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Ultrafast Dynamics of Gold-Based Nanocomposite Materials

Introduction

The linear and nonlinear optical properties of organic
inorganic hybrid materials are presently topics of intense interest.
New methods of macromolecular synthesis and molecular
engineering allow the fabrication of hybrid materials consisting
of organic macromolecules that are attached to, or even contain,
semiconductor or metallic nanoparticfes. The prospect of
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Ultrafast electron dynamics are compared for small (2.5- to 4.0-nm average diameter) Au nanoparticles in
two different surrounding environments. In one case, an agueous solution contains Au nanoparticles (with
average diameters of either 2.5 or 4.0 nm) embedded inside polyamidoamine (PAMAM) dendrimers. In the
other case, hexanethiol-passivated (HT) Au nanoparticles, with an average diameter of 3.6 nm, are suspended
in dichloromethane solution. Femtosecond two-color pummbe spectroscopy is used to excite and probe

the dynamics of the Au nanoparticles in the region of the surface plasmon resonance. The transient response
is measured as a function of laser excitation fluence @)/dfor the metat-dendrimer nanocomposites, the
transient response consists of a single-exponential decay that relaxes with a time constant of less than 1.2 ps
and is due mainly to electrerphonon coupling. The relaxation time scale shows a weak dependence on
excitation fluence but is essentially independent of the size of the Au nanoparticle embedded inside the
dendrimer (for the size range investigated). In contrast to the ma¢aidrimer systems, the transient response

of the Au-HT in dichloromethane reveals both electrg@ionon and phonerphonon relaxation components,

and the relaxation time scale shows a relatively stronger dependence on excitation fluence. A qualitative
discussion is given for the different relaxation characteristics that are observed for the two Au nanoparticle
systems.

hexanethiol molecules and suspended in dichloromethane
solvent. Comparing the ultrafast optical response of these two
systems provides insight into how the hot electron dynamics of
small metal nanoparticles depend on the structural and thermo-
dynamic properties of the surrounding medium.

Dendrimers have been shown to incorporate moleéflasd
even nanometer-sized metal collofdsnto their interiors.

controlling the optical properties of such materials gives them R€cently, it has been demonstrated that PAMAM dendrimers

significant potential for technological applications. From a more €a@n be used as a teTpIate to synthesize metal colloids in an
fundamental perspective, hybrid materials present a fascinating2dueous environmetit* For smaller-generation PAMAM den-
medium with which to explore photophysical phenomena. drimers @ < 6, whereg is generation), the nanoparticle is

In this paper, we investigate the ultrafast dynamics of smal
(2.5- to 4.0-nm average diameter) Au nanoparticles contained
in two different types of environments. In the first case, the Au

| thought to be stabilized in solution with several PAMAMs
forming a shell around the surface of the metal nanopartitle.
For larger-generation PAMAM dendrimerg ¢ 6), it has been

nanoparticles are embedded inside polyamidoamine (PAMAM) shown that the metal nanoparticle can form inside the dendrimer
dendrimers and suspended in agueous solution. A schematidnterior, leading to the “caged” structure referred to abbVee
representation of this system is shown in Figure 1. Because ofdendrimer template restricts the Au particle size, leading to an
the strong optical absorption due to the surface plasmon €nsemble of Au particles with a well-defined sizéurthermore,
resonance, metadendrimer nanocomposites have potential the dendrimer serves as a passivating medium to prevent the
applications in optoelectronics, and reports have recently @ggregation of the metal colloids, which permits the optical and
appeared on their time-dependent emis¥ieand nonlinear nonlinear optical properties of individual nanoparticles to be
optical propertie8® In the second case, similar-sized Au characterized at much higher concentrations than are possible

nanopartic|es (a\/erage diameter3.6 nm) are passivated by without the cage. There is also the issue of what role the

PAMAM dendrimer cage plays in the dissipation of excess

tPart of the special issue “George S. Hammond & Michael Kasha €nergy from a metal nanoparticle to its surroundings. Sin€2 H

Festschrift”.

molecules penetrate the PAMAM dendrimer in an aqueous

; Corresponding author. E-mail: melinger@ccf.nrl.navy.mil environment, both surrounding materials can affect the time-
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mannweg 10, D-55128, Mainz, Germany. metal nanoparticle using ultrafast spectroscopy can provide

10.1021/jp026885d CCC: $25.00 © 2003 American Chemical Society
Published on Web 05/01/2003



Ultrafast Dynamics of Gold-Based Nanocomposites J. Phys. Chem. A, Vol. 107, No. 18, 2003425

PAMAM charged dendrimer gold colloid
dendrimer loaded with gold salt within dendrimer

Figure 1. Schematic representation of the templating of a Au nanoparticle in a PAMAM dendrimer in aqueous solution. After the reduction of the
charged dendrimer solution, the Au nanoparticle is located offset from the center of the PAMAM dendrimer.

valuable information regarding the nanoparticle/dendrimer information regarding the average diameter of the Au radii, the
environment. average diameter of the dendrimer, and the placement of the
The hot electron dynamics of Au nanopatrticles as colloids Au nanoparticle inside the PAMAM dendrimer was obtained
in solution, or embedded within solid-state dielectric materials, from transmission electron microscopy (TEM), small-angle
have received considerable attentfo and much has been neutron scattering (SANS), and small-angle X-ray scattering
learned about the relaxation mechanisms that return the non-(SAXS). The details of these measurements are given in ref 1.

