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ABSTRACT: Understanding fundamental behavior of lumines-
cent nanomaterials upon photoexcitation is necessary to expand
photocatalytic and biological imaging applications. Despite the
significant amount of experimental work into the luminescence
of Auys(SR),4~ clusters, the origin of photoluminescence in
these clusters still remains unclear. In this study, the geometric
and electronic structural changes of the Au,s(SR);3~ (R = H,
CH,, CH,CH,, CH,CH,CH,) nanoclusters upon photo-
excitation are discussed using time-dependent density functional
theory (TD-DFT) methods. Geometric relaxations in the
optimized excited states of up to 0.33 A impart remarkable
effects on the energy levels of the frontier orbitals of
Auys(SR),5~ nanoclusters. This gives rise to a Stokes shift of
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0.49 eV for Au,5(SH) s~ in agreement with experiments. Even larger Stokes shifts are predicted for longer ligands. Vibrational
frequencies in the 75—80 cm™' range are calculated for the nuclear motion involved in the excited-state nuclear relaxation; this
value is in excellent agreement with vibrational beating observed in time-resolved spectroscopy experiments. Several excited
states around 0.8, 1.1S, and 1.2 eV are calculated for the Au,s(SH) s~ nanocluster. Considering the typical underestimation of
DEFT excitation energies, these states are likely responsible for the emission observed experimentally in the 1.15—1.55 eV range.
All excited states arise from core-based orbitals; charge-transfer states or other “semi-ring” or ligand-based states are not

implicated.

B INTRODUCTION

Gold nanoparticles (AuNPs) have received increasing research
interest due to the tunability of their electronic and optical
properties by changing size and shape, which enables a wide
range of applications in chemical sensing,1 biomedicine and
imaging,” catalysis,” > photocatalysis,""" etc. To improve
photocatalytic applications, a more complete understanding of
the fundamental mechanisms involving photoexcitation and
excited-state relaxation dynamics of these nanomaterials is
required. During the past decade, luminescent AuNPs in the
size range of 0.3—20 nm have been synthesized by tuning
structural parameters like particle size, surface ligands, valence
state, and grain size,'® and luminescence quantum yields of up
to ~10% have been reported.'"”'> Although the surface
plasmon absorption of larger (5+ nm diameter) AuNPs as
well as the discrete molecular-like absorption of gold
nanoclusters with a core diameter of less than 2 nm are well
studied and understood, the luminescence properties of AuNPs
still remain unclear.

The observation of luminescence from bulk gold can be
dated back to as early as 1969, when Mooradian observed
photoluminescence of gold at 564 nm after excitation using a
488 nm laser."”” However, bulk gold has a very low quantum
yield. About 30 years later, Kelley and co-workers'* identified
blue emitting AuNPs with emission at 440 nm in systems with
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diameters smaller than S nm. In 2000, luminescent gold
nanorods emitting at 560 nm were reported.”” Shortly
thereafter, Whetten and co-workers'® observed a novel near-
infrared (1.1—1.6 um) photoluminescence for AuNPs with core
sizes of 1.1 and 1.7 nm with an estimated quantum yield of (4.4
+ 1.5) X 107, which is more than S orders of magnitude
greater than that of bulk gold. This photoluminescence was
attributed to sp to sp-like (intraband) transitions. However,
Huang and Murray'’ reported visible wavelength fluorescence
(700—800 nm) for four water-soluble monolayer-protected
AuNPs with a core size smaller than 2 nm and hypothesized the
luminescence mechanism to be associated with interband (d—
sp) transitions. Furthermore, Murray and co-workers observed
that five AuNPs with a wide range of gold cores (11—201
atoms) and protecting ligands emit over a similar range of
energies from 700 nm (1.8 eV) to 1.3 um (0.9 eV) when
excited at 451 nm, and suggested that the core size-
independence of the emission may be due to surface states
related to the ligands rather than to core-based transitions.'® In
comparison, Tsukuda and co-workers'”*’ studied photo-
excitation and emission of a group of glutathione protected
gold nanoclusters having 18—39 gold atoms with photo-
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luminescence quantum yields ranging from 1 X 107> to 7 X
10™*. These clusters were found to emit around 1.6—1.8 eV
with a maximum Stokes shift of 0.4 eV. They suggested that
emission occurs from vibrationally relaxed states of the first
electronically excited state.

