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ABSTRACT

Thermal transport in aqueous suspensions of Au-core polymer-shell nanoparticles is investigated by time-resolved measurements of optical
absorption. The addition of an organic cosolvent to the suspension causes the polystyrene component of the polymer shell to swell, and this
change in the microstructure of the shell increases the effective thermal conductivity of the shell by a factor of approximately 2. The corresponding

time scale for the cooling of the nanoparticle decreases from 200 ps to approximately 100 ps. The threshold concentration of cosolvent that
creates the changes in thermal conductivity, 5 vol % tetrahydrofuran in water or 40 vol % N,N-dimethylformamide in water, is identical to the
threshold concentrations for producing small shifts in the frequency of the plasmon resonance. Because the maximum fraction of solvent in

the polymer shell is less than 20 vol %, the increase in the effective thermal conductivity of the shell cannot be easily explained by contributions

to heat transport by the solvent or enhanced alignment of the polystyrene backbone along the radial direction.

Metal nanoparticles have been proposed as targeted thermalemperaturé, 1° but these data, in most cases, have not been
agents for use in medical therapies and drug delivérgnd analyzed quantitatively to extract information about the

could extend the precision of thermal effects below cellular thermophysical properties or microstructure of the material
dimensiong. Gold nanoparticles are leading candidate ma- surrounding the nanoparticle. A notable exception is the
terials for these applications because of their biocompatibility recent work by Hartland and co-workers: heat transport in
and because well-developed surface chemistries are availablg@uspensions of Au-core silica-shell nanoparticles revealed
to functionalize Au nanoparticles for attachment to selected that heat transport in the silica shell depends on the
biological molecules or materials. The optical properties of composition of the solvent; i.e., solvent penetration into the

Au nanoparticles can also be optimized by layered structures;porous silica shell changed the thermal conductivity of the
for example, a dielectric nanoparticle surrounded by a Au ghell significantly!t

shell has a large absorption coefficient in the near-infrared
where biological tissues are relatively transparent, and high
power diode lasers provide an efficient and convenient heat
source*3

Time-resolved measurement of optical absorption using
ultrafast lasers has proven to be a flexible and powerful
technique for probing heat transport within suspensions of . L
metal nanoparticle®;” a pump laser beam is used to heat ments of the effective thermal conductivity of a polymer shell

the nanopatrticles, and a time-delayed probe beam monitorssurrounding aAu nanopartic}él_n contrast to our prev_ious
changes in the imaginary part of the index of refraction of work on nanopartlc_le suspensions, where the C(_)Olmg rate
the suspension. Many research groups have studied how th&f the bare nanoparticle is always slower than predicted based

environment of a nanoparticle affects the decay of the particle ©n the bulk properties of the surrounding fluid, the cooling
rate of these Au-core polymer-shell nanoparticles can be

* Corresponding author. Tel: 1-217-244-8107; Fax: 1-217-333-2736; much faster than expected.
e-mail: zge@uiuc.edu : :
Au-core polymer-shell nanoparticles were synthesized by

T University of lllinois. ) i
* University of Minnesota. a recently reported method in which block copolymer

In our previous work, we emphasized the role of the
nanoparticle/surfactant/fluid interfaces on thermal transport
from nanoparticles to the surrounding fli¢f In aqueous
suspensions, these interface effects are relatively weak
because the thermal conductance of the nanoparticle/water
interface is largé? In this letter, we concentrate on measure-
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output is splitinto a “pump” beam whose optical path length
‘ is adjusted via a mechanical delay stage and whose intensity
is modulated by an electrooptic modulator and a “probe”
e ' beam which is modulated by a mechanical chopper. We use
pump and probe beam powers of116 mW, a wavelength
of 770 nm, and a 1febeam radius of &m. The differences
Cg in transmitted probe intensity caused by the pump pulse
appear at thé= 9.8 MHz modulation frequency of the pump
beam and are extracted with an rf lock-in amplifieThe
. two channels of the output of the rf lock-in amplifier are
150 nm ; then measured by a pair of audio frequency lock-in amplifiers
 ESERE . .
locked to the frequency of the mechanical chopper. This
Figure 1. TEM images of Au nanoparticles encapsulated with QOubIe—moduIation technique ﬁs needed to suppress artifacts
PSocb-PAA; micelles dried from pure water. The diameter of in the data created by pump light scattered by the nanopar-
the Au core is 314 3 nm and the polymer shell is 16 2 nm ticles and improve the signal-to-noise ratio.
thick. Since the thermal decay times of the nanoparticles are
, _much longer than the duration of the pump pulse and are
surfactant micelles are assembled around bare nanoparticleg, ,ch shorter than the oscillation period of the model-locked
and then permanently fixed by chemical cross-linking of the |5qer the transient absorption measurements are relatively

