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Abstract: Photon-initiated shape transformation of n-alkanethiol-derivatized noble metal
nanoparticles has been studied with variations of metal, alkanethiol, and solvent. Silver
nanoparticles undergo fragmentation upon irradiation while gold ones barely do. Silver/gold
composite particlesfollow the case of silver with areduced efficiency. The efficiency decreases
as alkanethiol length or solvent dipole moment increases. Following the conduction of
thermalized photon energy, alkanethiol can dissociate in a period of heat dissipation, and
some of dethiolated particles fragment within the recombination time. Prior to the thermal
conduction, shape transformation via melt and vaporization also occurs for both metals but
this effect is less apparent for silver because of more notable fragmentation followed. The
differencein the transformation of two metalsis ascribed to the differencesin work function,
oxidation potential, atomization enthal py, and particle size. Smaller fragmentation efficiency
with more polar solvent or longer alkanethiol is attributed mainly to relatively smaller
dissociation rate compared with heat dissipation rate.

INTRODUCTION

Nanoparticles have avariety of unique spectroscopic, electronic, and chemical propertiesthat geminate
from their small sizes and high surface/volume ratios [1-4]. Particularly, excellent catalytic activity is
known to exist in nanoparticles, correlating with their sizes and shapes[5,6]. Many studies on colloidal
nanoparticles have thus been focused on the control of their sizes, shapes, and growth kinetics[7-19] as
well as on the characterization of their chemical and physical properties [3,20-22].

Noble metal nanoparticles attract great interest because of their current and future applications
not only inthe field of catalysts but also in the development of efficient sensors, drug deliverers, opto-
electronics, and magnetic devices[5,23-26]. They exhibit new optical properties[1,2,27—29] which are
observed neither in molecules nor in bulk metals. One particular example is the presence of a strong
absorption band in the visible region, caused by the surface plasmon oscillation modes of conduction
electrons that are coupled through the surface to external electromagnetic field. The optical properties
of platinum, palladium, silver, and gold colloidal nanoparticles thus have received considerable atten-
tion [4,20-22,30-41]. Infact, the color of the noble metal nanoparticlesisknown to depend on both the
sizes and shapes of the particles aswell as on the refractive index of the surrounding medium [27]. For
instance, in the region of intrinsic size, in contrast to extrinsic size, the plasmon absorption spectrum
becomes broader, with a smaller absorbance, as the average particle size decreases [1,42]. The wave-
length and absorbance of the spectrum are also reported to depend on the nature and the concentration
of adsorbed species [40,41,43].
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Upon derivatization with organic molecules, nanoparticles can be dissolved in various solvents,
extending their application capabilities [4,44]. Alkanethiolization of metal nanoparticles occurs with
forming a covalent bond between the sulfur atom of alkanethiol and the surface of particles or with
chemisorbing to the metal particle by donating electron cloud to the thiolate functional group.

Some types of noble metal nanoparticles are reported to undergo optical or thermal shape trans-
formation. While photoexcited silver nanoparticles suspended in water are reported to experience el ec-
tron gjection and subsequent disintegration [3], laser-induced size reduction of gold nanoparticles in
water has been explained to occur via melting and vaporization [20,21]. Energetically unstable gold
nanorods are reported to undergo thermal decomposition aswell as photothermal melting and fragmen-
tation [10,46].

In this report, we present the experimental observations made on the photophysical and photo-
chemical shape transformation of n-alkanethiol-derivatized noble metal nanoparticles in organic sol-
vent. Theresults clearly show that the shape of nanoparticles changes upon irradiation, but the transfor-
mation depends on metal and solvent as well as on alkanethiol.

EXPERIMENTAL

Samples of n-alkanethi ol-derivati zed noble nanoparticleswere prepared viaatwo-phase synthetic route,
and the detailed procedures have been described previously [44]. The typical diameters of silver, silver/
gold, and gold nanoparticles were measured to be 6.2 nm, 2.5 nm, and 2.2 nm, respectively. Their
shapes were all to be faceted polyhedral rather than spherical [44]. For the bimetallic silver/gold
nanoparticles, the average atomic molar ratio of Ag toAuwas 1; however, silver atomswerefound to be
enriched in the outer part [28,34].

A drop of colloid sample was spread on a carbon coated-copper grid to take the transmission
electron microscopic (TEM) images of colloids. The TEM images obtained using amicroscope (JEOL,
JEM2000) were used to determine the particle sizes of nanoparticles. Absorption spectral change with
irradiation was monitored by measuring the absorption spectraof a3-mL samplein aquartz cell of 1.0-
cm path length at scheduled intervals quickly with aUV /vis spectrophotometer (Sinco, UV S2040). The
sample was irradiated with 355-nm, 30-ps pulses of a mode-locked Nd: YAG laser (Quantel, Y G501)
run at 10 Hz with a spot diameter of 8 mm.