Zheng et al.'’ have summarized studies on different sized
luminescent gold nanoparticles and the factors that influence
luminescence properties and emission mechanisms. Therefore,
only the luminescence of the thiolate protected 25-atom gold
nanocluster will be discussed in the remainder of this Article.
The crystallographic structure of the thiolate protected 25-atom
gold nanocluster was solved in 2008.”"** It consists of an
approximately icosahedral Au,; core surrounded by six v-
shaped —S—Au—S—Au—S— staple motifs (sometimes called
“semi-rings”) in an almost T symmetry (Figure 1) In
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Figure 1. Structure of Au,s(SH);s™. A shell of 12 gold atoms in an
approximate icosahedron surrounds the central gold atom. The
orange, yellow, black, and white color spheres represent sulfur, gold,
carbon, and hydrogen atoms, respectively. This color code is
consistent in all of the figures presented in this Article. The Auy;
core gold atoms are marked with green circles.

2002, Link et al.”**® reported luminescence extending over the
visible to infrared region for the Auys(SG)s cluster (SG =
glutathione). This nanocluster was originally mis-assigned as
Au,g.”*”” They observed two different bands with maxima
around 1.5 and 1.15 eV that indicated radiative recombination
between the ground state and two excited states.”* They
proposed two possible models for the origin of the two
luminescence bands: a “solid state” model in which the high
and low energy bands correspond to interband and intraband
(HOMO-LUMO) transitions, respectively, and a “molecular”
model in which the two bands could be due to fluorescence and
phosphorescence, respectively. The overall quantum yield for
the cluster at ambient temperature was found to be (3.5 + 1.0)
X 1073, They also found that the luminescence decay dynamics
are complex, which could be due to the presence of several
closely sgaced energy levels. Subsequently, Murray and co-
workers™® also reported two emission peaks at 1.38 and 1.2 eV
for the Au,s(SR),3 (R = CH,CH,Ph) nanocluster, which was
originally mis-assigned as Ausg. Because the HOMO—-LUMO
gap energy of 1.33 eV matched well with the 1.38 eV emission
energy, they assigned this emission as relaxed luminescence
across the HOMO—LUMO gap, while the 1.2 eV emission was
thought to be sub-bandgap energy luminescence. They found
that both emission peaks were strong when the nanocluster was
excited at 680 nm, but that the 1.38 eV component was favored
with higher energy (600 nm) excitation.

Pradeep and co-workers””*” studied the photoluminescence

and temperature-dependent solid-state emission of Au,g
clusters. An emission peak at 700 nm was observed for
Au,5(SG),g whereas ligand exchan%e with a fluorescein-based
dye red-shifted the peak by 25 nm.”” This luminescence peak
(~1.7—1.8 eV) is much higher in energy than the 1.38 or 1.5
eV emission bands observed previously. Furthermore, they
observed that the ligand exchanged products of Au,s(SG)s
with acetyl- and formyl-glutathione give rise to similar emission
spectra, whereas the 3-mercapto-2-butanol ligand blue-shifts the
spectrum by 20 nm.”° The observed emission was attributed to
electronic transitions associated with the gold core, regardless
of different ligands. In the temperature range of 80—300 K, the
emission of Au,s(SG),s occurred at the same position, which
suggested that there are no major geometric changes in the
system affecting its electronic structure.””** However, the
intensity of the fluorescence was observed to decrease with
decreasing temperature, suggesting that the nonradiative
vibrational relaxation channel becomes prominent. Conversely,
later work by Knappenberger and co-workers®' showed that the
luminescence intensity of a neutral phenylethanethiolate-
stabilized Au,s; nanoparticle decreased as the temperature
increased from 50 to 200 K.

