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ABSTRACT: Metallic-state gold nanorods are well known to
exhibit strong longitudinal plasmon excitations in the near-infrared
region (NIR) suitable for photothermal conversion. However,
when the size decreases below ∼2 nm, Au nanostructures become
nonmetallic, and whether the longitudinal excitation in plasmonic
nanorods can be inherited is unknown. Here, we report atomically
precise rod-shaped Au42(SCH2Ph)32 with a hexagonal-close-packed
Au20 kernel of aspect ratio as high as 6.2, which exhibits an intense
absorption at 815 nm with a high molar absorption coefficient of
1.4 × 105 M−1 cm−1. Compared to other rod-shaped nanoclusters,
Au42 possesses a much more effective photothermal conversion
with a large temperature increase of ∼27 °C within 5 min (λex = 808 nm, 1 W cm−2) at an ultralow concentration of 50 μg mL−1 in
toluene. Density functional theory calculations show that the NIR transition is mainly along the long axis of the Au20 kernel in Au42,
i.e., a longitudinal excitonic oscillation, akin to the longitudinal plasmon in metallic-state nanorods. Transient absorption
spectroscopy reveals that the fast decay in Au42 is similar to that of shorter-aspect-ratio nanorods but is followed by an additional
slow decay with a long lifetime of 2400 ns for the Au42 nanorod. This work provides the first case that an intense longitudinal
excitation is obtained in molecular-like nanorods, which can be used as photothermal converters and hold potential in biomedical
therapy, photoacoustic imaging, and photocatalysis.

■ INTRODUCTION

In nanotechnology, gold nanoparticles provide remarkable
opportunities due to their strongly enhanced optical properties
associated with surface plasmon resonance (SPR).1 The strong
SPR absorption can be efficiently converted to heat via rapid
electron−phonon and phonon−phonon processes.2 Due to
their unique optical properties as well as low toxicity, gold
nanoparticles (e.g., spheres and rods) have been used to heat
up a local environment by radiation with a frequency within
the SPR absorption band and are utilized in medical
applications, especially in photothermal therapy and cancer
diagnostics.3−8 Gold nanorods with tunable longitudinal SPR
in the near-infrared region (NIR) are highly desired to target
malignant cells without damaging the surrounding healthy
tissues. Typically, the aspect ratio (AR) of gold nanorods is
tuned to ∼4 to have an SPR band at ∼800 nm to match the
most commonly used 808 nm laser for minimum extinction by
human tissues (i.e., deeper penetration).9−11

When the dimensions of gold nanoparticles are reduced to a
critical size (∼2 nm), a transition from metallic to nonmetallic
occurs due to quantized electronic energy levels and the SPR
gives way to excitons,12−15 manifested in multiple discrete
absorption peaks.16−18 These ultrasmall nanoparticles, com-
monly called nanoclusters (NCs), have achieved atomic

precision and attracted much attention in recent research,
with their optical,19 photoluminescent,20 chiral,21 electronic,22

and magnetic properties,23−25 as well as assembly26,27 and
catalytic applications28,29 being understood based on the fully
solved structures by X-ray crystallography. However, the NCs
possess no enhanced electromagnetic fields (i.e., near fields)
surrounding the particle surface, especially in the NIR. The
NCs with less than 50 gold atoms usually have successive
absorption peaks in the visible region, and when the size
increases (>100 Au atoms), a long absorption tail extends into
the NIR as the energy gap becomes smaller;18 in other words,
the absorption intensity of NCs drastically decreases at longer
wavelengths, and hence, efficient photothermal conversion is
not possible by NIR excitation.
Fortunately, the structure of NCs can be tailored via

atomically precise nanochemistry,19 and one-dimensional (1D)
nanorods are highly desired, which may generate longitudinal
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excitonic transitions at long wavelengths, just like what was
observed in their plasmonic counterparts. Structurally charac-
terized, atomically precise nanorods are much fewer than
nanospheres due to the dramatically increased surface
energy.30−33 All of the ultrasmall nanorods reported so far
are composed of two or more icosahedral M13 (M = Au/Ag/
Pt) building blocks connected via vertex sharing, and
absorption in the NIR was observed.30−33 As for NCs with
face-centered-cubic (fcc) atomic structure (the same as bulk
noble metals and their nanoparticles), homodimeric and
heterodimeric structures can also be regarded as nanorods
with small aspect ratios.27,34 Periodicity in gold quantum-box
NCs was observed in a series of Au8n+4(SR)4n+8 (SR = thiolate)
with integral numbers of (001) layers (n = 3 to 6),35 and the
magic number can go as high as n = 9 in experiments,36

although only its simulated structure37 (as opposed to the
experimental structure) is available thus far. As the 1D
structure of this fcc series becomes longer, the absorption band
gradually red-shifts into the NIR, offering a means to tune the
absorption peak by the aspect ratio.38