Fermi electron distribution back to eqU”ianm. FO”OWing The ultrafast dynamics measurements were performed using
ultrashort pUlSGd-'aser EXCitation, the non-Fermi distribution an apparatus based on a kilohertz regenerative|y amp“ﬁed
initially relaxes through electrorelectron and electronphonon  titanium sapphire laser, which produces intense laser pulses
relaxation steps, which lead to the excitation of the metal lattice centered at 790 nm with a pulse width of about 120 fs at the
(phonons). A somewnhat less detailed picture is available for fiwhm, as determined from autocorrelation measurements. Pump
the final relaxation step where excess energy is transferred topylses were obtained from an optical parametric amplifier (OPA)
the surrounding mediurtt122.18 pumped by the main portion of the amplified Ti:sapphire output.
In this paper, the hot electron dynamics are characterized The output of the OPA was frequency doubled usifigkzarium
using femtosecond two-color pumprobe spectroscopy. The  porate crystal to yield pulses of approximately 150 fs duration
different Au nanocomposites are excited and probed in the at the fwhm at a central wavelength of 600 nm. Probe pulses
spectral region of the surface plasmon resonance (SPR), andvere generated by focusing a small portion of the amplified
the Au nanoparticle electron dynamics are measured over aTi:sapphire beam (approximately 1 to 2%) onto a 1-mm sapphire
range of excitation fluences. For excitation fluences up to 800 plate to produce a single-filament white-light continuum. The
uJdlent the dendrimer-encapsulated Au nanoparticles exhibit a instrument response was measured by cross correlation of the
transient bleach response that is characterized by a single-pump and probe in a 1-mm ZnS plate and was typically between
exponential relaxation component, due primarily to electron 240 and 300 fs at the fwhm. Nondegenerate ptimpbe
phonon coupling. The relaxation time constant is found to experiments were performed with parallel pump and probe
depend Weakly on the excitation fluence. For all values of po|arizations_ The pump beam was gent]y focused to & 1/e
excitation fluence, the characteristic relaxation time is less than radius Spot of approximate|y 15‘@m while the probe was
1.2 ps. FUrtnermOfe, ata given excitation fluence, the relaxation focused more t|ght|y to a 1#gadius Spot of approximate]y 100
time is found to be independent of the diameter of the Au um and spatially overlapped with the pump spot. The spot radii
nanoparticle for the size range investigated. In contrast, over of the pump and probe were estimated by translating a razor
the same range of excitation fluences, the hexanethiol-passivateglade through the beam at the point where the beams entered
Au nanoparticles suspended in dichloromethane exhibit a the sample. A 1-mm path length cell was used with the sample
significantly steeper fluence dependence of the eleetphionon  at an optical density near 0.5 at 520 nm. The transmitted probe
relaxation time constant. In addition, the hexanethiol-passivated beam was passed through a narrow band_pass filter centered
Au nanoparticles reveal a much longer time sca@q ps) near 520 nm. A portion of the probe was passed through the
relaxation Component, which is Iargely absent in the dendrimer- Samp|e below the pump beam and was used as a reference beam
encapsulated nanOpartiCleS. A qualitative discussion is given forto remove the pu|se-to-pu|se energy fluctuations. Both transmit-
the different relaxation characteristics that are observed for theted (probe and reference) beams were detected by photodiodes
two Au nanoparticle systems. and integrated by a boxcar averager. The experiments were
conducted at repetition rates ranging from 50 Hz to 1 kHz.

Uncertainties listed in this paper represent one standard
The synthesis of the dendrimer-encapsulated Au nanoparticlesdeviation in the absolute value. Values of the particle size, laser
has been described previoudl@riefly, aqueous solutions of  fluence, and energies have standard uncertainties of ap-
g7 and g9 PAMAM dendrimers (0.1 to 1.0% mass fraction) proximately 16-15% of the listed values based on previous
were mixed with stoichiometric amounts of an aqueous HAUCI| experience with such measurements. Concentrations and wave-
solution. The formation of colloids within the PAMAM matrix  lengths have standard uncertainties of approximately 10% of
was induced by adding the reducing agent NaBi basic the listed values based on previous experience with such
aqueous solution. To control the nanoparticle size, it is necessarymeasurements. The standard deviations shown in the figures
to optimize the Au/dendrimer ratio, and details for the optimiza- are plotted when they exceed the plotting symbol size but are
tion of the Au/dendrimer ratio are provided in ref 1. The left out for simplicity when the values are smaller.
hexanethiol-passivated Au nanoparticles were prepared by the
method given in ref 19. _ __ Results and Discussion
The colloidal Au solutions were characterized by a variety
of techniques. The U¥vis absorption spectra were obtained A. Sample Characterization. The formation of the den-
using a Perkin-EImer Lambda-9 spectrométeBtructural drimer-encapsulated nanoparticles is illustrated schematically

