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Abstract: Using UV—uvisible extinction spectroscopy and femtosecond pump—probe transient absorption
spectroscopy, we have studied the effect of femtosecond laser heating on gold nanoparticles attached to
DNA ligands via thiol groups. It is found that femtosecond pulse excitation of the DNA-modified nanoparticles
at a wavelength of 400 nm leads to desorption of the thiolated DNA strands from the nanopatrticle surface
by the dissociation of the gold—sulfur bond. The laser-initiated gold—sulfur bond-breaking process is a
new pathway for nonradiative relaxation of the optically excited electrons within the DNA-modified gold
nanoparticles, as manifested by a faster decay rate of the excited electronic distribution at progressively
higher laser pulse energies. The experimental results favor a bond dissociation mechanism involving the
coupling between the photoexcited electrons of the nanoparticles and the gold—sulfur bond vibrations over
one involving the conventional phonon—phonon thermal heating processes. The latter processes have
been observed previously by our group to be effective in the selective photothermal destruction of cancer
cells bound to anti-epidermal growth factor receptor-conjugated gold nanopatrticles.

I. Introduction Recently, an interesting application of gold nanoparticles has

Noble metal nanoparticles are fascinating materials with great Emergled—las snter;lnae rf]or remfote control of the acgyﬂy of
nanotechnological potential due to their unique and strongly size- 210molecules bound to their surface. For instance, radio wave

dependent electronic, optical, physical, and chemical proper- f|e|d-bz?§ed m:}lucﬁfn heat'Tg,Of ﬁmd nano?rystals “Eked to
ties12 Additionally, the surfaces of nanoparticles can be easily DNA oligonucleotides in solution has recently been shown to

functionalized with various organic and biomolecular ligands, dehy_b_ricli(i)ze the DNA in a manner that is both reversible and
among which the molecules with a sulfur headgroup are specific.® More r_ec_:ently, research from our group has demon-_
attracting considerable interésThe strong affinity of sulfur  Strated the promising use of gold nanoparticles in spectroscopic
to gold has been exploited to form molecular contacts, to link @"d optical |meag||ng-ba;ed cr?ncerlmagnoslt:r]m%wgll as Ln
other species to the gold surface, or to form well-ordered self- mmugotargete arl]ser p ‘f’tOt enl"na cancerL efaphis worf both
assembled monolayers (SAMdpr applications like surface was based on the surface plasmon ent ancement of bot
patterning and molecular electroniésin the case of biomol- absorption and_ scattering of gold nanoparticles. The observed
ecules, sulfur-containing cysteine and cystine amino acids, oftentUmor therapy is a result of the fact that the strongly enhanced
found on the border of large proteins, have been employed to abs_orptlon of light by |mmunotarge_ted gold na_noparhcle; IS
anchor proteins to gold nanoparticles, thus imparting the rap|c|1II_y c_on\;]ertr:ad to hefa:] on t_h(;bpu_:osecclind ,}Ime dlo_r’?‘?aln,l
nanoparticles with essential biochemical functions like targeting, resu_tmg in the heating o_t € neighboring cell surface, ulimately
biocompatibility, etd, Recent strategié8 have employed al- leading to cell death. It is thus obvious that the light absorbed
kanethiol-capped DNA oligonucleotides to link gold nanopar- by the gold nano_par‘ucles is transferred to the antibody mo_IecuIes
ticle building blocks to form periodic functional assemblies, in and the cell environment by rapid electrophonon relaxation

addition to serving as efficient DNA detection schemes. in the nanoparticle followed by phonetphonon relaxatior?
resulting in an increase in the temperature of the éélls.the

(1) Kelly, K. L.; Coronado, E.; Zhao, L. L.; Schatz, G. €. Phys. Chem. B present study, we aim to examine the rate, efficiency, and

2003 107, 668. . . .
(2) Kreibig, U.; Vollmer, M.Optical Properties of Metal ClusterSpringer: mechanism by which' the “ght energy absorbed by gOId

@ New Yoquk, égggl.l D. LJ. Am. Chem. S04983 105 4481 nanoparticles is transferred to thiolated DNA ligands conjugated
uzzo, R. G.; Allara, D. LJ. Am. Chem. So . :
(4) Ulman. A.Chem. Re. 1996 96, 1533. to the surface of the nanopatrticle.
(5) Xia, Y.; Rogers, J. A.; Paul, K. E.; Whitesides, G. Mhem. Re. 1999
99, 1823. (10) Hamad-Schifferli, K.; Schwartz, J. J.; Santos, A. T.; Zhang, S.; Jacobson,
(6) Joachim, C.; Gimzewski, J. K.; Aviram, ANature200Q 408 541. J. M. Nature 2002 415, 152.
(7) Katz, E.; Willner, I.Angew. Chem., Int. E®2004 43, 6042. (11) El-Sayed, I. H.; Huang, X.; El-Sayed, M. Alano Lett.2005 5, 829.
(8) Mirkin, C. A,; Letsinger, R. L.; Mucic, R. C.; Storhoff, J. Nature 1996 (12) El-Sayed, I. H.; Huang, X.; EI-Sayed, M. ancer Lett.2005 in press.
382 607. (13) Link, S.; EI-Sayed, M. AAnnu. Re. Phys. Chem2003 54, 331.
(9) Nam, J.-M.; Stoeva, S. I.; Mirkin, C. Al. Am. Chem. SoQ004 126, (14) Huang, X.; Jain, P. K.; El-Sayed, |. H.; El-Sayed, M. Rhotochem.
5932, Photobiol.2006 accepted for publication.
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Due to their very high surface-to-volume ratios, nanoparticles (HMS 221).The second harmonic of the 800 nm fundamental at 400
are expected to show unique surface or interface effeits nm was used for the optical heating of the DNA-modified gold
their interaction with light and their photothermal properties. Nanoparticle solution placed in an optical cell (path lengt2 mm),