copolymer:? In this study, amphiphilic; poly(styrenigtock easily interpreted as a direct measurement of the temporal
acrylic acid) (PSrb-PAAL) copolymet andS dodecanethiol- ey |ution of the temperature of the particle subjected to an
capped Au nanoparticles & 31 4 3 nm)*® were initially instantaneous source of heat. An analysis of the particle

dissolved together iN,N-dimethylformamide (DMF), agood  temperature is, however, more easily accomplished by first
solvent for both the hydrophobic (PS) and hydrophilic (PAA) gq|ying the equations that describe the flow of heat resulting
polymer blocks and the nanoparticles. Gradual addition of .5, 4 periodic heat source, i.e., by solving the equations in
water to this mixture induced the formation of a surfactant 4,4 frequency domain.

micelle around each nanoparticle. These Au-core micelle-  \ye write three equations for temperature of metal core
shell structures were then made permanent by cross-inkingrthe poundary condition on the temperature of the fluid
the polyacrylate block of the micelles with 2@thylene- 1 gjacent to the shell, and the temperature field in the shell.
dioxy)bis(ethylamine) and 1-(3-dimethylaminopropyl)-3-ethyl- - the temperature gradient within the metal core is negligible.
carbodiimide methiodide in water, as previously descritfed. The temperature is assumed to be continuous at the-core
Transmission electron microscopy (TEM) images of the ghe|| and sheftsolvent boundaries; in other words, we

resulting nanoparticles dried from aqueous suspension shoW,oq me that the thermal resistance of the interface is
that each micelle shell contains exactly one nanoparticle a”dnegligible.

has uniform thickness, see Figure 1. Assuming that the two
copolymer blocks segregate strongly in water, the highly 4
asymmetric P&gb-PAA;3 copolymer forms a glassy shell gia)rprTp =P- 4m12F1 (1)
that is composed almost entirely of polystyrene, which is
further surrounded by a thin layer of cross-linked poly-
acrylate. We assume that the polyacrylate is on the outside
of the polymer shell because the system is in water and the
polyacrylate block is hydrophilic. This assumption is further
supported by NMR data on encapsulated nanottfbehijch
show that the polyacrylate block is solvated in water and Here,C, is the heat capacity per unit volume of the particle;
the polystyrene block is not. This cross-linked layer ensures P is the power of the heat source at frequengyF; is the
that, as the polystyrene shell swells or desolvates in responséeat flux at the particleshell interfacef is the heat flux
to changes in the surrounding solvent, the polymer layer doesat the shel-fluid interface;r; is the core radiust; is the
not dissociate from the particle surface and the particles dototal core-shell radius; 14 is the thermal diffusion length
not precipitate from suspension. For example, exposure ofin the shell;g? = iwC/A where C and\ are the heat capacity
Au-core PS-shell particles to 20% tetrahydrofuran (THF) per unit volume and thermal conductivity of the shell and
makes the shell permeable and exposes the particle core td/|c is the thermal diffusion length in the fluidg? = iwCy/
chemical attack® It also turns the glassy PS shell fluid, as Ay, andCr and As are the heat capacity per unit volume and
demonstrated by TEM images of cershell particles before ~ thermal conductivity of the fluid. The terms and 3 are
and after exposure to solvefit. unknown coefficients that are eliminated by the continuity
We use cooling rate of a nanoparticle heated by an ultrafastof the temperature at the interfacd@$t,) = T, andT(rp) =
optical pulse to determine the thermal conductivity of the T;. Thus, an analytical solution fof,, while cumbersome,
polymer shell. Transient absorption data are collected usingis an algebraic expression in the frequency domain.
a mode-locked Ti:sapphire laser that produces a series of Since small changes in optical absorption will be a linear
<0.5 ps pulses at a repetition rate of 80.6 MHz. The laser function of the particle temperatutéthe in-phase signal of

r22':2 =T (L + gr)Aer, )

T =aexp(q(r —ry) + S exp@(r —ry)) 3)
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Figure 3. Shift in wavelength of the maximum plasmon absorption
with the volume fraction of THF (solid circles) or DMF (open
circles) in aqueous Au-core polymer-shell nanoparticle suspensions.
In pure waterA = 548.8 nm.