Experimental Sectior®
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1.5 . T T . . TABLE 1: Energy and Spectral Width of the Surface
a Plasmon Resonance for Each of the Au Nanoparticle
Systems

HWHM spectral
diameter (nm) maximum (eV) width (eV)

Au(g9)-PAMAM 4.0 2.43 (510 nm) 0.32
Au(g7)-PAMAM 25 2.47 (502 nm) 0.38
Au-HT 3.6 2.41 (514 nm) 0.42

N
=3

o
&1

eV (2830 cm!) and 0.32 eV (2550 cmi) for the g7 and g9
Au/PAMAMS, respectively. The dotted line is the absorption
spectrum of a g9 PAMAM in KO without any Au present.
The PAMAM dendrimer has negligible absorption in the region
of the Au SPR but exhibits a weak tail that begins at
wavelengths near 400 nm. There is a weak peak near 270 nm
' ' ' ' ' that precedes the onset of a stronger absorption due to the
dendrimer, which begins near 250 nm. Although deviations from
spherical particles and a +15% size distribution can affect
the optical properties of the Au SPR, we find that the peak
position and spectral width of the Au-PAMAM SPRs are similar
to those of other Au nanoparticles in agueous environmiénts.

Figure 2b compares the absorption spectra of the Au(g9)-
PAMAM with HT-passivated Au nanoparticles in dichloro-
methane solution (Au-HT). The HWHM of the SPR for Au-
HT is 3420 cm! (0.42 eV), which is significantly larger than
the spectral HWHM for Au(g9)-PAMAM. The spectral char-

. . . . ! acteristics of Au-HT are similar to those of other alkanethiol-
300 400 500 00 700 800 passivated Au nanoparticlés?° The increased broadening
Wavelength (nm) exhibited by Au-HT relative to Au(g9)-PAMAM is due to a
Figure 2. Absorption spectra of Au-PAMAMs and Au-HT. (a) Smaller average particle size and, possibly, a larger size
Absorption spectra of Au(g7)« - —) and Au(g9) nanocomposites-} distribution. The adsorption of the thiol groups at Au sites may
and an unoccupied g9 PAMAM dendrimer in®i(-++). (b) Comparison also affect the width of the SPR.
of the absorption spectra of Au-HT-(~ =) with Au(g9)-PAMAM It is useful to examine whether a more quantitative analysis
o) of the SPR for the metaldendrimer nanocomposites can be
obtained using Mie scattering theory. The modeling of the Au
SPR is also useful in estimating of the initial temperature rise
induced by ultrashort pulsed-laser excitation. For metal particles
much smaller than the wavelength of the excitation light, the
absorption cross section can be approximated by the dipole term
of the Mie equatioft

Absorbance (arb. units)
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in Figure 1. Initially, an aqueous solution of dendrimer is
charged with H(AuCl,)~ salt. A stable Au colloid is formed
inside the larger-diameter dendrimer upon reduction of the gold
salt with NaBH, Characterization of the composite with SANS
and SAXS showed that one Au colloid forms inside the
dendrimer and that its location is offset from the center of the
dendrimer for g7 and g9A combination of TEM, SANS, and
SAXS measurements showed that the average colloid diameters o(w) O €2()

R are 2.5 and 4.0 nm; these colloids are embedded in the g7 [€1(w) + ZEm]Z + [ez(a))]2
and g9 PAMAMSs, respectively. The size distribution of the Au

diameter is approximatelyt10%. The relative theoretical \here ¢y(w) and ew) are the real and imaginary parts,
molecular masses of the PAMAMSs are 116 344 and 467 546 respectively, of the dielectric constant for the absorbing metal
g/mol for g7 and g9, respectively. The relative molecular masses paticle e, is the dielectric constant of the surrounding medium,
of the encapsulated Au nanoparticles can be estimated by usinggng , is the frequency of the incident light. The complex

the density of bulk gold (19.3 g/mL) and are 95060 2.5 gielectric function for the metal particle is written as
nm) and 390 000R = 4.0 nm). Thus, for each nanocomposite,

the relative mass of the PA_MAM dendrimer is somewhat greater () = ep(0) + 65(0) )
than the (estimated) relative mass of the encapsulated Au. For

the hexanethiol-passivated Au colloids, the average diameter
is 3.6 nm with a size distribution a£15—20%.