In correlation with surface or interfacial phenomena, the kept under constant stirring. The diameter of the laser focus spot on
predominant role of nonequilibrium electrons in driving the most the S?““p'e was 10@m. The laser pump pu@ energy used_m 'the

. . . . . . experiments was reduced to less than 250 nJ with neutral density filters.
basic reactions, such as desorption, dissociation, or motion of

| | | f has b | bikEd The solution was irradiated with various pulse energies ranging from
molecules on metal surfaces, has been recently esta * 150 nJ/pulse to 24J/pulse, for successive periods of 5 min each. The

To study similar phenomena in metal nanoparticles, the effect of optical heating on the sample was monitored by obtaining
demonstrated ability of femtosecond pulse excitation to create the Uv-—visible extinction at each pulse energy.

nonequilibrium condition$ can be employed, and thus the C. Femtosecond Electron Relaxation Dynamics of Thiolated
mechanism of nonradiative dynamical processes occurring onpNA-Modified Gold Nanoparticles. Bigot et al?t and Melinger et
the nanopatrticle surface can be determined. al 2 have already shown, using femtosecond ptipbe spectroscopy,

In the present work, we employ UWisible extinction the effect of the surrounding/embedding medium on the ultrafast
spectroscopy and femtosecond punmpobe transient absorption electron relaxatior_l dynami_cs ?n noble metal nanoparFicIes. To study
spectroscopy to study the effect of photothermal heating of gold the effect of the thlql modn‘lcat'lon of the gold nanoparticle surface on
nanoparticles with surfaces modified by thiolated DNA. It is the electron relaxation dynamics, we employed femtosecond transient

o . absorption spectroscop¥In our work, 100 fs pulses (fwhm) at 400
found that femtosecond pulse excitation of the nanoparticle nm (which were used for the optical heating) were used as the excitation

thiol conjugates initiated the cleavage of the surface geldfur source (pump). A white-light continuum, generated by focusing a smalll

bond. Femtosecond transient absorption spectroscopy furthefortion (4%) of the 800 nm fundamental beam of the Ti:sapphire laser
revealed that bond-breaking serves as an additional mechanisndnto a 1 mnsapphire plate, was used to probe the transient absorption

for the relaxation of the optically excited electrons in the of the sample at various delay time}. (The differential transmission
nanoparticle. The evolution of the bond-breaking can thus be signal S(t) was recorded with a pair of silicon photodiodes (Thorlab)
indirectly followed in time by using ultrafast pumprobe and a lock-in amplifier (Stanford Research Systems). The recorded
transient absorption spectroscopy of the nanoparticles. TheSignalS(t) can be expressed as

experimental results suggest that the surface bond dissociation

does not result from a pure thermal heating of the irradiated SAY = ATIT= (13, = 1,00

nanoparticles resulting from phonephonon relaxation pro-

cesses, but rather results from an ultrafast process driven bywhereAT/T is the % change in the transmission of probe light.s

hot electrons of the nanoparticles. the intensity of the probe light at wavelengthafter a delay time
from the pump laser heating pulse, dndis the intensity of the probe
Il. Experimental Methods light at A without the pump. As a result, the recorded sigSgl,t)
represents a transient bleach, which results from the optical excitation
A. Synthesis of Thiolated DNA-Modified Gold Nanoparticles. of the free electron distribution within the nanoparticles. Following

Gold nanoparticles (13.% 1.3 nm) were prepared by the citrate  this procedure, the electron relaxation dynamics of thiolated DNA-

reduction of chloroauric acitf. A self-assembled monolayer (SAM)  modified gold nanoparticles was measured for different pump pulse
of thiolated ss-DNA was formed on the surface of the gold nanoparticles energies ranging from 30 to 900 nJ/pulse (low fluence regime) and
by well-established procedur&sTypically, 2.4 nmol of purified compared with the dynamics in unmodified gold nanoparticles under
5-SH-CH-CH,-CH-CGC-ATT-CAG-GAT-3  (Integrated DNA similar aqueous solution conditions. The probe wavelength was set at
Technologies Inc.) was added to 1 mL-efl1 nM gold nanoparticle the absorption maximum for both samples. The concentrations of the
solution. After 24 h, the solution was brought to 0.1 M NaCl thiol modified and unmodified nanoparticle solutions were adjusted

concentration and allowed to stand at room temperature for a further such that both solutions had a similar absorbance at the pump
40 h. The solution was then centrifuged at 12 400 rpm for 30 min. The wavelength, i.e., 400 nm, in order to ensure similar hot electron

supernatant was removed, and the reddish pellets at the bottom ofexcitation in both samples and thus enable comparison of their electron
the tube were dispersed in 1 mL of 0.1 M NaCl, 10 mM sodium relaxation dynamics.

