liquid, the local pres-
sure p(r) at position r satisfies® V2p(r)+(w?/c})p(r)=0. If
the solid is taken to be infinitely stiff, the only necessary
boundary condition®?° is that the normal derivative dp,/dn
=0 at the solid-liquid boundary.

In the EMA, the entire suspension is replaced by an ef-
fective medium whose speed of sound, cg, is determined by
embedding each component particle in a self-consistently de-
termined effective medium. The pressures in the effective
medium and the constituent media all satisfy the appropriate
Helmbholtz equations. We impose the boundary condition
mentioned above, and the self-consistency requirement that
the forward scattering from the components embedded in the
effective medium should vanish, on the average.”’ This con-
dition leads to a self-consistent equation which implicitly
determines the one unknown quantity, the effective wave
vector kg, as a function of w, c¢¢, and fy:

2 (2n+ 1)[fv Jn( er®) +(1=fy)

nl) ’( effd )

effjrlz(keffa)jn(k(a) keju(kesa)jy (kea)
kegth" (kegrt) (ko) = koD (kegsar) o (K oat)

()

where j, and h;') denote the spherical Bessel function and the
spherical Hankel function of the first kind, and the prime
denotes a derivative with respect to the argument. A related
approximation has been described in Ref. 23 except that the
self-consistency condition in Ref. 23 involves embedding
liquid-coated solid spheres in an effective medium.

We have solved Eq. (2) self-consistently for c./cp as a
function of wa/c,. The results, shown in Fig. 4, depend on
wa/cy, particularly at higher f, where c. is significantly
smaller than c,. The sum converges very rapidly, with only
three terms (n=0,1,2) sufficing for an accuracy of 0.1% or
better in the regime wa/c.=1 and fy,=1/2. The results
show that, as fy increases, c g decreases. One interpretation
of this result is that the presence of SWCNTs causes the
sound wave propagating in the fluid to undergo more scat-
tering, and hence, to have a lower sound velocity. As the
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FIG. 4. (Color online) Effective sound velocity c.g versus vol-
ume fraction fy for the suspension of SWCNT nanobundles calcu-
lated using Eq. (2), assuming that the liquid is DMF, and consider-
ing three values of the parameter wa/c,, where fy the volume
fraction of the solid component.

concentration of SWCNTSs increases, one would expect that
this scattering would also increase and hence that the reduc-
tion in sound velocity would be greater. Thus, the reduction
in the sound velocity with increasing fy, seen in the EMA
also seems intuitively reasonable.

Other theoretical studies have also obtained a decrease in
sound velocity with increasing volume fraction of stiff ma-
terial similar to what we find here. For example, a similar
reduction has also been derived analytically for sound propa-
gating in a fluid containing a periodic array of infinitely stiff
cylinders,”® using a Green’s-function-based multiple-
scattering approach. In addition, Berryman®? has derived a
similar reduction in sound velocity for a dilute suspension
(fy<<1) of a stiff solid in a liquid host. His result is c.g/cy
=1/Va, with a=(1/2)[1+1/(1-f,)]. This same result can
also be derived by considering the effective-medium ap-
proximation in the limit wa/c,<<1 and f,< 1. In this regime,
Eq. (2) can be solved analytically, and it is found that only
the n=0 and n=1 terms contribute. The result of the EMA in
this limit is c./ce~ 1—fy/4, which agrees, to first order in
fv» with Berryman’s?? result.

Another interesting regime for the effective-medium ap-
proximation is that for which 1/3 <f,,<2/3. At these con-
centrations, the porous medium is expected to be bicontinu-
ous in the EMA,? i.e., both the liquid and the solid phases
form a connected path extending throughout the sample. In
this regime, the mode whose sound velocity we calculate is
analogous to the slow compressional mode often discussed
in porous solids.*® The frequency of this mode is expected to
approach zero when the liquid phase ceases to have such a
connected path extending throughout the sample. In the
EMA, this limit occurs at f;=2/3. Indeed, we find that ¢, in
our calculation, approaches zero when fy,—2/3 and wa/c,
<1, as suggested by this interpretation.