B. Steady-State Spectroscopyrigure 2a shows the absorp- 2
tion spectra for the Au(g7, g9) PAMAMs at 298 K. The spectral ex(0)=1— @p 3)
characteristics in the SPR region for each of the Au nanoparticles D w(w — i)
are summarized in Table 1. In each case, the absorption
spectrum reveals a broad peak with a maximum near 510 nmand ¢g(w) is the contribution due to interband transitions. In
that is due to the surface plasmon resonance (SPR) and a risingeq 3,w,, is the plasmon frequency of the free electrons, End
shoulder to the blue of the plasmon resonance that is due tois the damping constant associated with the electron’s mean
interband transitions in gold. The HWHM widths of the SPRs free path. To model the interband contribution, we follow the
(measured from the peak to the red side of the SPR) are 0.38procedure used in refs 9 and 11, where

@)

whereep(w) is the free-electron (Drude) contribution
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Figure 3. Experimental{) and calculated{ — —) absorption spectra. 0.12 .
Both spectra correspond to the case of Au(g9)-PAMAM.
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In eq 4,F is the Fermi distribution function at an electron

temperature®e, wg is the band-gap energy, ande is the
damping constant for the band-to-band transition.
Figure 3 shows a calculated absorption spectrum for the case
of Au(g9)-PAMAM using egs +4. In the calculationwg =
1.7 eV,0. = 298 K, andw, = 8.9 eV’ Since the contribution
to the dielectric constant of the surroundings by the dendrimer
is unknown, we approximate, by using the dielectric constant 0.08
of H,0, or 2., = 3.55 at 298 K2! The calculated absorption
spectrum was obtained with = 0.75 eV andye. = 0.13 eV.
The calculation only roughly reproduces the features of the 0.06
experimental absorption spectrum. The calculated position of
the SPR peak appears at about 10 nm to the red side of the
experimental SPR peak, and the calculation significantly 5 004
underestimates the width of the experimental SPR. Attempts to
calculate the spectral features of the other nanocomposite
samples yielded similar discrepancies. Some of the extra 0.02
broadening in the experimental absorption spectrum is likely
due to the distribution of particle sizes in the sample, which is
not considered in the calculation. The discrepancies between
the experimental and calculated absorption spectra are similar
to those found in previous attempts to calculate the absorption Time (ps)
spectra of Yery small Au nanopartlcl'es u§|ng Mie theBry. Figure 4. Transient bleach response for Au-PAMAMs and Au-HT as
C. Transient Pump—Probe Dynamics.Figure 4a-c shows a function of excitation fluence. (a) Au(g7), (b) Au(g9), (c) Au-HT.
the ultrafast transient purprobe data for each of the  From bottom to top of each graph in-a, the excitation fluence
nanoparticle systems as a function of excitation fluence, which corresponds to 100, 200, 300, 400, 500, 600, and &@en?.

ranged from 100 to 80@J/cn?. In each case, the central laser . . . . .
pump wavelength was 600 nm, and the central wavelength of NCréases with increasing nanoparticle diameter. The magnitude

the probe was tuned to near the peak region of the SPR. FigureOf the induced transmission is related to the change in the

4a and b shows the transient bleach response of the Au-2PSOrption cross section of the nanoparticles

PAMAMs, and Figure 4c shows the transient bleach response AT

of the Au-HT. They-axis represents the normalized change in = = exp(-[o(w, ©¢) — o(w, O, =298 K)NL) — 1 (5)

sample transmissioAT/T, or (T; — T;)/T; whereT; represents

the probe pulse fluence transmitted through the sampleTand  whereN is the sample number density ahds the path length.

represents the incident probe pulse fluence. Equations +5 can be used to estimate the initial elevated
Figure 5 shows the fluence dependence of the change inelectron temperature. This calculation was performed for

sample transmission measured near the peak. In each case, theu(g9)-PAMAM. At the highest applied laser fluence (800

peak signal shows a near-linear dependence on the excitatiorcn?), the initial electron temperature is estimated to be ap-

fluence. At a given excitation fluence, the peak signal also proximately 1100 K.

0.02

0.00
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Figure 5. Dependence of the peak transient bleach signal (around
t = 0) vs excitation fluence® = Au(g7),® = Au(g9). The solid lines
represent linear fits to the data.