Although plasmonic Au nanorods have long been used for
photothermal conversion and its mechanism has also been well
explained by SPR, such an important property is yet to be
explored in atomically precise metal NCs with no SPR. High
efficiencies in the photothermal effect of Au NCs are
particularly important for applications.39−41 We aim to design
molecular-like Au nanorods with a suitable aspect ratio so as to
see whether the optical properties of plasmonic Au nanorods
with longitudinal excitation can be inherited even at the
ultrasmall size, and furthermore, whether the NIR absorption
(without SPR) of molecular-like Au nanorods is still strong
enough for photothermal conversion.
Herein, we report an all-thiolate-protected Au nanorod of

atomic precision, i.e., Au42(SCH2Ph)32 with a hexagonal-close-
packed (hcp) Au20 kernel of an aspect ratio of 6.2, featuring
very strong absorption at 815 nm with a molar absorption
coefficient of 1.4 × 105 M−1 cm−1. The Au20 kernel is protected
by two pairs of interlocked Au4(SR)5 motifs on the ends and
six Au(SR)2 monomers around its body. Upon 808 nm
excitation, the Au42 nanorod solution even at a very low
concentration (e.g., 50 μg mL−1 in toluene) shows an effective

Figure 1. Isotope patterns of (A) [Au24(SCH2Ph)20 + 2Cs]2+ and (B) [Au42(SCH2Ph)32 + 2Cs]2+ in (C) the full ESI mass spectrum. CsOAc was
used to impart charges by forming adducts of clusters with Cs+. Normalized absorption spectra (photon energy scale) of (D) Au24(SCH2Ph)20 and
(E) Au42(SCH2Ph)32 nanorods, with corresponding structures shown in the insets, respectively. The total structure of Au24(SCH2Ph)20 is recreated
by the authors from the data in ref 42. (F) Rod-shaped hcp Au20 kernel of Au42(SR)32. (G) Two pairs of interlocked Au4(SR)5 staple motifs (four
motifs total) protecting the two ends of the Au20 kernel, and six Au(SR)2 staple motifs protecting the body of the Au20 kernel. Color codes:
magenta/violet/purple/red, Au; yellow, S; gray, C; and white, H.
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photothermal conversion (e.g., a temperature increase by ∼27
°C within 5 min). Based on the X-ray structure, time-
dependent density functional theory (TDDFT) simulations
clearly indicate that the NIR peak of Au42 corresponds to an
electronic transition along the long axis of the Au20 kernel, i.e.,
a longitudinal exciton excitation. The strong photothermal
conversion is ascribed to the confinement of excitons inside
the rod-shaped kernel. Transient absorption analyses show
that, in addition to a fast decay (<1 ps), the Au42 nanorod has a
slow decay in the NIR, with its long lifetime of 2400 ns. The
present work demonstrates that the longitudinal excitation of
plasmonic Au nanorods can be inherited by atomically precise
ultrasmall nanorods with exciton states below the size of 2 nm,
and although there is no SPR, the NIR excitonic absorption
can be very intense and lead to strong photothermal
conversion.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Au42(SCH2Ph)32
Nanorods. A mild reducing agent, borane tert-butylamine
complex (C4H9NH2·BH3), was used to reduce the
[AuI(SCH2Ph)]x precursor. Dark NCs were observed in a
short time, and the reaction was kept overnight under ambient