phosphate buffer (pH 7) solution. This procedure was repeated, and

the pellets at the bottom of the centrifuge tube were dispersed in 0.3 lll. Results and Discussion

M NaCl, 10 mM sodium phosphate buffer (pH 7). The synthesized

nanoparticle conjugates were characterized by-Wigible extinction A UV_.ViS Extinction 9f Thiplatgd DNA-Modified Gold

(300-800 nm) on a Shimadzu UV-3101-PC spectrophotometer in Nanoparticles. The UV—vis extinction spectra (366800 nm)

transmission mode. of thiolated DNA-modified gold nanoparticles and unmodified
B. Laser Photothermal Heating of Thiolated DNA-Modified Gold gold nanoparticles are shown in Figure 1. As evidenced by the

Nanoparticles. A frequency-doubled Nd:vanadate laser (Coherent spectra, the formation of a SAM of thiolated DNA on the gold
Verdi) was used as the pump for the Ti:sapphire laser system (Clark nanoparticle surface by gotagsulfur bonding caused a shift in
MXR CPA 1000), which generated laser pulses of 100 fs duration the surface plasmon absorption peak from 519 to 525 nm.
(fwhm) with energy of 1 mJ at 800 nm at a repetition rate of 1 kHz.  gyrface plasmon absorption properties are generally discussed
The pump beam was mechanically chopped with a light beam chopper yithin the framework of the Drude mod& according to which

the plasmon peak positiori, ma) depends on the dielectric

(15) Del Fatti, N.; Flytzanis, C.; Valk F.Appl. Phys. B1999 68, 433.
(16) Petek, H.; Weida, M. J.; Nagano, H.; OgawaS8ience200Q 288, 1402.

(17) Wolf, M.; Ertl, G. Science200Q 288 1352. (21) Bigot, J.-Y.; Halte, V.; Merle, J.-C.; Daunois, £hem. Phys2000 251,
(18) Hodak, J. H.; Henglein, A.; Hartland, G. V. Phys. Chem. R00Q 104, 181.

9954, (22) Melinger, J. S.; Kleiman, V. D.; McMorrow, D.; Grohn, F.; Bauer, B. J.;
(19) Turkevich, J.; Stevenson, P. C.; Hillier, Discuss. Faraday Sod951 Amis, E.J. Phys. Chem. 2003 107, 3424.

11, 55

(20) Mirkin, C. A.; Letsinger, R. L.; Mucic, R. C.; Storhoff, J. Nature 1996 Acad. Sci. U.S.A2001, 98, 8475.

(23) Logunov, S. L.; Volkov, V. V.; Braun, M.; El-Sayed, M. A&roc. Natl.
382 607. (24) Mulvaney, PLangmuir1996 12, 788.
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Figure 1. UV —visible extinction spectrum of DNA-modifie¢13 nm Au 0.0 . — T T ;
NPs (red) and unmodified-13 nm gold nanoparticles (black) in the 300 400 500 600 700 800
wavelength range 366800 nm. The optical path length was 2 mm. The
dashed black line is a guide to the eye, representing the extinction maximum Wavelength (nm)

at 519 nm for the unmodified gold nanoparticles.

constant of the surrounding mediumy,), as governed by

2 __
spmax

A A (€n + 26,

wheree, is the high-frequency dielectric constant of gold due
to interband and core transitiond, is the bulk plasmon
frequency of gold given by the following relation:

Ay = 27/ (NEme)”

wheree is the permittivity in a vacuuny is the speed of light

in a vacuume is the electronic chargéy is the density of free
electrons in the nanoparticle, and is the effective mass of
the electron. The red-shift in the plasmon wavelength resulting
from the formation of the SAM can thus be attributed to a local
increase in the medium refractive index as a result of the #iols
or to a change in the free electron density of the gold
nanoparticle due to the strong surface coupling with s@fur.

Such shifts in the plasmon absorption maximum have been
commonly employed in surface plasmon resonance (SPR)-based"

sensing of analyte%.

B. Femtosecond Pulse Heating of Thiolated DNA-Modified
Gold Nanoparticles.Figure 2 shows the U¥visible extinction
of the optically heated DNA-modified gold nanopatrticle solution

after 5 min heating periods at different pulse energies ranging

from 150 nJ/pulse to 24J/pulse. The figure shows that
excitation of the thiolated DNA-modified gold nanoparticles
with femtosecond pulses of increasing energy up to 2.J/4
pulse results in a gradual blue-shift in their plasmon extinction
maximum from 525 to 519 nm, which is the plasmon maximum

Figure 2. UV —uvisible extinction spectrum (306800 nm) of thiolated
DNA-modified gold nanoparticles after heating with 100 fs, 400 nm pulses
for successive 5 min periods at pulse energies of 380 nJ/pulse, 750 nJ/
pulse, 1.5QJ/pulse, 2.74J/pulse, 5.99J/pulse, 11.94J/pulse, and 23.83
wJlpulse. The optical path length was 2 mm. The dashed black line is a
guide to the eye, representing the extinction maximum at 519 nm for
unmodified gold nanoparticles. The inset shows the blue-shift of the
absorption maximum from an initial wavelength of 525 nm versus the
excitation pulse energy up to 2.74/pulse. The solid black curve in the
inset is a power law fitR = 0.9995) to the data points, given lyy(]
x18740.08 Error in estimating the blue-shift is 0.5 nm based on the step
size in the absorbance scan.