Picosecond transient absorption kinetic profiles were measured by using the same laser and a
CCD (Princeton Instruments, RTE128H)-attached 10 ps streak camera (Hamamatsu, C2830). Laser
pulses of 355 nm with a typical energy of 0.8 mJ were directed, with a spot diameter of 2 mm, to a
sample contained in aquartz cell of 2-mm path length. Fluorescence from an organic dye, excited with
pulses split from the sample excitation laser beam, was detected using the streak camera. The compari-
son of the dye emission kinetic profiles obtained with and without sample excitation yields a transient
absorption kinetic profile [45]. Kinetic profilesin long time windows, i.e., beyond the largest window
of the streak camera (10 ns), were obtained by connecting the kinetic profiles measured at different
optical delays. Kinetic constants were extracted by fitting observed kinetics profiles to computer-simu-
lated profiles convoluted with the appropriate instrument response functions.

RESULTS AND DISSCUSION

AscanbeseeninFig. 1, the absorption spectraof n-dodecanethiol-derivatized noble metal nanoparticles
are al to change continuously with irradiation. The spectral changes are, however, quite dependent on
the metal composition. The plasmon absorption band of AgC;, becomes broader upon irradiation; it
decreases in the blue wavelength region while it increasesin the red. In contrast, the absorption band of
AUC,, becomes narrower, resulting in increased absorption at the peak maximum wavelength aswell as
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(AgAUC,,, b), and gold nanoparticles (AuC,,,
¢) dispersed in cyclohexane after 80-mW/cm?
irradiation of 30-ps, 355-nm laser beam for
the respectively given periodsin min.

at the red. For the bimetallic AGAUC,,, the absorption change is partly similar to those of AgC,, and
AUC,,. At the beginning, the plasmon absorption isto increase at the peak maximum asin AuC,,, but it
becomes smaller along with theirradiation asin AgC;,. Ascan beseenin Fig. 2, the absorption spectrum
of AgC,g isalso to change with irradiation asin AgC,,, abeit the extent of changeisfar smaller thanin

AgCys.

As one may expect from the spectral changesin Figs. 1 and 2, the TEM images shown in Fig. 3
illustrate that ashape transformation takes place uponirradiation for all kinds of n-alkanethiol-derivatized
noble metal nanopaticles. The TEM images a so indicate that the pattern as well as the efficiency of the
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Fig. 2 Absorption spectra of n-
octadecanethiol -derivatized silver
nanoparticles (AgC,g) in cyclohexane
after 80 mW/cm2 irradiation of 30 ps,
355 nm laser beam for the respectively
shown periods in min.
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Fig. 3 TEM images of AgC,, (8), AuCy,
(b), and AgC, g nanoparticles (c). The left
and right ones of each sample were
measured before and after, respectively,
irradiation of 30-ps, 355-nm,
80-mW/cm? | aser beam into each sample
dispersed in cyclohexane. Theirradiation
times are 9 min for (') and 25 min for
(b ") and (C).

transformation depends not only on the metal composition but also on the alkanethiol chain length.
Irradiation induces AgC,, particles to decompose into fragments as small as 2 nm in diameter with
much wider size distribution. Such fragmentation can be attributed to the absorption spectral change
observed in Fig. 1. This can be understood by invoking the fact that the plasmon absorption should
decrease and become broader as the size of nanoparticles decreasesin the intrinsic size region [42,47].
Theintrinsic size region of metal nanoparticlesisthe size smaller than about 10 nmin radius according
to the Mietheory [47]. Figure 3aalso shows that some particles become larger with irradiation than the
initial ones. We suppose that the reduced solubility of the newly exposed alkanethiol-free side’s en-
forces the fragments to combine to form enlarged particles. Later, they would aggregate further to turn
into greater agglomerates. On thisbasis, the absorbance increase at an extremely long wavel ength near
800 nm may be attributed to the longitudinal transition of the enlarged eccentric nanoparticlesaswell as
to the broader scattering of the smaller fragments [36]. The spectrain Fig. 1a and the TEM imagesin
Fig. 3areveal that the particles after irradiation are very polydisperse with wide size and shape distribu-
tions. This suggests that shattering, rather than a successive transformation into smaller particles, takes
place with irradiation for silver nanoparticles. However, Figs. 1c and 3b dictate that gold nanoparticles
undergo shape transformation stepwise, presumably into energetically more stable shapes such asmore
spherical shape [46]. Theinitial increase of absorbance at the peak maximum wavelength for AQAUC;,
and AgC,g indicatesthat much the same type of phototransformation takes placein silver and bimetallic
silver/gold nanoparticles asin gold nanoparticles. Nonetheless, it isevident that, asthe molar fraction of
gold atoms in bimetallic particles or the chain length of the alkanethiol increases, the irradiation time
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required to disintegrate particles to a same degree becomes longer. Thisimplies that the fragmentation
efficiency in agiven irradiation time becomes concomitantly lower.