conditions. The crude product was obtained by rotary
evaporation of the solvent and thorough washing with
methanol. The mixture of Au NCs was then extracted with
CH2Cl2 and concentrated for thin-layer chromatography
(TLC) separation (see the Supporting Information for details).
Four different bands (Figure S1A) were identified at the top of
the plate according to their different UV−vis absorption
spectra, including the first light brown band of
Au25(SCH2Ph)18, the second dark brown band of
Au38(SCH2Ph)24, the third orange band of Au24(SCH2Ph)20,
and the fourth green band that was characterized to be a novel
Au42(SCH2Ph)32 product. Au24(SCH2Ph)20 shows an orange
color of fluorescence under UV light (Figure S1B), which is
consistent with the literature.42 Au25(SCH2Ph)18 and
Au38(SCH2Ph)24 are first reported, and their absorption
profiles are almost identical to those of the structure-solved
Au25(SC2H4Ph)18 and Au38(SC2H4Ph)24 with one −CH2−
difference in the thiolates (Figure S2A/B).16,43 The structure
of Au24(SCH2Ph)20 is relevant to that of Au24(SCH2Ph-

tBu)20
with the latter ligand bearing an additional tert-butyl group,
and the two NCs also show very similar absorption spectra
(Figure S2C).42,44

Figure 2. (A) Time-dependent images of Au42, Au38, Au52, and Au24 solutions (50 μg mL−1) upon laser irradiation followed by a cooling period
(arrows indicate the time of stopping irradiation). (B) Temperature change of Au42 solutions with different concentrations (50, 35, or 20 μg mL−1),
and (C) the corresponding absorption spectra of the Au42 solutions. (D) Kernel structures of Au42, Au38, Au52, and Au24 nanorods. (E)
Temperature change of Au42, Au38, Au52, and Au24 solutions (50 μg mL−1), inset: the relationship between temperature change and molar
absorption coefficient of NC solutions at irradiation wavelength. Solvent: toluene. Laser irradiation: 808 nm, 1 W cm−2. Arrows indicate the time to
stop the irradiation.
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Electrospray ionization (ESI) mass spectrometry was
employed to determine the formulas of NCs. As the
experimental isotopic patterns of [Au24(SCH2Ph)20+2Cs]

2+

and [Au42(SCH2Ph)32+2Cs]
2+ (Figure 1A/B, blue/red lines)

match well with the calculated ones (Figure 1A/B, black lines),
the formulas of the two NCs are confirmed. The full ESI mass
spectrum (Figure 1C) shows that residual Au24(SR)40 NCs are
mixed with Au42(SR)32 in the raw product after TLC
separation, but pure Au42(SR)32 can be obtained after
crystallization.
In the optical absorption spectra of Au24(SR)20 and

Au42(SCH2Ph)32 (normalized at λ =300 nm), the lowest-
energy absorption peak of Au24(SR)20 is at 2.5 eV (Figure 1D).
Surprisingly, the lowest-energy absorption peak for the novel
Au42(SR)32 red-shifts to 1.5 eV (Figure 1E) and its intensity is
as strong as 6.5 times that of Au24(SR)20.
Previous work reported the fusion of Au25(SR)18 into

Au38(SR)24,
45 as well as the dimerization of two icosahedral

M@Au12 (M = Pd/Pt) superatoms.46 Since the pair of
Au25(SR)18 and Au38(SR)24 NCs with related structures is
prepared together with the pair of Au24(SR)20 and Au42(SR)32
NCs, one can easily relate the latter two NCs by comparing
their structures (Figure 1D/E insets) as Au42(SR)32 looks like a
combination of two of Au24(SR)20.
A close look at the structure of Au42(SR)32 reveals a rod-