The transient bleach signals corresponding to Au-PAMAMs
(Figure 4a and b) show primarily a single rapidly relaxing
component that recovers to equilibrium in less than 5 ps.
Furthermore, the time constant for the transient bleach signal
increases with pump fluence. For the same range of excitation
fluence, the transient bleach signals for the Au-HTs exhibit
somewhat different characteristics (Figure 4c). Here, the signal
exhibits the rapid picosecond-time-scale component found in
the Au-PAMAMS; however, there is a larger change in the
relaxation times over the same range of excitation fluence.
Furthermore, the Au-HT transients also show a residual
component that relaxes with a time constant that is greater than
20 ps. For each of the Au systems, the probe wavelength was
varied by about:10 nm near the SPR maximum, and only
minor changes in the shape of the transient decays were
observed. We note that for probe wavelengths farther from the
peak region of the SPR, there can be significant changes in the
shape of the transient signal due to shifting of the plasmon
band® 113 \We also mention that two different sample prepara-
tions were measured for Au(g7)-PAMAM. Both preparations
gave nearly identical dynamical measurements under the same
conditions of incident pump fluence.

To quantify the relaxation times, the experimental transient
bleach signals are fit to a convolution of the sum of a single-
exponential decay function and a constant using a Gaussian
function that approximates the instrumental response. The
exponential time constants were determined through a Leven-
son—Marquardt fitting procedure. Representative fits for each
of the samples are shown in Figure-6a and the time constants Time (ps)

are given in the caption. Figure 6. Fits of selected transient bleach signals to a convolution of
hD. Eflectron—zhonon Dyngmlcs.TI_”l(; relax_atlon dynamics an exponential decay function with the instrument response. The bleach
show features that are consistent with previous measurementsesponses (data points) and fits (solid lines) have been normalized and

of hot electron relaxation dynamics in noble-metal nanoparticle offset. (a) Au(g7),F = 300 uJ/cn?, T = 0.93 ps, (b) Au(g9)F =
system$18 The initial non-Fermi electron distribution created 400 uJ/cn?, = 0.95 ps, (c) Au-HTF = 400 ud/cn?, T = 1.45 ps.

by the ultrashort laser pump pulse relaxes primarily by eleetron

electron, electronphonon, and phonoefphonon scattering  not fast enough to resolve the electreglectron component,
processes. At short times, immediately following the laser pump we consider only the electrerphonon and phonenphonon
pulse, electrorrelectron and electrerphonon scattering are the  mechanisms in the interpretation of the transients of Figure 4.
primary relaxation mechanisms. The time scale for eleetron We associate the fast component that relaxes on a time scale of
electron scattering depends on the excitation wavelength andl to 2 ps with the electronphonon relaxation mechanism

is proportional to the square of the energy difference between whereas the longer-lived@0 ps) component is associated with
the excited electrons and the Fermi le%&1°¢For excitation the phonor-phonon relaxation.

of Au in the SPR region, the relaxation time due to electron The two-temperature modéhas often been used to explain
electron scattering occurs on a time scale of a few hundredthe time dependence of the transient bleach/absorption signals
femtosecond&3¢17Since our experimental time resolution was in thin metal film2324 and in metal nanoparticlé$ 13 The

ATIT
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Figure 7. Electron—phonon relaxation time constants vs excitation
fluence.O = Au(g7), ® = Au(g9), o = Au-HT. A linear fit to the
data is shown for the cases of Au(g9) and Au-HT.
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Figure 8. Comparison of the transient bleach signals for Au(d®) (
and Au-HT (1) at an excitation fluence of 40@J/cn?.

energy flow from the electron gas to the lattice is modeled by
the following coupled differential equations:

c(O,)

90,
= —C(6,~ ©) + PW)
(6)

0
Crar = GO, — ©)

In eq 6,0, and ©, are the electron and lattice temperatures,
respectively, an€(0¢) = vOe is the electronic heat capacity,
wherey = 66 J/n¥ K? for Au.!! The constanG represents the
electron-phonon coupling, anB(t) represents the input power
density. The relaxation of the electron temperature due to
electron-phonon coupling is determined by the quantity
G/(y®e¢). Thus, the electronphonon relaxation time depends
on the excitation fluence through the electron temperature.
One goal of this paper is to examine the effect of the
surrounding medium on the hot electron dynamics of the Au
nanoparticle. The fluence dependence of the eleetptionon
relaxation time constants (determined by the fitting procedure)
are plotted in Figure 7 and show that at a given excitation
fluence the relaxation time constants corresponding to Au(g9)-
PAMAM and Au-HT are different. To make this clearer, Figure
8 compares the Au(g9)-PAMAM and Au-HT transients mea-
sured at a laser excitation fluence of 4@cn?. The transient
bleach signal for the Au(g9)-PAMAM relaxes with a time
constant of (0.95+ 0.10) ps whereas Au-HT exhibits a

J. Phys. Chem. A, Vol. 107, No. 18, 2003429

TABLE 2: Electron —Phonon Coupling Constants Obtained
Using the Extrapolation Method for Each of the Au
Nanoparticle Systems

electron-phonon couplingG
(x 10" W/m3K)