Miller et al.** studied the excited-state relaxation dynamics of
Au,(SCH,CH,Ph) s~ with femtosecond laser spectroscopy.
They excited the two lowest absorption peaks at 450 nm
(assigned to an approximately 6-fold degenerate HOMO —
LUMO excitation) and 680 nm (approximately 9-fold
degenerate HOMO — LUMO+1 excitation) and watched the
relaxation of the system until it reached the lowest-energy
fluorescing state (A, ~ 1000 nm). They observed time
constants greater than 4 ps measured at 725—800 nm detection
wavelengths that they attributed to emission from “semi-ring”
states (thought to be present below the HOMO—LUMO state
arising from orbitals in the nanoparticle core) to the ground
state. Furthermore, they detected an 80 cm™' vibration
localized to the Auj; core, which implies strong vibronic
coupling of a delocalized Au—Au bond stretching vibration.
Similar lifetimes (a short-lived ~1 ps component and a long-
lived component) and phonon modes for the anionic
Auys(SR) g cluster were later observed by Qian et al,” but
they suggested that the 80 cm™' vibration is not an acoustic,
spherically symmetric phonon mode as originally thought. In
addition, they proposed that the electron dynamics they
observed may be due to two slightly nondegenerate HOMO—
LUMO transitions located in the core.

In 2006, Wang et al.>* found that increasing the number of
polar ligands on the nanocluster linearly increases the
luminescence intensity of the near-infrared peak. Wu and Jin
later studied the ligand and charge state dependence of
fluorescence of [Au,s(SR);s]? nanoclusters.”> Weak fluores-
cence around 750 nm was observed for Au,s(SR),s”, and they
found that the ligand’s ability to donate electron density to the
metal core via the S—Au bond can enhance the fluorescence
quantum yield. The intensity of the fluorescence signal was also
observed to increase with the increasing electropositivity of the
metal core (increasing q from —1 to +2). The observed
fluorescence was attributed to a ligand to metal nanoparticle
core charge transfer (LMNCT) mechanism. Recently, Wang et
al.*® reported similar results with Au, nanoclusters protected
by 2-(naphthalene-2-yl)ethanethiolate.

Ramakrishna, Goodson, and co-workers reported a low
quantum yield visible photoluminescence (~S00 nm) for
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monolayer protected Au,s nanoclusters in addition to near-
infrared luminescence (around 710 nm for glutathione-
protected nanoparticles®® and around 830 nm®” for hexane-
thiolate-protected nanoparticles) using ultrafast spectroscopy.
They suggested that luminescence arises out of the Au,s core
states because the growth time constants are independent of
the passivating ligand.”” However, the ligand-dependent decay
of luminescence was attributed to the relaxation of Au, core
states to semi-ring states.”’

More recently, Knappenberger and co-workers’' studied
temperature-dependent photoluminescence of neutral phenyl-
ethanethiolate-stabilized Au,; nanoparticles. Broad near-infra-
red photoluminescence was reported that consisted of several
peaks at 1.72, 1.57, and 1.51 eV, implying multiple relaxation
pathways. Increasing emission intensities were observed as the
temperature was raised from 4.5 to 50 K. However,
photoluminescence intensity decreased and red-shifted in
energy at temperatures above 65 K. Two low-frequency
vibrations associated with the ligand shell were identified:
Au(I)-S stretching (180 cm™') and Au(0)—Au(I) stretching
(105 cm™) that are responsible for nonradiative relaxation
dynamics above 45 K. The amount of electronic—vibration
coupling involved in each photoluminescence component was
found to be state-specific and larger for the high-energy
portions. (Table S1 summarizes the experimental photo-
luminescence results.)

Even though extensive experimental studies have been
performed on synthesizing and characterizing luminescent
monolayer protected Au,s nanoclusters, their luminescence
mechanism is still unclear. The luminescence has alternately
been assigned to intraband and interband transitions,
fluorescence and phosphorescence, surface or “semi-ring”
states, or ligand—metal charge transfer states. Herein, we
perform a theoretical investigation to determine the origin of
the emission of Au,(SR);s~ (R = H, —CH;, —CH,CHj,,
—CH,CH,CHj,) nanoclusters using density functional theory
(DFT) and time-dependent density functional theory (TD-
DFT) calculations.