excitation pulse energy. Higher optical pumping powers finally
gave rise to a red-shifted, broadened, and diminished absorption.
In other words, the nanoparticles finally aggregate when there
are not enough surface ligands to stabilize/passivate the nano-
particles in solution, thus resulting in the broadened and
diminished absorption and bluish-purple precipitation of gold
metal observed on the sides of the optical cell. The observed
blue-shift on femtosecond excitation was fairly reproducible for
three separate experimental batches (having similar absorbance
at the excitation wavelength of 400 nm). The pulse energies at
hich the maximum blue-shift was observed were simit&3,
uJlpulse for the different batches. Figure 3 shows a plot of the
observed blue-shift in the plasmon maximum with the absorbed
laser energy, based on data obtained from the different batches.
Figure 4 shows similar blue-shift of the surface plasmon
maximum of~13 nm gold nanoparticles capped with mercap-
toacetic acid (HS-CKHCOOH) on laser irradiation using 100 fs
pulses. Note that the formation of the SAM of mercaptoacetic
acid on the gold nanoparticle surface via gefailfur bonds
shifts the extinction maximum from 519 nm for unmodified
nanoparticles to 528 nm for the thiol-modified nanoparticles,

for unmodified gold nanoparticles (indicated by the dashed black the shift thus being larger than that in case of the thiolated DNA

line). This suggests that laser photothermal heating of the

thiolated DNA-modified gold nanoparticles results in the
dissociation of the goldsulfur bond between the thiolated DNA

modification, possibly due to a tighter SAM for mercaptoacetic
acid molecules. The SAM formation also leads to an observable
broadening of the plasmon band of the nanoparticles, as

‘ e -
strand and the nanoparticle surface. As shown in Figure 2 ang@ttributed commonly to chemical interface damp#g % Thus,

the inset, the extent of the blue-shift (and thus the suggeste

bond dissociation) increases superlinearly with increasing

(25) Ghosh, S. K.; Nath, S.; Kundu, S.; Esumi, K.; PalJTPhys. Chem. B
2004 108 13963.

(26) Zhang, P.; Sham, T. Khys. Re. Lett. 2003 90, 245502.

(27) Van Duyne, R. P.; Hulteen, J. C.; Treichel, D.JAChem. Phys1993 99,
2101.
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gon femtosecond pulse irradiation up teeFpulse (Figure 4 and

inset), the resulting blue-shift of the plasmon maximum from
528 to 521.5 nm, as well as the decrease in the plasmon band

(28) Persson, B. N. Burf. Sci 1993 283 1993, 153.

(29) Hovel, H.; Fritz, S.; Hilger, A.; Kreibig, UPhys. Re. B 1993 48, 18178.

(30) Bosbach, J.; Hendrich, C.; Stietz, F.; Vartanyan, T.; TragePhls. Re.
Lett 2002 89, 257404.
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of the transient bleaching dynamics of DNA-modified gold

74

] nanoparticles with unmodified gold nanoparticles for pump pulse
6'_ % energy ranging from 30 to 900 nJ/pulse. It is well known that
5 the rise of the transient bleach signal is a result of eleetron

electron scattering within the nanoparticles, while the decay can
be directly related to the dynamics of relaxation of excited/hot
electrons by the process of electrgghonon coupling on the
5] { time scale of~1 ps and phononaphonon coupling on longer
] { time scales of~100 ps!® The rise and decay were fit to an
exponential functiof? of the form

Blue shift (nm)

0'} ——————r (1 — exp(—t/z,) exp(-t/zy)

Absorbed laser energy (uJ/mol) so as to obtain the rise timg (ps) and the decay time or the
Figure 3. Observed blue-shift (nm) of the plasmon maximum versus the hot electron lifetimery (ps).

absorbed laser energyJ/mol). The data were obtained from three different | b f Fi 5 th | | f th
batches of thiolated DNA-modified gold nanoparticles. The absorbed laser t can be seen from Figure 5 that, at a lower value of the

energy was calculated per mole of the nanoparticles in solution using the pulse energy (38 nJ/pulse), the hot electron lifetimes of the
incident pulse energy inJ/pulse, the solution absorbance at the excitation DNA-modified gold nanoparticlesr{' = 1.044 0.04 ps) and

wavelength of 400 nm, the irradiation time of 5 min at each pulse energy, o ; v —
and the nanoparticle concentration in solution. The solid black curve is a the unmodified gold nanoparticlesy( = 1.10+ 0.04 ps) are

power law fit R = 0.8718) to the data points, given lyy(] x195+0-80 similar._ At_ progressively hi_g_her pulse ene_rgies, the eIe_ctron
Error in estimating the blue-shift is based on the step size in the absorbancerelaxation in both DNA-modified and unmodified nanoparticles
scan. becomes slower as a result of the linear increase of the electronic

heat capacity with the hot electron temperafifidowever, with
higher pulse energy, the electron relaxation rate in DNA-