Au(g9)-PAMAM (2.7£0.4)
Au(g7)-PAMAM (2.8+0.5)
Au-HT (2.4+0.5)

significantly longer initial decay time of (1.4% 0.12) ps as
well as a long-lived component due to phorgrhonon
coupling. One possibility for the longer relaxation time for Au-
HT is that the incident laser fluence induces a much larger initial
temperature rise. To check this, eqs 6 can be used to predict
the initial electron temperature if the input energy density is
known: f P(t) dt = (oand)/V Whereaoapsis the absorption cross
section,F is the incident fluence, an¥ is the nanoparticle
volume. Previous experimental work has shown that for

Au nanoparticles is approximately one-half the physical cross
sectiont3? Using this approximation to estimatgys for Au
particles studied here predicts an initial temperature ratio of
Opau-HT/Oau—pamam = 1.1 (400ud/cn?), which cannot account
for the corresponding ratio of relaxation time constanig:—nt/
Tau—-PAMAM = 1.5 (400#J/C|TI2)

The results shown in Figure 7 provide evidence that the
surrounding medium can have a significant effect on the hot
electron relaxation dynamics in Au nanoparticles. We note that
a similar effect has been observed for silver nanoparticles (6.5-
nm diameter) embedded in solid-state glass matrices of different
thermal conductivitied® In that study, the electrermphonon
relaxation time was significantly faster for the nanoparticles
embedded in the higher thermal conductivity matrix. For the
systems studied here, there is a large difference in the thermal
conductivity ) of the solvents dichloromethane & 0.137
W/mK at 298 K) and HO (x = 0.607 W/mK at 298 K). It is
reasonable to assume that the larger thermal conductivity of
H.,O is more effective in helping to cool the hot electron
distribution, which would lead to a faster electrgohonon
relaxation time in an aqueous surrounding medium relative to
that in dichloromethane. In addition, we should consider the
possibility that the dendrimer cage also plays a role in facilitating
the relaxation of the hot electrons. The dendrimer framework
can supply an additional manifold of states that may be effective
in enhancing the electrerphonon coupling via a surface-
mediated process. To better understand the role of the dendrimer
cage, a direct experimental test such as probing for the
appearance of excess vibrational energy in the PAMAM
dendrimer following laser excitation of the Au nanoparticle must
be devised.

If the initial electron temperature is known with certainty,
then egs 6 can be used to the estimate elecfptyonon coupling
constantG. Since it is difficult to know the precise initial
electron temperature, a method has been sugdédtémt
estimating G by performing a series of power-dependent
measurements and extrapolating the measured time constants
to the low-power limit (i.e.,.G = yO4/t, where ®, and 7,
represent room temperature and the relaxation time constant at
room temperature, respectively). Figure 7 shows that the
electron-phonon relaxation time constants for each of the Au-
PAMAMSs trend to similar limiting values at low power (about
725 fs at they intercept). Table 2 summarizes the results of the
extrapolation for each system. Each of the values¥@ close
to the bulk value for Au of (3.6t 0.5) x 10 W/meK.25 The
values in Table 2 imply that, to within our experimental
resolution, for the Au-PAMAMSs, there is not a strong size-
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dependence for the electrephonon coupling constant in the ' T T ' T
low-power limit. This observation is consistent with previous
measurements on Au nanoparticles suspended in aqueous
environments that showed no size dependencg (@f the low-

power limit) in the size range from 2 to 30 nth!3PIn contrast, =
the electror-phonon time constants for the Au-HTs appear to o1 |
trend to a somewhat larger time constant at the low-power limit 2
(about 825 fs). Although this result appears to suggest that there :é’

is a dependence of the electrephonon coupling constar@

on the surrounding medium, our experimental uncertainty is

relatively large for the low-fluence measurements (approxi-

mately +20%), thus there is a need to investigate the low-

fluence region €50 uJ/cn?) with greater experimental sensi- 0.0 Lu ) ) ) ) ) ) ) )

tivity. oo 5 10 15 20
E. Phonon—Phonon Dynamics.The Au-PAMAM and Au- Time (ps)

HT systems show different transient responses at times IongerFigure 9. Comparison of the normalized change in the Au lattice

than a few picoseconds. The transient bleach signal of the Au-temperature as calculated from equation 10 in reference 11 fos@n H

PAMAMs relaxes completely within 5 ps following the pump  environment ), and a dichloromethane environment € —).

pulse (within our limits of sensitivity) for all values of the

excitation fluence used in the experiment whereas the bleachin the Au-PAMAM transients. The results here may be

signal for the Au-HTs reveals a long-lived component for all contrasted with vibrational relaxation in molecular liquids. We
of the excitation fluences above 1@0/cn?. This difference in note that the solvent environment can significantly affect
the long-time behavior suggests that the phonpinonon  viprational relaxation timesTg). For example, thd? lifetime
coupling for the two systems is stronger for the Au-PAMAMS.  of an OH stretch in liquid KO is less than 1 Bé whereas in a

The phonon-phonon relaxation has been modeled by consider- ccl, environment thd; lifetime for an OH stretch is typically
ing the thermal diffusion from the Au lattice to the surrounding  much longer, 16-100 ps?’