The transient absorption kinetic profiles are quite comparable to one another in a short time
window. The rise time of 0.7 ns deconvoluted from the profiles of Fig. 4ais attributable to the conduc-
tion time of thermalized plasmon excitation energy to the passivant alkanethiol. The change in the
dielectric constant of the surrounding medium caused by the conducted heat is supposed to modify the
extinction coefficient of the nanoparticlesto giveriseto atransient absorption. Inlonger time windows,
however, the kinetic profiles are subjected to a great change, depending on the metal composition as
well as on the alkanethiol chain length. Besides the fast rise component of 0.7 nsthe profilesiv and v of
silver nanoparticlesin Fig. 4b have slow rise components of 3.6 (13%) and 5.0 ns (48%), respectively.
However, the profiles i and iv of bimetallic AgAu nanoparticles, as well as the profile ii of gold
nanoparticles, in Fig. 5 show only the fast rise time of 0.7 ns with dual decay times. The profileiii of
silver nanoparticles shows aslow single decay timewith dua risetimes. Whilethe slow decay timesare
about 40 nsfor all the profiles of Fig. 5, the fast decay times are 1.2 ns (88%) for i, 1.4 ns (97%) for ii,
and 1.2 ns(88%) for iv. Thefast decay times of gold and bimetallic nanoparticlesare suggested to be the
lifetimes of the refractive index transient artificially produced by the conducted heat with afurther heat
dissipation to the solvent molecules. On the other hand, the slow rise times for silver nanoparticles are
attributed to the timesthat are needed for alkanethiol to dissipate the heat to reach the threshold thermal
level, below which alkanethiol can not dissociate from the metal particle. Apparent transient absorption
isseentoincreasefurther because the excitation coefficient increaseswith dethiolation. Asgold, aswell
as bimetallic, nanoparticles also show the slow decay component, both processes of dethiolation and
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dielectric relaxation occur for all the noble metal nanoparticle systemswe are reporting. The absorption
increase induced by dethiolation is thus supposed to overwhelm the absorption decrease caused by
dielectric relaxation for silver nanoparticles. The relative amplitudes of the two processes basically
determine the overall transient absorption kinetic feature in the time range of several nanoseconds. It is
our belief that the rise time of the dissociated transient islonger than the relaxation time of the artificial
nonlinear refractive index transient, although both times are determined by the same heat dissipation
rate. The drastic decrease of the relative amplitude of the slow decay component with theincreasein the
mole fraction of gold suggeststhat it is more difficult for alkanethiol to dissociate from gold than from
silver. As seen in Figs. 1 and 2, some of the dethiolated particles are subject to disintegration before
dissociated alkanethiols recombine to nanoparticles. The recombination takes place with the rate con-
stant of (40 ns) 1, which must be much larger than that of the fragmentation process, for the slow decay
time is barely dependent on the kind of metal. The kinetic profile of AgC,g rises more slowly than the
profile of AgC,, under the same experimental conditions. This can be understood by presuming that a
longer akyl chain retards the heat dissipation owing to a relatively slower motion. Although the ob-
served heat dissipation time becomes longer, the smaller photolysis efficiency shown in Figs. 2 and 3
suggests that retardation with alonger stabilizer chain affects more significantly the dethiolation rate
than the heat dissipation rate.

Figure 6 shows that the fragmentation efficiency of the silver particles depends strongly on sol-
vent. The efficiency decreases with the increase in the dipole moment of the solvent molecules. Even
after the thermalized photon energy has conducted to the immediately surrounding alkanethiol, it con-
tinuously dissipates to the solvent molecules. Dethiolation, which is a prerequisite to fragmentation,
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Fig. 6 Absorption spectra without and
with irradiation of AgC,,in various
solvents. The solvent for i and iv spectra
is cyclohexane, that for ii is
tetrahydrofuran, and that for iii is
AgC toluene. Whereas the spectrum of i was
12 measured without irradiation, the spectra
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00 400 500 600 700 irradiation of 30-ps, 355-nm,
WAVELENGTH (nm) 60-mW/cm2 |aser beam for 12 min.

should occur before the thermalized energy on alkanethiol dissipates to the solvent molecules. More
polar solvent is supposed to expedite the thermal dissipation process, therefore the disintegration effi-
ciency islowered. The effect of the polar solvent is apparently the same asthat of the alkyl chain length,
although the latter effect is mainly to slow down the dethiolation rate.