’
;Ej modified nanoparticles gets progressively faster than that in
23 unmodified nanopatrticles. As can be seen from the photothermal
0.3 32 . . . . .
= heating experiment described in section B, the femtosecond
—~ ! =8 pulse excitation of the nanopatrticle electrons initiates cleavage
3 *pulsc anergy (upuise) of the gold-sulfur bond; the extent of this bond-breaking
o 024 ; . process increases with increasing pump energy. Since a part of
§ _l]?’esf"rﬁ 'E‘::ng the energy of the hot electrons is utilized in the bond-breaking,
@ | _2:4 ::ﬂgulse an addjtion_al pathway is opgned up for .the electron energy
2 ol ; —— 3.0 W/pulse relaxation in the DNA-modified nanoparticles. The electron
< ] | 4.8 ulipulse relaxation in DNA-modified nanoparticles as compared to that
i in the unmodified nanoparticles is therefore progressively faster
at progressively higher input pulse energies.
0.0 — —_— It is conceivable that the presence of the thiolated DNA
300 400 500 600 700 800 ligands around the gold nanoparticle enhances the electronic

Wavelength (nm) relaxation of _the latter. In _other Wor(_:is, energy can be transfe_rred
Figure 4. UV —visible extinction spectrum (366800 nm) of mercap- to the PNA ligands, Igadlng to an increase in the nar.mpar.ﬂc.le
toacetic acid-modified gold nanoparticles after heating with 100 fs, 400 'elaxation rate, and this energy can be used for the dissociation
nm pulses for successive 5 min periods at pulse energies gfJipbilse, of the gold-sulfur bond on a later time scale. However, due to
2-4#~]T/ﬁu'se’ ﬁ-%‘f}’lpu'lf?’ and 4-ﬁ~?ép“t'sethThe optical Pa”:_'e”?hth Wf:_S 2t_ the large density of vibrational states in the DNA ligands, it
e dashed ick e 1 i o 1 oy, repeSentg e XM would be unlikely for this ransferred energy to be later locaized
the blue-shift of the absorption maximum from an initial wavelength of in the gold-sulfur bond, leading to the dissociation. Hence, we
528 nm versus the excitation pulse energy up idfulse. The solid black  believe that direct coupling between the hot electrons and the
E;r;"E'QZF?Geigf‘sztE'rsro‘ir E’no‘gset%a;’;’ir‘:g(tﬁeob?fgi)htig }2%%"";% pﬁg]stzagéﬁe{%e gold—sulfur bond is responsible for the bond-breaking process.
step size in the absorbance scan. Besides, the pulse energy dependence of the hot electron
. ) relaxation dynamics can be best explained by the femtosecond
fwhm from ~140 t0~100 nm, is clearly attributable to the pulse-initiated dissociation of the getgulfur bond. The bond
ggld.—sulfur bond dlssocw?mon on thg nanoparpcle surface. dissociation process could be indirectly followed in time by
Similar gold—sulfur bond (Ijlssouatmn in glkanethmlate SAMs monitoring the ultrafast electron dynamics by using the fem-
on g(_)ld_ surfaces by STM-induced excna_non and electron beam tosecond transient absorption spectroscopy. The-galtfur
|rra3(;||at|on has been reported by Avouris efaénd Chen et 4 jyreaking cannot be attributed to a conventional thermal
al.* respectively. ) L heating of the irradiated nanoparticles. Conventional heating
C', Femtosecond EIec’Fron Rellaxatlon Dynamics in DNA' takes place by phonetphonon relaxation which occurs on a
Modified Gold Nanoparticles. Figure 5 shows a comparison much longer time scale, typically100 pst? The occurrence

(31) Avouris, P.; Walkup, R. E.; Rossi, A. R.; Akpati, H. C.; Nordlander, P.;

Shen, T. C.; Abeln, G. C.; Lyding, J. VBurf. Sci 1996 363 368. (33) Averitt, R. D.; Westcott, S. L.; Halas, N.Bhys. Re. B 1998 58, R10203.
(32) Chen, Y.; Palmer, R. E.; Shelley, E. J.; Preece, Bukf. Sci.2002 502/ (34) Ashcroft, N. W.; Mermin, N. D.Solid State Physi¢csHarcourt Brace:
503 208. Orlando, 1976.
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Figure 5. Femtosecond transient bleaching in (a) unmodified gold nanoparticles and (b) thiolated DNA-modified gold nanoparticles, pumped with 100 fs,
400 nm pulses at energies of 38, 119, 378, and 864 nJ/pulse, and probed at their respective absorption maximum. The rise and decay of the transient
bleaching are fit to the exponential function{lexp(-t/z;)) exp(—t/z4) to obtain the hot electron relaxation timas in unmodified gold nanoparticles and

74" in DNA-modified gold nanoparticles. The errors in the hot electron relaxation times are those obtained from the fitting.