medium according to the diffusion equatiéf8

In an attempt to isolate the role of the PAMAM dendrimer
in the Au lattice relaxation, we performed pumprobe experi-
ments on a dilute aqueous solution of Au nanoparticles (average
diameter= 5.0 nm, optical density approximately 0.075 in a
1-mm path) obtained from a commercial source. For this sample,
and by requiring energy uniformity across the interface between a |ong-lived component was observed in the transient bleach
the nanoparticle and the surrounding mediir signal for excitation fluences above 200'cn?. When compared

to the case of the dendrimer-encapsulated Au, this result appears
CVO, i = CVO|(1) + Cy, rim 4ar’ A@g, (t, 1) dr (8) to provide evidence that the PAMAM dendrimer plays a role
in facilitating the rapid removal of excess energy from the

nanoparticle. However, because the Au nanoparticles from the
commercial source were not made by the same method as that
used to synthesize the dendrimer-encapsulated nanopatrticles,
other factors related to the fabrication of the samples must be
considered. For example, thermal desorption of anions from the
surface of an Au nanoparticle has been invoked as a mechanism
"that could give rise to a long-lived transiéAt. The anionic
species and ionic strength of the commercial sample and the
Au-PAMAMSs investigated here are different, thus thermal
desorption cannot be ruled out as a mechanism giving rise to
O,(t) — 298K o (24Dsurr) Cour t the long-lived component in the transient bleach signal of the
0,(0) — 298K R? C commercially obtained Au solution.

00

surr 2
7 - DsurrV ®surr (7)

In eq 7, Og,r and Dgr are the temperature and the thermal
diffusivity of the surrounding medium, respectively. In eq 8,
C, is the lattice heat capacitZsyy is the heat capacity of the
surroundings, and is the nanoparticle volume ari is its
diameter. Equations 7 and 8 have been solved analytically for
the time dependence of the lattice temperature, and the solutio
is given in ref 11 as eq 10. At short times (neéa+ 0), the
normalized change in lattice temperature is approximated by

Clearly, smaller diameter particles, larger thermal diffusivities, Summary and Conclusions

and larger heat capacities favor a faster initial relaxation of the

lattice temperature. Figure 9 shows the calculated time depen- In this paper, we have investigated the ultrafast dynamics of
dence of the normalized change in the Au lattice tempera- novel dendrimer-encapsulated Au nanoparticles. Each of the
ture (using eq 10 of ref 11) for anJ® environment and a  different-sized Au-PAMAMs exhibits an ultrafast transient
dichloromethane environment. The calculation is per- bleach response that is characterized by a single-component
formed using the bulk solvent values g, and Csy (at 298 exponential decay with a time constant of less than 1.2 ps. The
K): Do = 1.45 x 1073 cn?/s andDcu,cl, = 7.67 x 107* relaxation dynamics are attributed to electrgaonon coupling,
Cn¥/s; Cu,o = 4.18 x 10° J/mPK and Ccpyel, = 1.56 x 10° and its corresponding relaxation time shows a weak dependence
J/mPK. Both calculated transients show a rapid initial relaxation on excitation fluence. Using the extrapolation method of ref
of the lattice temperature that is followed by a slower relaxation. 12, the electrofrphonon coupling constant is estimated for each
At long times, the calculation predicts a relatively higher lattice of the Au-PAMAMSs and is found to approach the value for
temperature for the Au nanoparticles in dichloromethane than bulk Au, which is consistent with previous results that showed
in H,O, which is consistent with the presence of the long-lived that there is not a strong size dependence for the eleetron
component in the experimental Au-HT transients and its absencephonon coupling consta®.!3® Our results confirm that the
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dendrimer cage, at the very least, provides a stable passivating (3) (&) Balogh, L.; Tomalia, D. AJ. Am. Chem. So99§ 120, 7355.

: ; . (b) Balogh, L.; Valuzzi, R.; Laverdure, K. S.; Gido, S. P.; Hagnauer, G.
environment for the Au nanoparticles; however, the role that L: Tomalia, D. A.J. Nanopart. Resl999 1. 353,

the PAMAM cage plays in the relaxation dynamics is not fully (4) Sooklal, K.; Hanus, L. H.; Ploehn, H. J.; Murphy, CAH. Mat
established. Although it is possible that the extra manifold of 1998 10, 1083.

vibrational states provided by the PAMAM can serve as a Goo(ggoga)TVﬁ[Jar?rY:rﬁ' g&g‘g%isﬂli 1%62(3'(1))%2:0%95%&& TGOWSQ%Q r'?-?

channel for electronphonon and/or phonerphonon rela>§at|on, L: Varanaveki, O. Tomalia, D.: Goodson, T., l0L. Am. Chem. S0200Q

more work must be done to reach a firm conclusion. One 122 11005.

approach to address this issue would be to investigate the same gﬁ) ,_MeyEerﬁ-;SJansen,(\;]v- F-h_G- A; dSBé?;)gZdzegévalgzd:n Berg, E. M.
H H H H ., Meljer, E. . oclence ashington, D. .

metal-dendrimer nanocomposites in a suitable solvent that has ™ 2% 025Ut e S o i "D A Turro, N. . Phys.

significantly different thermodynamic properties relative to those chem. B200q 104, 11472.

of H,0. (8) Heilweil, E. J.; Hochstrasser, R. M. Chem. Physl1985 82, 4762.

