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Colloidal metal particles as probes of nanoscale thermal transport in fluids
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We investigate suspensions of 3—10 nm diameter Au, Pt, and AuPd nanoparticles as probes of thermal
transport in fluids and determine approximate values for the thermal condudiaméethe particle/fluid
interfaces. Subpicosecond=770 nm optical pulses from a Ti:sapphire mode-locked laser are used to heat the
particles and interrogate the decay of their temperature through time-resolved changes in optical absorption.
The thermal decay of alkanethiol-terminated Au nanopatrticles in toluene is partially obscured by other effects;
we set a lower limitG>20 MW m~2 K ~1. The thermal decay of citrate-stabilized Pt nanoparticles in water
givesG~130 MW m 2 K ~1. AuPd alloy nanoparticles in toluene and stabilized by alkanethiol termination
give G=5 MW m 2 K ~%. The measure@ are within a factor of 2 of theoretical estimates based on the
diffuse-mismatch model.
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I. INTRODUCTION I’Cp
T; :ﬁ. (2)

Increasing interest in the transport of thermal energy on
nanometer length sca_les is ac_companying the shrinking Sca§etting 4=, defines a critical value d&
of devices and emerging applications for nanocomposite and
multilayer materials:?> Experimental methods for character- 3CA
ization of nanometer-scale thermal transport are also advanc- G= L
ing rapidly: time-resolved thermoreflectance provides high rCp
spatial and temporal resolution to the one-dimensional flow
of heat from the surface of a metal fiffimicromachined test With G>G., the cooling of the nanopatrticle is controlled
structure$ and scanning thermal microscopieme used to by the effusivity of the fluidAC;. With G<G,, the cool-
examine heat flow in nanowires; and high resolution lithog-ing is controlled by the interface thermal conductaGcéor
raphy enables measurements of heat flow in semiconduct@n r=5 nm particle in an organic solvent such as toluene
device structure§ Here, we describe our initial experiments G,~50 MW m~2 K ~1; the same particle in water gives
on the use of colloidal metal particles as probes of the naG.=600 MW m~2 K ~1. We are not aware of any previous
nometer scale thermophysical properties of fluids and solidguantitative studies o6 for solid-liquid interfaces but re-
fluid interfaces. We believe our results will impact more ap-ported value¥-'?for the thermal conductance of solid-solid
plied efforts at developing and understanding novel heainterfaces span a similar range<3G<700 MW m 2 K 1,
transfer fluids, targeted thermal effects in medical The thermal conductance of Cu interfaces with liquid He—
therapies;® and photothermally activated drug delivéfy.  usually discussed in terms of the inverse@fthe Kapitza

For sufficiently small particles, the thermal conductanceresistance—has been thoroughly studfiémit we cannot ex-
per unit areaG of the particle-fluid interface will play an trapolate these results and predict the behavior of classical
important role in the thermal decay of a particle heated by dluids at room temperature.
laser pulse. In the absence of interface effeéBts: o, the The decay of electronic excitations of nanoparticles mea-
characteristic timery for the cooling of a spherical particle sured by pump-probe laser spectroscopies has an extensive
can be estimated by equating the heat capacity of the particlgerature'*~'8 Thermal decays at longer-time scales have
to the heat capacity of a layer of the surrounding fluid withalso been observed but have typically been a secondary
the thickness of the thermal diffusion length=\D;7y;  consideratiort®22 (A notable exception is the recent work
%wrSCp=4wr2IdCf, whereC, andC; are the heat capaci- by Hu and Hartlantf who showed that the decay time of
ties per unit volume of the particle and the fluid, respectivelycitrate-stabilized Au nanoparticles varied from 10 to 380 ps

)

andr is the particle radius. Therefore, as the particle radius was varied from 5 to 50 himn. the
majority of the prior work, the pump excitation is produced
rZC,"; by the frequency doubled=390 nm light from a regenera-
Td:-QCfAf’ D tively amplified Ti:sapphire laser. Typically, the temperature

of the metal nanoparticle is inferred through changes in op-
where A; is the thermal conductivity of the fluid. Alterna- tical absorption of the particle-fluid mixture measured by a
tively, if the cooling of the nanopatrticle is controlled by the time-delayed probe beam; changes in the real part of the
interface thermal conductance, then the cooling time is giveindex of refraction are also accessible through transient
by the ratio of the heat capacity of the particle to the totallensing? of the probe beam or probe beam refractibat
thermal conductance of the particle-fluid interface low particle densities, the complex index of refraction of the
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particle-fluid mixture is a simple function of the dielectric and supernatant. The second supernatant showed a much-
constants of the nanoparticle and flérd. decreased polydispersity and this sample was used for stud-
To minimize the temperature excursions of the nanoparies of thermal transport.
ticles and possible photochemical damage to our samples, we () Citrate-stabilized Pt, & 10 nm. Pt nanoparticles were
limit our studies to excitation and detection using pulses oPrepared by hydrogen reduction following the procedures de-
near infrared light generated by a mode-locked Ti:sapphirécribed by Henglein and co-workei *'A K ,PtCl, aqueous
laser. This approach simplifies the experiments and enable&®lution(10 mM) was prepared using double distilled water
high modulation frequencies that minimize laser noise. Wetnd aged for 4 days before reducti¢fihe reduction of aged
avoid the need for flow cells or large sample volumes: a fullSolution of PtCf~ is much faster than that of freshly pre-