of bond-breaking on the electreiphonon coupling time scale  equation. We further modified the TTM model for the DNA-
(typically within ~1 ps for gold) suggests a hot-electron-initiated modified particles by incorporating the additional relaxation
process rather than one that involves a phonon heat bath as th@athway due to the bond-breaking process (assumed first-order)
energy source. It has also been established recently that theas

nonequilibrium between electrons and phonons created by

ultrashort pulse excitation generally favors nonconventional dT,

electron-mediated reaction pathwajs. CeE =—G(T,—T) — R(THAH 2)
D. Time Evolution of the Bond-Breaking Process.A
mechanism of desorption of ligands from a metal substrate, R(Ty = k(TJ[Au—S] 3)

driven by highly excited local surface vibrational modes (surface

phonons or metatadsorbate bond vibrations) thermally equili-  whereAH is the enthalpy for the gotdsulfur bond dissociation
brated with hot electrons, has been proposed in surface séfence. (155 kJ mot?),%0Ris the rate of gole-sulfur bond dissociation
The rate of desorption by such a mechanism is expected to go(mol m~3 %), k is the first-order rate constant of getgulfur

as expt-EgkeTe),*” whereEq is the activation barrier for the  pond-breaking (s!), and [Au-S] is the gold-sulfur bond
metal-adsorbate bond dissociation amglis the temperature concentration£300 mol nT3). Thus, this simple model based
of the hot electron bath. To verify the presence of such a on eqs 13 incorporates two experimental trends: first, the
mechanism, we modeled the time evolution of the laser-initiated electron-phonon relaxation dynamics getting slower in both
bond-breaking in terms of the e_Iectron relaxation dynamics_ iN DNA-modified and unmodified nanoparticles at higher powers
the nangpartlcles. The _dyna.mlcs of the eleqtron relaxation §,e to the dependence of the electronic heat capacity on the
process in gold nanoparticles is generally described by the tWO'puIse power ¢ = 66T,), and second, the additional energy
temperature model (TTMj as relaxation channel due to the bond-breaking in DNA-modified
nanoparticles increasing in contribution with higher pulse
energies K = f(Tg)). The first-order decay dynamics in the
unmodified nanoparticles can be describedas Te o exp(—
t/z4") and hence,

dT,
Cege = ~G(T,—T) (1)

wherec is the electronic heat capacity. (= 66T J m 3 K~1),27

Teis the electronic temperature (Kl is the lattice temperature dT, T,
(K), t represents the time (<} is the electror-phonon coupling T (4)
d

constant (W m2 K1), and the temporal profile of the pulse

and the thermal conduction teffrhave been neglected in the . . o
where Te is the peak electronic temperature. Similarly for

DNA-modified nanoparticles,

(35) Hamers, R. JSurf. Sci 2005 583 1.
(36) Budde, F.; Heinz, T. F.; Kalamarides, A.; Loy, M. M. T.; Misewich, J. A.
Surf. Sci.1993 283 143.

(37) Prybyla, J. A.; Tom, H. W. K.; Aumiller, G. DPhys. Re. Lett. 1992 68,
503.

(38) Sun, C. K,; Vallee, F.; Acioli, L. H.; Ippen, E. P.; Fujimoto, J. Bhys.
Rev. B 1994 50, 15337.

2430 J. AM. CHEM. SOC. = VOL. 128, NO. 7, 2006

(39) Bauer, C.; Abid, J.-P.; Fermin, D.; Girault, H. H.Chem. Phys2004 19,
15

(40) Rémachandran, G. K.; Hopson, T. J.; Rawlett, A. M.; Nagahara, L. A.;
Primak, A.; Lindsay, S. MScience2003 300, 1413.
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dfe__ Te (5) @
dt 74" 10+

Substituting (4) and (5) in (1) and (2) respectively, subtracting
(2) from (1), and using (3),

k (sec'l)/IO11
< [\ EN =) 0

C.T,
KT) = -2
[Au—SJAH\74" 74
Ulsing the dependence of the tla(;iitronic heat capgacitylon the 0 200 400 600 800 1000
electronic temperature for go = 66T¢ J m3 K™Y, Pulse encrey (nl/oulse
substituting the values @&H and [Au—S], the bond dissociation (b) u gy (nJ/pulse)
rate constark at the peak electronic temperature can be obtained -110.01
. -110.5-
6T 2
I(21.47x 10 "Tep ;u 1110
Tob Ve
X -111.51
where %
= -112.01
- ( 1 1)—1
bb = |- T
T T -112.5 : . . .
‘ ‘ 0 5 0 15,20
can be viewed as the time constant for the bond dissociation I/Te (K10

process and can be calculated from the experimental hot electrorgjgure 6. (a) Plot of the calculated gotesulfur bond-breaking rate constant
lifetimes for the two different samples obtained from Figure 5. k (s7!)/10™ against the excitation pulse energy (nJ/pulse). The curve is a
The peak electronic temperatures were calculated for different Ef){‘a’iggg"‘ég;tg ring-gﬁ)?sgfﬁ?‘érllfkb‘%;’\elggﬁgtifrf?éﬁ?ﬁ\g‘g tThr?efZLTd
pulse energies as per the method in an earlier referénidee ;o s 4 straight line fitR = —0.99922) to the data given y= —936.5
calculated rate constankshave been plotted against the pulse — 110.3, yieldingAH4/R = 0.9365 K andASyR = —0.1103.

energy in Figure 6a. The plot of the calculated bond-breaking

rate constark with the pulse energy shows a superlinear trend, to be 0.64 eV below the Fermi level of gditiNevertheless,
similar to the plot of the blue-shift of the surface plasmon the orbital energy distribution for the gotdulfur bond may
absorption versus the laser pulse energy. The superlineamot be known well enough to eliminate such a mechanism.
dependencey(0 x4 of the bond dissociation rate constant Alternatively, surface phonons of the nanoparticle initiated by
on the pulse energy eliminates the possibility of direct one- the hot electrons may also drive dissociation by weakening the
photon electronic excitation of the thiol adsorbate. surface-ligand bonds through vibratior{8:

Figure 6b shows a plot of IhikyTe) versusl/Te, which E. Efficiency of the Laser-Initiated Bond-Breaking Pro-
demonstrates that the estimated kinetics of the bond-breakingcess.The thermodynamic efficiency of the laser-initiated bond-
satisfies the activated Eyring rate process with respect to thebreaking process;j can be calculated as
electronic temperatur€.. In other wordsk [0 exp(—Eg/kyTe).