shaped hcp kernel of an unprecedently high aspect ratio
(Figure 1F and Table S1). The Au20 kernel comprises six layers
in an a−b−a−b−a−b manner with two Au atoms capping the
two ends (i.e., Au1−Au3−Au3−Au3−Au3−Au3−Au3−Au1).
Note that among all solved atomically precise Au NCs, there
is so far only one case with hcp kernelAu30(SR)18 (i.e., Au18
kernel with a Au3−Au6−Au6−Au3 configuration),47 which
gives rise to special exciton behavior compared to NCs of other
structures.48 At the two ends of the Au20 kernel, a pair of
Au4(SR)5 staple motifs is attached via bidentate bonding
(Figure 1G, marked in violet); another pair of tetrameric staple
motifs form bonds in a way, which rotates by ∼90° relative to
the first pair (Figure 1G, marked in purple), i.e., the two
Au4(SR)5 motifs at the same end interlock with each other.
The body of the long rod-shaped Au20 kernel is further
protected by six monomeric Au(SR)2 motifs (Figure 1G,
marked in red). In the structure of Au24(SR)20, the prolate Au8
kernel (Figure S3A, Au1−Au3−Au3−Au1) can be considered as
a shortened form compared to the Au20 kernel in Au42(SR)32
(Figure S3B). The Au8 kernel in Au24(SR)20 is also protected
by two pairs of interlocked Au4(SR)5 staple motifs (Figure
S3A, marked in violet/purple); however, as the kernel is much
shorter, there is no more open area for other motifs. The clear
relationship between the two structures reveals that Au42(SR)32
is an elongated structure of Au24(SR)20 along the long axis of
the kernel.
Here, we further compare the aspect ratios of rod-shaped

kernels of some reported NCs of atomic precision. As shown in
Figure S4, in the kernel of Au38(SR)24,

17 two icosahedral Au13
units fuse at a common Au3 facet, and the aspect ratio (AR) of
the Au23 kernel is only 1.8. As for the rod-shaped
Au25(SR)5(PPh3)10Cl2, the two icosahedral Au13 units share a
vertex and the AR increases to 2.3.30 As expected, when three
or four icosahedral Au13 or Ag13 units are linearly attached via
vertex sharing, AR increases to 3.5 and 4.6, respectively.31,33

On the other hand, although the AR of the Au8 kernel in
Au24(SR)20 is only 2.6, the AR of hcp Au20 kernel is 6.2 (Figure
S4), which is so far the largest AR observed in atomically

precise NCs. Thus, the Au42(SR)32 nanorod provides a great
opportunity to study potentially new properties based on its
special shape, and the confinement of excitons within the long
but narrow kernel would lead to strong photothermal
conversion upon photoexcitation.

Ultrasmall Au Nanorods as Photothermal Converters.
To measure the photothermal conversion of Au42(SR)32, the
NCs were dissolved in toluene (50 μg mL−1). Figure 2A (top)
shows the time-dependent images of the solution with 808 nm
laser irradiation at 1 W cm−2. Interestingly, very rapid heating
was observed upon excitation, as the temperature change
reached ∼27 °C within only ∼5 min (Figure S5, Supporting
Information Video, note: 4 times the actual speed). Upon
removal of the NIR irradiation at the 6th min, the solution was
cooled to the background temperature within ∼12 min (Figure
2B, olive star), and the cooling of the toluene solution follows
Newton’s law,

T t T T( ) e kt
0 ambient= +−

with the cooling constant k determined to be 0.005 s−1. The
photothermal performance of the ultrasmall Au42 nanorods
indeed rivals the plasmonic Au nanorods with aspect ratio ∼4
in phosphate-buffered saline,49 although we deduce that the
plasmonic nanorods have a k of ∼0.014 s−1 from the reported
data. It should be noted that the heat capacity of toluene is 2.6
times lower than water, and the atomically precise nanorods
are only organic soluble, which requires ligand modification or
micelle encapsulation for future biological applications. Never-
theless, the photothermal conversion of Au42 nanorods is
impressive considering the very low concentration (50 μg
mL−1). Various polymer systems have been used to transfer
nanoparticles from the organic phase to water without
changing their physical properties,50,51 and we expect them
to be applicable to our atomically precise nanorods as well, but
this is beyond the scope of this work.
The high photothermal conversion of the Au42 nanorod is

related to its strong absorption in the NIR (Figure 2C).
Tsukuda et al. reported a series of glutathione-protected gold
NCs of atomic precision, finding that the molar absorption
coefficient ε for the first (i.e., lowest-energy) peak of different
Aun NCs are from 8.5 × 103 to 1.5 × 104 M−1 cm−1.52 Their
later work on Au76(SR)44 NCs showed an intense NIR band at
1340 nm with ε = 3 × 105 M−1 cm−1,34 but the structure is
unknown yet and no photothermal property has been reported.
As for the Ag61 NC containing four vertex-sharing icosahedral
Ag13 units, the absorption coefficient is 6.2 × 104 M−1 cm−1 at
819 nm, and this NIR absorption was ascribed to the strong
electronic coupling between the silver units,33 which is
stronger than that between Au13 units in the linear-shaped
nanorod.53 By contrast, the kernel atoms in the Au42 nanorod
are closely packed, and the absorption coefficient ε of Au42 is
determined to be 1.4 × 105 M−1 cm−1 at 815 nm (determined
by experimental absorption according to Beer’s law, A = εcl,
wherein A = 0.57 OD, c = 50 μg mL−1/12215.15 g mol−1, and l
= 1 cm). The obtained absorption coefficient is indeed a very
high value due to the large aspect ratio of the rod-shaped
kernel, of which the origin can be further explained by TDDFT
calculations (see the next section).
The Au42 nanorods were also measured at different