Compared with silver nanoparticles, gold nanoparticles resist strongly against both dethiolation
and subsequent fragmentation. We can describe several reasons for these differences. It is reported [ 3]
that the accumulation of photoejected electronsat or near the surfaceleadsto the disintegration of silver
particles suspended in water. Considering this, we propose that the dissociation of alkanethiol occurs
simultaneously with photoel ectron gjection, giving positive chargesto the particle, and that the charged
particles subsegquently experience disintegration prior to their recombination. Since the work function
of gold (5.1 eV) is significantly higher than that of silver (4.3 eV) [21], it will be more difficult for a
gold nanoparticleto gect aphotoel ectron. The lower oxidation potential of gold will also makethegold
particle slowly undergo heterolytic dethiolation. In addition, the significantly larger molar enthalpy of
atomization as well as the higher melting and boiling points of gold will reduce the occurrence of
disintegration of dethiolated gold nanoparticles. Considered reported facts [21,46], polyhedral gold
nanoparticles with thermalized excitation energy are supposed to melt to change into energetically
more favorable shapes such as more spherical shape before the heat conducts to the surrounding me-
dium. Admitting that the superficial shape of aspherelooks smaller than other shapes of the same mass,
the size reduction and the aggregation observed with TEM images, together with the spectral changes,
dictate that irradiation makes some atoms of gold nanoparticles vaporize and diffuse out. Diffused gold
atoms aggregate later because of the low solubility of bare metals in cyclohexane [21,46]. If shape
transformation viafusion and vaporization occursin gold particles, it could also occur in silver particles
as a result of the lower melting and boiling temperatures. Silver particles have larger heat capacities
because of their larger sizes than gold particles, therefore the silver particles require more photon en-
ergy to melt and vaporize than the gold particles. It is not obvious from the TEM images whether much
the same shape transformation prior to fragmentation occurs for silver particles like gold particles.
However, the absorption increase and the spectral narrowing of the plasmon absorption with irradiation
in the early time strongly suggest that the silver-contained nanoparticles also undergo reshaping via
fusion and vaporization.

In summary, we have studied the kinetics and mechanism for the phototransformation phenom-
ena of n-alkanethiol-derivatized nanoparticles by means of static and time-resolved absorption spec-
troscopy. The results are schematically presented in Fig. 7. Silver nanoparticles undergo fragmentation
upon irradiation, while gold ones barely do. Silver/gold bimetallic composite nanoparticles follow the
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Fig. 7 Schematic diagram for the photon-initiated shape transformation of n-alkanethiol-derivatized noble metal
nanoparticles dispersed in organic solvents. The degree of darkness symbolically represents the relative extent of
absorption coefficient at each stage.
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case of silver nanoparticles with a reduced efficiency. The fragmentation efficiency decreases as the
chain length of derivatizing alkanethiol or the dipole moment of solvent molecule increases. Thermal-
ized photon energy transfersto alkanethiol to change the dielectic constant of the surrounding medium.
While artificial transient absorption arising from the refractive index change decays, a fraction of the
excited nanoparticles experience afurther absorption increase as hot alkanethiol s dissociate. Dethiolation
takes place until the transferred thermal energy of alkanethiol dissipates further in atime scale longer
than the nonlinear dielectric relaxation time. Apparent transient absorption in a time scale of a few
nanoseconds increases with time for silver nanoparticles while it decreases with time for gold and
composite nanoparticles. These variations are due to the variations of the dethiolation efficiency. Some
of the dethiolated particles are also subject to fragmentation until they recombine in a time scale of
40 ns. Shape transformation of gold nanoparticlesis suggested to occur mainly viafusion and vaporiza-
tion prior to the heat transfer of thermalized photon energy. The same type of transformation may also
take place for silver nanoparticles but its effect isless apparent because of more significant fragmenta-
tion. The difference in the phototransformation of the two metals can be attributed to the differencesin
work function, oxidation potential, atomization enthal py, and average particle size. In addition, smaller
fragmentation efficiency with more polar solvent or longer alkanethiol chain can be associated with the
relatively smaller dissociation rate compared with the competing dissipation rate.
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