Jent? KL As shown in Figure 2a, the best fit of the thermal
model to the data giveAghen = 0.254+ 0.03 W nTt K1,
The value is larger than 0.3®.18 W nt* K1 reported in
the literature for polystyren®. To provide a simple but

Figure 2. Data points are the measured transient changes in optical quantitative characterization of the cooling time, we define

absorption for suspensions of Au-core polymer-shell nanoparticles.
(@) In pure water, the best fit (solid line) gives the thermal
conductivity of the shellA shell= 0.254+ 0.03 W nT1 KL, 7y,
=202+ 7 ps. (b) In 15 vol %THF/85 vol %D mixture, the best

fit (solid line) givesA shell= 0.504 0.05 W nT1 K1, 71, = 105

+ 7 ps. For both (a) and (b) the pump power is 15 mW and probe
power is 11 mW. The sample path lendtt= 0.2 mm and the
absorption lengti* ~ 14 mm. The calculated thermal decays
are obtained from eq-15.

the lock-in amplifier i°

Sa) =Tz + )+ T(dr — 1) 4

Vi) =A S () exp2rtg/z) ()

g=—co

where 7 is the time between pulses,is the time delay
between pump and probe, aAds a constant.

In Figure 2a, we plot the transient change in optical
absorption for Au-core polymer-shell nanoparticles in pure
water. Each spectrum shows oscillations at delay tiré&®

the half-decay-time, as the time required for the change

in optical absorption to decay by a factor of 2 relative to the
optical absorption at 5 ps3, = 202+ 7 ps for core-shell
nanoparticles in pure water. In general, the longer time scale
decay is slower than previously observed for 10 nm Pt or
20 nm AuPd nanoparticles in water whetg, is ap-
proximately 35-50 ps®1? For 31 nm citrate-stabilized Au
nanopatrticles in pure water (used as Au core in the synthesis
of the core-shell nanopatrticles),;, is approximately 94 ps
(data not shown).

We expected that swelling the polymer shell with organic
solvent should result in minimal changes in the thermal
relaxation of the coreshell nanoparticles; however, this is
not the case. Figure 2b shows transient changes in optical
absorption from suspensions of Au-core polymer-shell nano-
particles in a 15 vol % THF/85 vol % mixture. The decay
of the temperature of the Au core is significantly faster than
in the pure watertdy, = 1054 7 ps in 15 vol % THF/85 vol
%H,O mixture) and the best fit gives a larger effective
thermal conductivity of the shellAsnen =~ 0.50 £ 0.05 W
m-1 K1),

ps, superimposed on a thermal relaxation over a longer time We found a direct correlation between solvent swelling
scale. The oscillations are created by the spherically sym-of the polymer shell and thermal relaxation of the particle
metric vibrational modes of the Au core. The period of these core, as shown by concurrent changes in the thermal

breathing modes is expected tolBe= D/(0.93), wherey

is the longitudinal speed of sound, & 3240 m/s for Au),
andD is the diameter of the Au coré.Using the Au core
diameter measured by TEMD(= 31 nm), this equation

conductivity and in the surface plasmon absorption of the
nanoparticles with varying solvent composition. The wave-
length of maximum surface plasmon absorbantg,] of

Au nanopatrticles is dictated by the refractive index of the

predicts” = 10.3 ps, in good agreement with the measured local surrounding mediunmimaxis thus an indicator of solvent

valuel =~ 9.7 ps. infiltration into the polymer shell surrounding the nanopar-
We fit the decay of the temperature of the Au-core to the ticle. The high index of refraction of polystyreng§= 1.55)

thermal model described above with two free parameters: red-shifts the surface plasmon resonance of aqueous Au-core

the thermal conductivity of polymer shell and the value of PS-shell nanoparticlest{.x = 549 nm) relative to bare

the constanA that provides a scaling factor for tlyeaxis. aqueous Au nanoparticledqfx = 529 nm,ny,0 = 1.33).

All other parameters in the model are fixed; the radius of Figure 3 shows the change itnax for a suspension of

the Au corer; and polymer shell thickness—r; are given aqueous Au-core PS-shell nanoparticles as organic cosolvent

by TEM measurementa, = 2.49 J cm® K™%, Cyater = was added to the solution. Low fractions of added cosolvent

4.18 3 cm® K™%, Apater= 0.6 W nT 2 K1, Cpolystyrene= 1.28 had little effect ommay but at a critical cosolvent composition
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250 - %THF/85 vol %H0 with a threshold near 5 vol %. In the
200r ¢ o~ @+ DMF/H,O system, ther;, decreases from 200 ps in pure
_top THEOL DMFX water to 107 ps in 80 vol % DMF-20 vol %8 with a
g \‘} \Q threshold near 40 vol %. A full fit of the thermal model
§ 100r ] allows us to extract how the effective thermal conductivity
of the polymer shell evolves with swelling, see Figure 4b.
50 , The thermal conductivity increases abruptly near the critical
1 Vol% T :"g or DME 100 concentration of cosolvent that produces swelling and reaches
< : a maximum of approximately 0.5& 0.05 W nTt! K=t in
e oof ) ] both THF/water and DMF/water mixtures.
= 05l THE These changes in the effective thermal conductivity of the
;? ' 4 shell with swelling cannot be directly attributed to solvent
g 03f j DMF penetration into the shell. Water has a relatively large thermal
g 4 3 conductivity (0.6 W mi* K1), but our data for the shift in
- the plasmon resonance, see Figure 3, indicate that the water
g 01 content of the shell must be less than 10 vol %. This small