concentrations for photothermal conversion (Figure S6/S7/
S8), indicating a monotonic enhancement of the photothermal
effect as a function of the nanorod concentration (Figure 2B/
C). When the concentration decreased to 35 and 20 μg mL−1,
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although the temperature increasements were reduced to ∼22
and ∼17 °C, respectively, the time to reach the largest
increment was similar (i.e., at ∼300 s). The decline in
temperature after 300 s of NIR irradiation for the 50 and 35 μg
mL−1 solutions indicates partial degradation of the Au42
nanorods. However, the 20 μg mL−1 solution does not show
any obvious decomposition due to less heat generation (even
after continuous irradiation for 10 min) based on the
absorption spectroscopy analysis, and the Au42 nanorods are
also stable in ambient solution (Figure S9).
We also measured the photothermal conversion of other all-

thiol-protected Au NCs with rod-shaped kernel structures
(Figure S10/S11/S12), including the Au38(SR)24 with a face-
fused bi-icosahedral Au23 kernel, Au52(SR)32 with a layer-by-
layer fcc kernel, and Au24(SR)20 with a bi-tetrahedral Au8
kernel (Figure 2D). The optical properties of these Au NCs are
shown in Figure S13. At the common concentration of 50 μg
mL−1, the molar absorption coefficient ε of Au38 at 745 nm is
6.7 × 103 M−1 cm−1, while that of Au52 at 790 nm is quite low
(1.1 × 103 M−1 cm−1). Correspondingly, 808 nm excitation
also shows photothermal conversion by Au38 (Figure 2E, red
open circle) and Au52 (Figure 2E, magenta open square) with
temperature increases by ∼10 and ∼3 °C, respectively. As for
Au24, it does not show any absorption in the NIR, thus only a
small temperature fluctuation was observed (Figure 2E, blue
open triangle) upon NIR excitation, similar to that by the
blank, i.e., solvent only (Figure 2B, black open triangle).
Furthermore, it is clear that the temperature increase is almost
linear with respect to the exponential scale of the molar
absorption coefficient at the irradiation wavelength (Figure 2E,

inset), indicating that the photothermal conversion by
nonmetallic Au NCs is exponentially related to the photon
absorption.

On the Nature of the NIR Transition in Atomically
Precise Au Nanorods. Compared to Au nanospheres with a
plasmonic maximum at ∼520 nm, the SPR of Au nanorods
splits into a relatively weak band (transverse mode of collective
electron oscillation) in the visible region and a much stronger
longer-wavelength band (longitudinal oscillation of conduction
electrons) of which the position can be tuned by controlling
the aspect ratio of the plasmonic nanorods.1,2 At ultrasmall
sizes (below ∼2 nm), nanorods of high aspect ratios are very
rare; thus, we wonder whether the nonplasmonic Au42(SR)32
rod would have a longitudinal excitation akin to the plasmonic
counterpart.
DFT and TDDFT calculations54,55 were used here to

simulate the electronic structure and optical spectra of
Au42(SCH2Ph)32 and Au24(SCH2Ph)20 nanorods. The visual-
ized orbitals (Figure 3A/B) indicate that the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of both Au42 and Au24 NCs are
mainly localized on the Au20 and Au8 kernel, respectively, and
the hcp Au20 kernel can be regarded as an elongation along the
x axis. The experimental and TDDFT-simulated absorption
spectra match well with each other (Figure 3C/D, left), and
the Kohn−Sham (KS) orbital diagram is used to illustrate the
electronic transitions from occupied orbitals to unoccupied
ones corresponding to the absorption peaks (Figure 3C/D,
right), which is explained in detail below for the two NCs.