sample cell in our apparatus require® wL of fluid. pared solution due to the formation of hydréteThe solu-
tion was diluted to~0.5 mM and sodium citrat€d.2 mM)

was added as a stabilizer to prevent agglomeration. The so-
lution was flushed with nitrogen for 20 min. Then, pure hy-
drogen was introduced into the system and bubbled vigor-
A. Nanoparticle synthesis ously for 3 min. The vessel was subsequently sealed to allow
the reaction to complete. The vessel was occasionally shaken
to ensure saturation of the solution with hydrogen. The solu-
tion was yellowish brown 5 min after Hintroduction and
turned black after two hours.

Il. EXPERIMENTAL DETAILS

(@) Thiol-stabilized Au, d&= 3 nm Au nanoparticles were
synthesized following the method of Brust al?® HAuCl,
(30 mL, 30 mM was transferred from an aqueous to a tolu-
ene phase using tetraoctylammonium brom{@®ABr) in
toluene (80 mL, 50 mM as the phase-transfer agent. The
organic layer was separated, and dodecanetfDuldSH B. Transmission electron microscopy

(170 mg, 0.84 mmolgswas added under vigorous stirring. A Nanoparticle shapes, sizes, and size distributions are
large excess of aqueous sodium borohyd(@emL, 0.4 M evaluated by transmission electron microscopy, see Fig. 1,
was then added dropwise and the mixture was stirred for 3 ising either a Philips CM12 or JEOL 2010 LaB6 microscope
at room temperature. The organic phase was collected, covith accelerating voltages of 120 or 200 kV, respectively.
centrated to 10 mL by rotary evaporation, and precipitated'he nanoparticle suspensions were dispensed on carbon-
twice from excess ethan@B0:1) overnight in a freezer. coated copper gridéAu and AuPd particlesor SiO,-coated

(b) Thiol-stabilized Au, &5 nm Larger Au nanoparticles grids (Pt particle$. Pt particles show pronounced faceting,
were synthesized by increasing the Au:DodSH ratio as desee Fig. 1b). Planar crystal defects are clearly visible in the
scribed by Leffet al? (i) 3.5:1 (Au:RSH). HAuCl, (15 mL,  AuPd alloy particles through diffraction contrast, see Fig.
30 mM) was transferred to toluene with TOARBL0.2 mL,  1(c). In disagreement with the conclusions of Ref. 27, we did
100 mM). After the addition of DodSH in toluen@.13 mL,  not observe significant differences in the average diameters
40 mM), NaBH, (12.5 mL, 0.4M was added dropwise with of thiol-stabilized Au nanoparticles synthesized with 3.5:1
vigorous stirring. The reaction mixture was stirred overnightand 5:1 Au:RSH ratiog¢data not shown In both cases, the
and the product was precipitated twice from ethanol as deaverage diameter wab~5 nm.
scribed above(ii) 5.0:1 (Au:RSH). A solution of HAuC),
(7.5 mL, 89 mM was mixed with TOABr in toluen€l5 mL,
100 mM). After the addition of DodSH in toluen@.19 mL,
40 mM) to the organic phase, NaBH18 mL, 0.4 M was For transient absorption measurements, we use a mode-
added dropwise with vigorous stirring. After stirring the re- locked Ti:sapphire laser that produces a series=06f15 ps
action mixture overnight, the product was precipitated twicepulses at a repetition rate of 80.6 MHz. The laser output is
from ethanol. split into a “pump” beam and a “probe” beam whose rela-