This strongly supports hot-electron-initiated cleavage of the n=WQ

gold—sulfur bonds, suggested in section C. The activation )

energyEq for the dissociation (with respect to an electronic WhereQ is the absorbed laser energy anks the amount of
temperature) is calculated to be 10.3 kd/mol (0.1 eV) from the €Nergy required to break all the geldulfur bonds within the
Eyring plot. A previous measurement by Ramachandran & al., ©OPtical cell of volume 0.63 cfh On the basis of an optical
based on conductivity switching in thiol SAMs on a gold density of 0.42 for the sample (i.e., a gold nanoparticle
surface, yielded a similar value. The low activation barrier of concentration of 7.8 nM) and a bond dissociation energy of 155
0.1 eV (as compared to the geidulfur bond dissociation ~ * 10° J mol'* for the gold-sulfur bond, and assuming 220
energy of 1.6 eV) has been suggested to be a consequence dpNA strands per-13 nm nanoparticlé] W is estimated to be

weakened bonds between gold atoms attached to the sulfur and-17 MJ. Figure 2 indicates that the maximum blue-shift (and
neighboring gold atom& thus the maximum goldsulfur bond dissociation) occurs at a

A hot-electron-initiated bond dissociation mechanism involy- Pulseé energy of-3 uJ/pulse, or an absorbed energy of 1.46
ing the population of antibonding states of metatisorbate wJlpulse based on an absorbance of 0.29 at 400 nm. For this

bonds lying above the metal Fermi level by excited conduction Pulse energy and a pulse repetition rate of 1 kHz, the laser
electrons is well known in the literatdfeand may explain the energyQ absorbed by the solution in the 5 min irradiation time

trend of k with the excitation pulse energy. However, the Was estimated to be 0.44 J. Consequently, an upper limit on
antibonding orbital of the goldsulfur bond has been calculated

(44) Beardmore, K. M.; Kress, J. D.; Gronbech-Jensen, N.; Bishop, 8hBm.
Phys. Lett.1998 286 40.

(41) Averitt, R. D.; Westcott, S. L.; Halas, N. J. Opt. Soc. Am. B999 16, (45) Trenhaile, B. R.; Antonov, V. N.; Xu, G. J.; Nakayana, K. S.; Weaver, J.
1814. H. Surf. Sci 2005 583 L135.

(42) Felice, R. D.; Selloni, A.; Molinari, EJ. Phys. Chem. R003 107, 1151. (46) Watanabe, K.; Kato, H.; Matsumoto, Burf. Sci. Lett200Q 446, L134.

(43) Bonn, M.; Funk, S.; Hess, C.; Denzler, D. N.; Stampf, C.; Scheffler, M.; (47) Demers, L. M.; Mirkin, C. A.; Mucic, R. C.; Reynolds, R. A.; Letsinger,
Wolf, M.; Ertl, G. Sciencel999 285, 1042. R. L.; Elghanian, R.; Viswanadham, @nal. Chem200Q 72, 5535.
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the efficiencyn at this pulse energy is calculated to bd x nanoparticle diameter as small as 3 nm (electronic mean free
107“. Insight into the low value of this efficiency can be obtained path in gold= 40 nm). Hartland and co-workers have shown
by analyzing the mechanism of the hot electron relaxation, the that the contribution of electrersurface phonon scattering to

source of bond-breaking. the overall electrorrphonon scattering cross section is very
Relaxation of the hot electron gas in nanoparticles is believed small due to the small number of valence electrons in gold (only

to occur through two different channels: bulk electr@ihonon one electron) combined with a large atomic m&sdowever,

interactions and electrersurface interaction® The latter in the present study, the hot electron energy lost to the surface

process occurs by coupling between the electrons and two kindsmodes, although small in contribution, might be detected by
of surface phonon modes, namely acoustic and capillary surfacethe dissociation of the gotdsulfur bonds on the nanoparticle
modes. Thus, the effective electrephonon coupling constant  surface. The resulting bond dissociation is concluded experi-
is determined by summing the different contributions: mentally from the observed changes in the plasmon absorption
as well as the increase in the transient bleach decay rate.