! 10 100 amount of water is not expected to produce a large change

Vol% THF or DMF in the thermal conductivity of the shell. The thermal
Figure 4. Changes in the (a) half decay time and (b) effective conductivity of THF (0.14 W m* K~*) and DMF (0.18 W
thermal conductivity of the shell with the volume fraction of THF  m™! K1) are near the thermal conductivity of the fully
(solid circles) and DMF (open circles) in aqueous Au-core polymer- collapsed PS shell, and therefore approximating the thermal
shell nanoparticle suspensions. properties of the swollen shell by averaging the properties

of the solvent and polymer componéiitsannot explain the

(6% THF, or 40% DMF), the plasmon resonance of the jhcrease in the thermal conductivity of the shell.

particles is abruptly blue-shifted as solvent swelled the  cnhanges in the thermal conductivity of the shell that might
polymer shell. We attribute this sharp change in absorbancey,o produced by enhanced alignment of the polystyrene

wavelength to a critical solvent composition threshold for 3 cxhon@ are more difficult to rule out, but this mechanism
swelling, Wh'czr; is consistent with past theoretféaf and also appears to be an unlikely explanation for our results.
experimentdf-2>work on swelling in macroscopic polymer  gyperiments on drawn amorphous polymers typically show
networks and is similar to critical swelling transitions ihat draw ratios of 23 are required to produce a thermal
observed in cross-linked poly{sopropyl)acrylamide geR. ;o qyctivity enhancement of a factor ofWhile swelling
The difference between the critical solvent fractions for THF ¢ ihe polymer shell may produce some additional stretching

and DMF is explained by the different compatibilities of 4t the polystyrene backbone, we do not anticipate that this
these solvents for the PS shell; the Floryuggins solubility  gyretching could reach a factor of 2 in magnitude. In addition,
parameter of polystyrene (= 17—20 MP&") is closer to  he polymer chain is not covalently tethered to the nano-
that of THF ¢ = 18.6 MP&?) than DMF ¢ = 24.8 MP&”), particle surface, and thus any stretching should be minimal.
and so less THF must be added than DMF to make the  finqly, we emphasize that theoretical calculations of heat
solvent compatible with the PS lay#r. transport in nanoscale systems may not be reliable if those
Because the index of refraction for the water/cosolvent .. culations are based on the thermal properties of bulk

mixture was always less than that of polystyreng.{ = phases. In our experiments, the thermal conductivity of a
1.41,nowr = 1.43), the particle absorbance was always blue- gy 5jlen nanoscale polymer film displays a relatively large
shifted by swelling. Since the volume of the polymer shell yherma conductivity. This factor of 2 increase in the thermal

is nearly an order of magnitude larger than the volume of ¢qnqyctivity is unexpected and leads to factor of 2 increase
the Au core, the shift in the plasmon resonance is simply i, ine cooling rate of the Au core.

related to the index of refraction of the shell; a shift of 3 nm

indicates that the index of refraction of the polymer shell  Acknowledgment. This work was supported by U.S.
has decreased by 0.83°If this change in index of refraction  DOE Grant No. DEFG02-01ER45938. The Ti:sapphire laser
is solely due to THF penetration into the shell, the maximum s part of the Laser Facility of the Seitz Materials Research
volume fraction of THF in the shell would be approximately |aboratory at the University of lllinois. We thank Xuan

20%; if water also contributes, becausgier < Nrur, then Zheng for programming the control software for the thermal
the volume fraction of solvent in the swollen shell is smaller. measurements.

THF and DMF have similar refractive indices, and therefore
this estimate of solvent penetration is also valid for DMF/  Supporting Information Available: TEM images of the
water mixtures. These data also allow us to estimate the smallnanoparticles in THF/FD mixture before and after dialysis
changes in heat capacity and radius of the polymer shell thatwith DI water; description of the analytical solution fa;
result from solvent penetratidn. discussion on using shift in the wavelength of plasmon
Figure 4a shows how the half decay timg changes with resonance to extract solvent concentration inside the shell.
the volume fraction of the cosolvent. In the THERHsystem, These materials are available free of charge via the Internet
7112 decreases from 202 ps in pure water to 105 ps in 15 vol at http://pubs.acs.org.
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