(c) Thiol-stabilized AuPd, & 10 nm.AuPd alloy nanopar- tive optical path lengths are adjusted via a mechanical delay
ticles were produced by co-reduction of Pd@hd HAUC),  stage. We modified our thermoreflectance appafatusc-
in a Brust-type synthesis. For Ay o6, aqueous PdGI(5  commodate transmission measurements. A 20 mm focal-
mL, 10 mM) was added to a vigorously stirred solution of length microscope objective focuses the pump and probe
HAUCI, (25 mL, 30 mM. Phase-transfer to toluene was car-beams and also forms a reflected-light dark-field microscopy
ried out with TOABr(80 mL, 25 mM, and DodSH170 mg,  image of the sample cell on a CCD cam&aThe fluid cells
0.84 mmo) was added to the organic phase. Reduction toolare 0.1x1 mn? or 0.2<x2 mn? flat-sided capillary tubes
place following dropwise addition of NaBH20 mL, 0.5 M  that are epoxied to a steel disk that serves as a heat sink and
and the mixture was left stirring for 3 h. Initial cleaning of sample holder. We use pump and probe beam powers of 2—8
the product was carried out as described above. In addition tmW, a wavelength of 770 nm, and aei/beam radius of
removal of excess reactants by precipitation from ethanol8.5 um. The energy density of the optical pulsesif.2 mJ
the polydispersity was decreased by the use of size-selectivan 2. The differences in transmitted probe intensity caused
precipitation?® Acetone, a nonsolvent, was added by passivéy the pump pulse appear at ttie-9.8 MHz modulation
vapor transfer to a concentrated colloidal dispersion of thdrequency of the pump beam and are extracted with lock-in
AUPd particles in toluene. After 2 days, the supernatant wasetectiors> The electro-optic modulator broadens the pump
removed and the process was repeated on both the sedimgntise to a width o=0.5 ps.

C. Picosecond transient absorption
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FIG. 2. Transient changes in optical absorptiofaashort times
and (b) long times from suspensions of alkanethiol terminated Au
nanoparticles in toluene: 3 nm diameteolid triangleg, 5 nm di-
ameter(3.5:1 open circles, 5:1 solid circlesThe pump and probe
powers are~8 mW; the sample path length=0.1 mm; and the
absorption lengthe~*~5 mm. The vertical scale is approximate.
In (a), a two time-constant exponential dedaashed lingis shown
for comparison. Inb), calculated thermal decays, see E43—(8),
are shown as dashed lines; the vertical scale of the theoretical
curves are fit to the data &&=100 ps. The calculated decays are
labeled by the thermal conductan@eof the particle-fluid interface:
G=w excludes interface effect§=20 MW m~2 K ~lis the lower

FIG. 1. Transmission electron micrographs of colloidal metallimit on G that is consistent with the data.
particles used in our studies of nanoscale thermal transgert:
alkanethiol-terminated Au nanoparticles, average diameter

41

=3 nm; (b) citrate-stabilized Pt,d=10 nm; (c) alkanethiol- 3 iwr3CpT,=P—4mrF, (4)

terminated AuPd alloysd=10 nm. The nominal composition of

the AuPd alloys is AglglPdh g6- G(Tp_Tf) =F, (5)
D. Modeling of heat flow FF=T:{(14+qgr)A;. (6)

Working in the frequency domain, we write three equa-P is the laser power that heats the nanoparti€les the heat
tions for the temperature of the nanoparti€lg, the bound- flux at the particle-fluid interface, and|@/ is the thermal
ary condition at the interface, and the boundary condition oriffusion length in the fluid:g?=iw/Ds, D;=A{/C¢. We
the temperature of the fluid; adjacent to the interface. The solve forT, by eliminatingF andT;. For small temperature
temperature gradient within the particle is negligible: excursions, changes in optical absorption of the probe
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~ FIG. 3. Transient changes in optical absorption from suspen- g 4 Transient optical absorption from suspensions of al-
sions of citrate-stabilized Pt nanoparticles in water; the average paj,nethiol terminated AuPd alloy nanoparticles in toluene; the aver-
ticle diameter is 10 nm. The pump and probe POW_ermmV_Vli age particle diameter is 10 nm. The pump and probe powers are
the sample path length=0.1 mm; and the absorption lengt ~5 mW; the sample path length=0.2 mm. Calculated thermal
~15 mm. Calculated thermal decays are shown as dashed lines; th@5vs are shown as dashed lines; the vertical scale of the theoret-
vertical scale of the theoretical curves are adjusted to fit the data iy 5 curves are fit to the data && 100 ps. The calculated decays

the vicinity of t=40 ps. The calculated decays are labeled by the, e |apeled by the thermal conductaref the particle-fluid inter-
thermal conductanc® of the particle-water interface. The units of face. The units ofs are W m 2 K L.

GareWm?2K™1L

_ . . _ time. We speculate that the=7 ps signal arises from an
beam will be a linear function of the particle temperature; theelectronic effect associated with the Au-alkanethiol inter-

in-phase signal of the lock-in amplifier is tifen faces. Structural relaxations of the alkanethiol termination
are a more remote possibility. We observed essentially the
S(a)=Ty(a/r+ )+ Tp(a/7—T), (7)  same signal using probe-beam refractidata not showhin

samples of lower optical density.
) The electronic signals in pure Au nanoparticles mostly
Vin(t)=A _200 S(a)expi2mtq/7), (8  obscure the thermal decay for our choice of pump and probe
- wavelengthsh =770 nm. Nevertheless, the tail of the data
where 7 is the time between pulsesjs the time delay be- shown in Fig. 2b) allows us to set a lower limit oi® for