Figure 3. HOMO and LUMO orbitals of (A) Au42(SCH3)32 and (B) Au24(SCH3)20 NCs. (C) Experimental absorption spectrum of
Au42(SCH2Ph)32 (blue line) and TDDFT-simulated absorption spectrum of Au42(SCH3)32 (red line), and corresponding KS orbital energy level
diagram. (D) Experimental absorption spectrum of Au24(SCH2Ph)20 (blue line) and TDDFT-simulated absorption spectrum of Au24(SCH3)20 (red
line), and corresponding KS orbital energy level diagram. Schematic illustrations of α and β electronic transitions for (E) Au42(SCH3)32 and (F)
Au24(SCH3)20.
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As for Au42(SCH3)32, its first peak at 1.68 eV (peak α) is due
to the HOMO to LUMO transition (96%) and peak β at much
higher energy (3.05 eV) is contributed by HOMO − 1 →
LUMO + 2 and HOMO − 2→ LUMO + 1 transitions (Figure
3C, right). As the oscillator strength of the HOMO → LUMO
transition is much larger than the combination of HOMO − 1
→ LUMO + 2 and HOMO − 2 → LUMO + 1 transitions, a
much more intense absorption in the NIR results. The
oscillator strength is in direct proportion to the transition
energy and square of the transition dipole moment.
Interestingly, the transition dipole moment of peak α is
much stronger along the x axis, almost 10 times those along
the y and z axes (Figure 3E and Table S2), which means that
the HOMO → LUMO transition mainly occurs on the long
axis of the Au20 kernel. In other words, the peak α transition
corresponding to the strong absorption in the NIR is a
longitudinal transition, reminiscent of the NIR band of
plasmonic Au nanorods. It is a surprise to see that even for
NCs with molecular states, longitudinal excitation can be
observed and is responsible for the strong absorption in the
NIR. By contrast, the β transition does not show any preferred
orientation of oscillation.
In the case of Au24(SCH3)20 with a kernel of a much smaller

aspect ratio, its peak α at 2.6 eV is due to a combination of
HOMO to LUMO transition (2.53 eV, 89%) and HOMO − 2
to LUMO transition (2.67 eV, 95%), whereas peak β at 3.12
eV results from the HOMO − 2 → LUMO + 1 transition
(Figure 3D, right). As for peak α of Au24(SCH3)20, although
the dipole moments for both 2.53 and 2.67 eV transitions
along x are stronger than in the other two directions, their
absolute values are obviously weaker than what is found for
peak α of Au42(SCH3)32, corresponding to a shorter aspect
ratio of the Au24 nanorod (Figure 3F, top). Peak β of
Au24(SCH3)20 does not show any directional preference in
electronic transition (Figure 3F, bottom). It is worth pointing
out that, unlike the hcp Au42, other molecular-like Au nanorods
(e.g., Au44 and Au52) of similar sizes with fcc kernels (the same

structure as plasmonic Au nanorods) do not show intense NIR
absorption. Thus, the Au42 rod nanocluster is quite interesting
in giving rise to the intense NIR absorption and also the
intense photothermal effect. Based on the structural relation-
ship between Au24(SCH2Ph)20 and Au42(SCH2Ph)20, we
believe that the hcp rod structure is likely tunable to control
the position of the longitudinal excitonic excitation.

Photoexcited Electron Dynamics of Atomically
Precise Au Nanorods. Due to the related structures of
Au24(SCH2Ph)20 and Au42(SCH2Ph)32, we expect their
electronic properties to be related as well, so femtosecond
transient absorption (fs-TA) spectroscopic analysis (pumped
at 400 nm and probed between 460 and 830 nm) was
performed to probe the excited-state dynamics of both
nanorods. Upon photoexcitation, a broad excited-state
absorption (ESA) from 550 to 750 nm is observed for
Au24(SCH2Ph)20 as well as two dips (ground-state bleaching,
GSB) at ∼500 and ∼780 nm (Figure 4A/B), consistent with
the result on Au24(SCH2Ph-