We now discuss one feature of our results which may
seem unrealistic for the carbon nanotube bundles. Namely,
we have modeled the suspension as a random mixture of
spheres of liquid and of very stiff solid. In reality, of course,

104204-4



SOUND PROPAGATION IN LIGHT-MODULATED...

each SWCNT bundles would be better described as a stiff
cylinder. Thus, a more realistic modeling approach would be
to treat the suspension as a mixture of randomly oriented
cylinders representing the SWCNT bundles and other shapes
(perhaps ellipsoids) representing the liquid, and then to carry
out an effective-medium approximation to obtain the sound
velocity of this mixture. However, it is quite difficult to ex-
ecute an EMA for this complicated geometry. Therefore, as
an illustration of the influence of geometry, we have also
carried out a similar effective-medium approximation for a
random distribution of parallel cylinders, calculating the
sound velocity perpendicular to the cylinder axis. In this
case, one embeds cylinders, rather than spheres, of very stiff
material (representing the SWCNT bundles) and liquid in a
self-consistently determined effective medium. The self-
consistency condition then involves cylindrical, rather than
spherical, Bessel functions. The results from this type of
modeling in the limit of very stiff SWCNT bundles are quali-
tatively similar to those shown in Fig. 4: the sound velocity
again decreases with increasing SWCNT concentration, and
a similar dependence on cylinder radius is obtained. The per-
colation threshold for fy, above which there is no connected
path for liquid through the sample, is now fy=1/2 rather
than fy,=2/3 obtained for spheres. We therefore conclude
that the qualitative behavior seen in Fig. 4 is insensitive to
the exact details of the model used to treat sound propagation
in composites of SWCNT bundles and DMF. Of course, it
would be desirable, although difficult, to make the present
model more realistic by developing an effective-medium
theory involving an orientational average over randomly ori-
ented cylindrical SWCNT bundles but the general features of
the behavior would not be expected to change greatly.

The experimental results may now be discussed in view
of these calculations. In all the experiments, fy,~ 1074, as is
the corresponding initial volume fraction of the SWCNTs.3!
However, once the laser beam is turned on, the SWCNT
bundles are advected into the beam and there form aggre-
gates whose weight (or volume) fraction is a factor of
10?—10° greater than fy,. Hence, the measurements should be
compared to calculations for values of fy in the range of
0.2-0.4. For these values of fy, if we take a to be the radius
(~25 nm) of one SWCNT bundle, we obtain wa/c,~ 0.5
and hence cqp/cy~0.8—0.9, comparable to the measured
Cexpt/ C¢- Another feature of the experimental results is that
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Cexpt Saturates for fy,>6X 1074, According to our interpreta-
tion, this means that the volume fraction of SWCNTs in the
focal volume ceases to increase for fy, greater than this
value. This saturation probably occurs because, for fy;,>6
X 1074, the size of the spongy nanostructure created by the
laser-driven agglomeration exceeds the dimensions of the fo-
cal volume, setting an upper limit on f}, within the focal
volume and hence, a lower limit to the sound velocity.

IV. SUMMARY AND CONCLUSIONS

In summary, we have carried out Brillouin scattering ex-
periments on suspensions of SWCNT bundles in an organic
solvent of DMF. Under laser illumination, the bundles ag-
glomerate, leading to a substantial decrease in the measured
sound velocity with increasing SWCNT concentration. This
sound velocity is significantly lower than that of pure DMF,
even though the SWCNT bundles have a much higher sound
speed than the DMF. We have estimated the change in sound
velocity due to local heating of the DMF. From estimates of
the change in temperature due to this heating, combined with
our measurements of the temperature-dependent sound ve-
locity of pure DMF, we find that such heating is too small to
account for the observed drop in sound velocity. However,
the reduction in sound speed, as calculated using the EMA,
is comparable to that seen in the experimentally studied sus-
pension. We interpret the observed acoustic mode as the ana-
log of the slow compressional mode in porous solids having
a structural length scale of order of 100 nm. We conclude
that the reduction in sound velocity is due primarily to com-
posite effects arising from agglomeration. Our experimental
work should be useful in developing phototunable nano-
sponges, as well as creating different types of fluids with
nanoscale inhomogeneities, in which the sound velocity can
be systematically controlled using light.
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