; i imilar-ci (9) (a) Bigot, J.-Y.; Merle, J.-C.; Cregut, O.; Daunois, Phys. Re.
The “I.tr?faSt re"".‘xat'%n Synham'cs (;]f. tlhe S:m"a}r S'Zedd AU | ot 1095 75, 4702, (b) Bigot, 3. - Halte, V.; Merle, J..C.: Daunois, A
nanoparticles passivated by hexanethiol molecules and susthem. phys200q 251, 181.
pended in dichloromethane were also investigated and compared (10) Perner, M.; Bost, P.; Lemming, U.; Von Lessen, G.; Feldmann, J.;
to the dynamics of Au-PAMAMSs at identical values of excitation $8ed2($sra’2u'; Manning, M.; Schmitt, M.; Schmitt, HPhys. Re. Lett 1997
flue_nc_e. In contrast to the Au-PAMAMSs, the Au-HT sy;tem '(11) |houye, H.: Tanaka, K.: Tanahishi, |.: Kazayuki, Phys. Re. B.
exhibits both electronphonon and phonenphonon relaxation 1998 57, 11334,
components in its transient bleach response. The eleetron (12) (& ?b(;dakajii Martini, I.;I Hartland, G-| \J-dPhyS- Chﬁm- 39?18
; ; i Nifi 102 6958. Hodak, J.; Henglein, A.; Hartland, G. ¥. Chem. Phys
phonon relaxation t|r_ne_constant shows a significantly steeper2000 1125942, (c) Hodak, J.. Henglein. A.: Hartland, G.J/Phys. Chem.
dependence on excitation fluence than do the Au-PAMAMS, g '200q 104 9954,
which provides evidence that that the surrounding medium plays  (13) (a) Logunov, S. L.; Ahmadi, T. S.; El-Sayed, M. A.; Khoury, J.
a role in the electronphonon coupling. The presence of an ga ‘évge&efk JR'PLHJ's PQKZ'm Cgegnsé*igggﬂé %Z)lﬁ:nf(b)s'-'”g' r%-a;l EC'
" . . . yed, M. AJ. Phys. . . (c) Link, S.; Burda, C.;
additional slowly reIaX|_ng component in the Au-HT transient Wang, Z. L. E-Sayed, M. AJ. Chem. Phys1998 111, 1255.
bleach response and its absence in the response of the Au- (14) Hache, F.; Ricard, D.; Flytzanis, C.; Kreibig, Appl. Phys. AL988
PAMAMs are consistent with the smaller thermal conductivity 47, 347.

; : ; (15) Hamanaka, Y.; Nakamura, A.; Omi, S.; Del Fatti, N.; Valle, F.;
of dichloromethane relative to that of,8, which leads to less Flyizanis, C.Appl. Phys. Lett1999 75, 1712.

efficient phonor-phonon coupling in the Au-HT system. (16) (a) Roberti, T. W.; Smith, B. A.; Zhang, J. Z.Chem. PhysL995
Finally, we mention the possibility that adsorbed alkanethiol 102 3860. (b) Smith, B. A.; Zhang, J. Z.; Griebel, U.; Schmid,@em.
i iati i Phys. Lett1997 270, 139.
tmhayApliT_)i/Ta I’Olte n r_pedlagng ;[hedtrt?]nSIeFt bfletﬁCh reSpon(;e of (17) Feldstein, M. J.; Keating, K. D.; Liau, Y.-H.; Natan, M. J.; Scherer,
e Au-HT system. To understand the role of the surroundings y £ 3 am. Chem. S0d997 119, 6638.
for the Au-HT more thoroughly, it will be useful to perform (18) Bloemer, M. J.; Haus, J. W.; Ashley, P. R.Opt. Soc. Am. B

pump-probe experiments for different chain length alkanethiols 195(’89)71\/7\/9?]-“, H.: Snow, A. WAnal, Chern1998 70, 2856
. . - . onlgen, A.; sSnow, A. nal. em , .
while keeping the solvent fixed and comparing to the case where (20) Alvarez, M. M.. Khoury, J. T.. Schaff, T. G.. Shafigullia, M. N.

the solvent is changed while keeping the alkanethiol the same.vezmar, I.; Whetten, R. LJ. Phys. Chem. B997, 101, 3706.
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