tBu)20 (with the −tBu difference)
reported before.18 A rapid decay of the ESA band is observed
just after 1 ps, and the exciton decays to the ground state
within 2 ns. The longer nanorod, Au42(SCH2Ph)32, shows very
similar ESA immediately upon excitation (Figures 4C/D and
S14A/B). Global fitting of ESA from 480 to 770 nm shows two
short components (0.8 ps, 71% and 55 ps, 16%) as well as a
long component (23 ns, 13%) for Au24 (Figure S14C), whereas
global fitting of Au42 from 480 to 730 nm is also composed of
three components (Figure S14D), including two short ones of
0.7 ps (78%) and 69 ps (11%) and a long component of 34 ns
(11%). The close similarity in fast decay can be ascribed to the
related structures56 from the kernel to surface motifs of the two
Au nanorods. Distinctively, the Au42 nanorod has an additional
GSB centered at 820 nm, which appears within 2 ps and
remains almost unchanged between 2 and 7000 ps (Figure
4C/D). The fs-TA kinetic traces and fitting at 813 nm indicate
a much longer lifetime, which is beyond the scope of
femtosecond measurement (Figure S14E).

Figure 4. (A) fs-TA data map of Au24(SCH2Ph)20 and (B) its TA spectra at selected time delays. (C) fs-TA data map of Au42(SCH2Ph)32 and (D)
its TA spectra at selected time delays. (E) ns-TA data map of Au24(SCH2Ph)20 and (F) its TA kinetic traces and fitting (probed at 580 nm). (G)
ns-TA data map of Au42(SCH2Ph)32 and (H) its TA kinetic traces and fitting (probed at 813 nm). λex = 400 nm; ΔA, change in absorbance (milli-
optical-density, mOD).
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To probe the longer components, nanosecond-TA (λex =
400 nm) was used to obtain the complete excited-state
lifetimes of the two nanorods. The data showed a single-
exponential decay lifetime (τ) of 120 ns for Au24 (Figure 4E/
F) and 2400 ns for Au42 (Figure 4G/H). In sharp contrast to
the fs-TA, the ns-TA spectra at selected time delays for the two
NCs are very different. With the increase in time delay, the
ESA of Au24 becomes weaker and almost disappears at 30 ns
(Figure S15A). However, Au42 shows a strong and long-lived
GSB at ∼813 nm, which becomes even stronger from 3 to 30
ns (a rise period), and then, the GSB begins to decay during a
very long period of 3700 ns (Figure S15B). Of note, the other
hcp NC, the Au30(SR)18 with an hcp Au18 kernel, instead has a
very short lifetime of 1 ns.48 Therefore, the current Au42(SR)32
(an hcp Au20 kernel) shows a 2400 times longer lifetime,
demonstrating that the 3-orders-of-magnitude difference in
exciton recombination dynamics is related to the detailed
structure of the core.

■ CONCLUSIONS
In summary, an all-thiolate-protected Au42(SCH2Ph)32 nano-
rod with a rare hcp Au20 kernel is obtained and the atomic
packing of Au1−Au3−Au3−Au3−Au3−Au3−Au3−Au1 in the
kernel shows so far the largest aspect ratio of 6.2. Due to the
long rod-shaped structure, Au42 demonstrates a strong
absorption peak centered at 815 nm with a molar absorption
coefficient as high as ε815 = 1.4 × 105 M−1 cm−1, which is close
to the 808 nm laser commonly used in photothermal therapy.
The photothermal conversion by Au42 nanorods (50 μg mL−1

in toluene) is studied and a temperature increase up to ∼27 °C
is observed within only 5 min upon excitation (1 W cm−2). A
comparison with other rod-shaped Aun NCs in the molecular
state indicates that the temperature increment is linearly
related to the exponential scale of ε at the irradiation
wavelength. TDDFT simulations indicate that the electronic
transition of the NIR peak of Au42 is mainly along the long axis
of the rod-shaped kernel, mimicking the longitudinal plasmon
of metallic-state Au nanorods. Finally, transient absorption
spectroscopy measurements on Au42 and Au24 with the same
ligand and related structures (long and short nanorods)
provide further insights. It is clear that, although almost the
same fast decay is observed in both nanorods, Au42 shows an
additional very slow decay in the NIR. This work presents the
first case to use atomically precise nanorods as photothermal
converters, opening a new application for these emerging
nanomaterials of atomic precision.
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