B COMPUTATIONAL METHODS

All geometry optimizations are performed using density functional
theory (DFT) as implemented in the Amsterdam Density Functional
(ADF) 2012.01 package.40 The BP86 exchange-correlation func-
tional"** and the double-{ (DZ) basis set are used for all of the
calculations. Generalized gradient approximation (GGA) functionals
have been employed successfully in geometry relaxations and time-
dependent DFT (TD-DFT) calculations of gold and silver nano-
clusters previously.”"**~* All structures are optimized in the gas
phase. The energy and gradient convergence criteria are tightened to 1
X 107 and 1 X 107> to obtain well-converged geometries. Further
tightening these values to 1 X 107 and 1 X 10™* correspondingly gives
energies lowered only by about a hundredth of an electronvolt with
respect to the looser convergence criteria. Scalar relativistic effects are
included by utilizing the zeroth-order regular approximation (ZORA).
On the basis of the optimized ground-state geometries, the vertical
excitations are calculated with the TD-DFT method using the same
level of theory. The excited-state gradients are then calculated to
optimize the excited-state geometry. Only singlet excited states (S,)
are considered here. Similar studies have been carried out to
investigate luminescence properties of Au(I) complexes with thiolate
and phosphine ligands.*”*° The experimental and theoretical results
have shown a good agreement, even though calculated emission peak
energies are around 0.3 eV lower than the experimental results. Herein,
we calculate the optimized structure for excited states of Au,s(SR),s”
(R = H, —-CH,;, —CH,CH,;, —CH,CH,CH,) nanoclusters to
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determine the origin of the emission in these systems. Stokes shifts
are calculated by taking the energy differences between excitation and
emission. For this, electronic ground and excited states are considered
without accounting for vibrational contributions. All structures are
visualized using the MacMolPIt*" visualization tool.

B RESULTS AND DISCUSSION

1. Auys5(SH) g™, The average bond lengths calculated at the
BP86/DZ level of theory of the ground-state structure of
Au,s(SH) ;g™ in the gas phase are summarized in Table 1.

Table 1. Geometrical Parameters of the Ground-State and S,
Excited-State Structures of Au,s(SH),s” at the BP86/DZ
Level of Theory

average bond length (A)

bond ground state (S,) excited xtate (S;)
Aty —Algg 2.825 + 0.003 2.846 + 0.019
Aug—Aug 2972 + 0073 2,995 + 0.139
At =S termina 2.560 + 0.005 2.566 + 0.032
Atypie—Sterming 2.447 + 0.006 2,452 + 0.041
At apie—Scent 2.444 + 0.002 2457 + 0.027
Within the Auy; core, the average Au ., —Aug, bond length is

2.825 + 0.003 A, whereas the Aug—Aug, bond length is
2.972 + 0.073 A. These two bonds are 1.9% shorter and 3.2%
longer, respectively, as compared to the Au—Au distance of
2.88 A in bulk gold. The average At —Stermina bond length is
about 0.12 A longer than the Au—S distances within the staple
motifs.

The HOMO, HOMO-1, and HOMO-2 orbitals of
Au,5(SR) 5~ (R = H, CH;) are approximately triply degenerate
and reIpresent superatomic P orbitals delocalized over the Au,;
core.”"*»*5% (In many papers, these three orbitals are
sometimes collectively referred to as the “HOMO”.) The
ligand-field splitting from the six Au,(SR); units divides the
unoccupied superatomic D orbitals into two sets: essentially
doubly degenerate LUMO and LUMO+1 and essentially triply
degenerate LUMO+2, LUMO+3, and LUMO+4.>**>>* The
“superatom electronic theory””>>* has been successfully used to
explain structure property relationships of various monolayer-
protected AuNPs previously. Figure S1 demonstrates the
Kohn—Sham orbitals of Au,s(SH);s~ in the ground state,
calculated at the BP86/DZ level of theory.