F. Photothermal Excitation of Gold Nanoparticle—Protein
Conjugates.The effect of femtosecond excitation on thiolated
DNA-modified gold nanoparticles can be compared with the
photothermal laser heating of gold nanopartigbeotein con-
jugates. In a previous work, we studied the photothermal
destruction of biological cells enriched with anti-epidermal

3 v\ [me =YIVAE: growth factor receptor (EGFR)-conjugatedO nm gold nano-

Gett = Gpu T G+ G

whereGpyi is the bulk contribution, measured to b&.95 x

10 W m~2 K~* by Groenveld et &t G, and G, stand for the
acoustic and capillary surface mode coupling terms, respectively,
given by Belotskii et af? as

= particles on exposure to continuous wave laser radiation at 514
167 nm. To estimate the local temperature rise within the cells as a
result of the exposure of the gold nanopartiedmtibody
conjugates to a particular laser power, we used a numerical heat
1 v\ Mo\ [p)\2( V)2 transport model. The modgl assumed photothe.r.mgl conversion
G,= (—)k (—)n(—)(—) (—) of absorbed laser energy into heat by an equilibrium thermal
167) “\R?] \ P\ G | \@q heating process (occurring by phorgphonon relaxation). Our
numerically estimated threshold temperatures of80°C for
the photothermal destruction of the cells agreed with the
measured threshold temperature for destruction of the cells by
oven-heating and those measured in earlier measurepA¢mis,
validating the model. The nanoparticle-mediated simple pho-
tothermal heating of cells is in sharp contrast to the femtosecond-
pulse-initiated desorption taking place in the present study. In
case of the thiolated DNA ligands, bound covalently to the gold
surface, the energy of the nonequilibrium hot electrons is
coupled into the weak surface getdulfur bonds. However, in
p case of the anti-EGFR-conjugated gold nanoparticles, the
o = \/—I(I —1(+2) antibody molecules are held to the gold surface by a number of
PR3 noncovalent interactiof and do not provide an additional
he channel for energy dissipation. Consequently, energy relaxation
is attained by conventional phonephonon cooling within the
gold nanoparticles and the surrounding cell medium, leading
to a temperature rise in direct proportion to the laser enkrgy.

Rn

C

o \%q

and

wherekg is Boltzmann's constant (1.38 10723 J K1), nis
the free electron density for gold (59 10?8 m=3), m. is the
electron mass (9.% 10731kg), o is the surface tension of solid
gold (2 x 1072 N/m), ¢ is the work function of gold (4.7 eV),
Vo is the Fermi energy (5.5 eVj is the Fermi velocity (1.4

10° ms™1), Ris the nanoparticle radius (6.5 nm)p is the Debye
frequency (2.2« 103 s71), p is the density of gold (19 300 kg
m~3), andg is the longitudinal speed of sound in gold (3240
ms1). w is the maximum frequency of the capillary modes,

wherel is the angular momentum number corresponding to t

shortest possible surface wave, which is given by the integer

part of 7R/d, whered is the lattice parameter for gold, i.e., 4

A. Accordingly, the contribution of the surface mode,

G,) to the electronic relaxation of thel3 nm gold nanoparticles

is estimated to be 3.3% 10“4W m3 K™, je.,~102times

the net electrorphonon coupling constar@e. We found that exposure of thiolated DNA-modified gold
The low energy efficiency of the bond-breaking process may nanoparticles to femtosecond laser pulses led to the desorption

thus be accounted for by the small contribution of the gold ©f the thiolated DNA strands from the nanoparticle surface by

nanoparticle surface to the hot electron relaxation, in the cae of breaking the goletsulfur bond, as evidenced by the changes in

a mechanism where surface phonon modes initiated by thethe nanoparticle surface plasmon absorption band. The bond-

photoexcited excited electrons of the nanoparticle drive the breaking process led to an observed increase in the rate of the

cleavage of the surface gotgulfur bonds. There have been excited electron relaxation in the DNAnodified nanoparticles.

several studies in the past by our gr&mnd other®to measure Thus we were able to follow the time evolution of gelsulfur

the contribution of surface phonon scattering in gold nanopar- bond dissociation by femtosecond transient absorption spec-

ticles to the electronphonon relaxation. It was found that the troscopy of the thiolated DNAmodified gold nanoparticles.

relaxation rate was independent of shape or size down to aThe experimental results suggest that the rapid surface bond

IV. Conclusions

(48) Belotskii, E. D.; Tomchuk, P. Mnt. J. Electron 1992 73, 955. (51) Hirsch, L. R.; Stafford, R. J.; Bankson, J. A.; Sershen, S. R.; Rivera, B.;

(49) Groenveld, R. H. M.; Sprik, R.; Lagendijk, Rhys. Re. Lett 199Q 64, Price, R. E.; Hazle, J. D.; Halas, N. J.; West, JPtoc. Natl. Acad. Sci.
784. U.S.A.2003 100, 13549.

(50) Hodak, J. H.; Henglein, A.; Hartland, G. \J. Chem. Phys200Q 112 (52) Sokolov, K.; Follen, M.; Aaron, J.; Pavlova, |.; Malpica, A.; Lotan, R.;
5942. Richards-Kortum, RCancer Res2003 63, 1999.
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dissociation does not result from a pure thermal heating of the nanoparticles, where a local temperature rise results from the
irradiated nanoparticles, but rather is initiated by the photoex- conversion of light to heat by phoneiphonon relaxation
cited electrons of the nanoparticle, possibly via electronic processes in the nanoparticle.

coupling to the surface gotesulfur bond vibrations or the

nanoparticle surface phonons. Hot-electron-mediated chemistry ~Acknowledgment. We thank Xiaohua Huang for obtaining
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