o)

tween pump and probe, adis a constant. these samples>20 MW m~2 K ~1,
Our data for citrate-stabilized Pt nanoparticles in water
Il RESULTS are in good agreement with the thermal decays of similarly

sized citrate-stabilized Au particles measured by Hu and
In Fig. 2, we plot the transient change in optical absorp-Hartland?® (The authors of Ref. 23 did not consider interface
tion measured for alkanethiol terminated Au nanoparticlesconductance in their analysiShe electronic signaldata not
At short times, the transmission decreases quickly with a shown in Pt nanoparticles is negligible &2 ps. Thus the
=1 ps time constant and then more slowly with 7 ps. We  thermal decay can be followed at much shorter delay times
can assign the first decay to the cooling of the Au electrorthan is possible in Au. The best fit to the data givés
gas. In bulk Au, the decay time of the electron gas for smalk~130 MW m~2 K %, see Fig. 3.
temperature excursions near room temperature is To overcome the weak thermal signals of pure Au nano-
predicted®** to be 7=0.7 ps, in good agreement with our particles, we developed AuPd alloy nanoparticles. The addi-
results and prior measurements of electron dynamics in Ation of Pd is intended to increase the optical absorption and
nanoparticles in the limit of low-energy laser pul$2$Of-  the temperature dependence of the optical constants at
ten, the cooling time of the electron gas is confused with the=770 nm. The results for a nominal composition of
electron-phonon scattering time. In Au at room temperatureAug o/Pth gg are shown in Fig. 4. In pure Au, the thermal
the electron-phonon scattering time is 25 times smaller thasignal does not dominate the measurement wmil00 ps;
the cooling time®) in AuPd, the thermal signal dominates o 10 ps and so a
We do not understand the origin of the=7 ps decay. much larger range of delay times can be compared with
The fastest possible decay of the temperature of the Au latheory. We extrac6~5 MW m~2 K 1, SinceG<G,, the
tice should have a characteristic time scale given by(Eq. predicted decay is exponential with a time constant
7¢4=110 ps forr=5 nm, and furthermore, in this limit of =820 ps.
G—o the temperature would not decay exponentially with  The fit between the data and this single time-constant ex-
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ponential decay is, however, far from perfect. The decay timéebye density of states in the fluids with a transverse speed
depends on the ratio/G, see Eq.(2). Polydispersity inr of sound that is 60% of the longitudinal speed of sownd
does not appear to be sufficient to explain the discrepancies 0.6v,. We do not consider the intramolecular vibrations
at short and long times; we conclude that polydispersit¢of and treat each molecule as a rigid unit. These calculations
is more significant and creates the more gradual decay segfive Gpyy =62 MW m~2 K ~for the Pt/H0 interface and

in the data in Fig. 4. Gpuw =12 MW m~2 K ~*for Au/toluene. Thus, despite all
the shortcomings and approximations of the DMM, the
IV. DISCUSSION AND CONCLUSIONS predictedGpyy fall within a factor of~2 of our measure-

ments. Quantitative modeling o6 may require more

To gain physical insight, we compare our results to theoxqphisticated approaches such as molecular dynamics simu-
retical estimates based on the diffuse-mismatch modgksion.

13 - :
(DMM).”The DMM was originally developed to aid under-  a,pq alloy nanoparticles appear to be particularly well

standing of the thermal conductance of solid-solid interfacesgyited for further systematic study: the transient optical ab-
In the simplest implementation of the DMM, the Debye gopiion signals are large, stable, and easily measured. We
model is used to describe the vibrational density of states OBxpect that changes in interface chemistry or composition

both sides of the interface. Phonons are assumed to be ragy| produce significant changes i6 and enable rigorous
domly and elastically scattered at the interface with a transgasts of theoretical models.

mission coefficient given by the ratio of the phonon densities
of states. The DMM often overestimat€s for solid-solid
interfaces near room temperattirdout we have recently
shown that the DMM is in excellent agreement with data This work was supported by U.S. DOE Grant No. DE-
for epitaxial TIN/MgO and TiN/A}O; interfaces of high FG02-01ER45938. The Ti:sapphire laser is part of the Laser
quality. Facility of the Seitz Materials Research Laboratory at the

While phonons are probably well defined in odr  University of lllinois. TEM characterization of the colloidal
>5 nm Pt or Au nanopatrticles, only the low-frequency lon- particles was carried out in the Center for Microanalysis of
gitudinal vibrational modes of $#O and toluene are wave- Materials, University of lllinois, which is partially supported
like. But lacking any other analytical approach, we examineby the U.S. Department of Energy under Grant No.
the DMM predictions for Pt/HO and Au/toluene using a DEFG02-96-ER45439.
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