A time-dependent density functional theory (TD-DFT)
calculation was performed on the relaxed ground-state
geometry of Au,s(SH);3~, and the first six singlet excited-
state energies and the oscillator strengths are tabulated in Table
2. All of the states S,—S4 vary within ~0.1 eV and correspond
to HOMO, HOMO-1, or HOMO-2 to LUMO or LUMO+1
excitations. The oscillator strengths of the S,—Sg states are 2
orders of magnitude higher as compared to the S, state that has

Table 2. Excited-State Energies and Oscillator Strengths for
Au,(SH),¢ at the S, Geometry

state energy (eV) oscillator strength (au)
S, 1.317 4.536 x 1074
S, 1.320 1277 x 1073
S5 1.334 4.660 x 107
S4 1.403 2.374 X 1072
S 1418 2.301 X 1072
Se 1433 2337 x 1072
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an oscillator strength of 4.536 X 10™* au. Moreover, the S,—S;
states lie around 1.4 eV and represent the experimental
absorption peak at 1.8 eV>' with an underestimation of
approximately 0.4 eV. (It has been established*”** that GGA
functionals generally underestimate excitation energies.)

Herein, we calculate the optimized S, excited-state structure
to determine the origin of the lowest energy emission of the
Auys(SH) ¢~ nanocluster. Kasha’s rule establishes that photon
emission occurs in appreciable yield from the lowest excited
state of a given multiplicity. Therefore, we initially consider the
first excited state, S;. The fluorescence wavelength is the energy
gap between the S, and S, states at the optimized S, state
geometry. This energy gap calculated for the Au,s(SH)s”
nanocluster is 0.83 eV, which corresponds to a fluorescence
wavelength of 1495 nm. If one expects a similar 04 eV
underestimation for the calculations relative to experiment, this
would imply that the experimental emission from the S, state
would occur around 1.2 eV, in good agreement with reported
values of 1.15—12 eV.”*® The oscillator strength for the
emission is 2.462 X 107> au, which is 1 order of magnitude
higher than that of the first excitation at the ground-state
geometry. The emission energy is significantly smaller than the
excitation energy of 1.32 eV, and thus the difference between
the excitation energy and the emission energy is large. At the
BP86/DZ level of theory, the Stokes shift calculated for the
Au,ys(SH),¢~ nanocluster is 0.49 eV. This is in good agreement
wiglz(t)he Stokes shifts of around 0.4 eV found by Tsukuda et
al. ™

Table 1 shows the geometrical parameters of the S, excited-
state structure of Au,s(SH),s~ in the gas phase. The average
bond lengths of the ground-state structure increase by less than
0.03 A upon formation of the optimized S, state geometry.
However, several bonds lengthened considerably in the excited
state. Table S2 shows the individual Aug,—Augy,. bond lengths
that significantly differ between the ground- and excited-state
geometries. The most prominent difference between S and S,
geometries is the elongation of 5—6 and 11—12 bonds by 0.25
A'in the S, optimized geometry. Sets of bonds 4—S5, 10—11 and
§—7, 11—13 are also elongated by 0.10 A as compared to the S,
optimized geometry. While most of the Aug—Simina bond
lengths vary by less than 0.03 A, Au,—S and Au;;—S bond
lengths increase by about 0.06 A. Consequently, the related
At Sterminat and AustaPlE—Scemml bond distances also increase
by about 0.09 and 0.07 A, respectively, in the optimized S,
geometry. Calculated ground-state vibrational frequencies of
the cluster demonstrated that the mode at 75.2 cm™!
corresponds to vibrations in Auj; core and specifically
vibrations of the 5—6 and 11—12 bonds that have significant
elongation in the S, state. These data suggest that the 75—80
cm™' vibrations observed in various experimental stud-
ies’>?3773% of the excited-state dynamics of Au,s(SR),s~ are
likely due to the elongation of Au—Au bonds within the shell of
the core during excited-state relaxation.

This geometry relaxation upon photoexcitation is related to a
remarkable effect on the energy levels of the frontier orbitals of
Auys(SH),¢~ nanocluster. In fact, it is expected due to the
Jahn—Teller effect that nuclear changes must occur when there
is incomplete occupation of a set of degenerate (or in the case
of Au,5(SR) 57, nearly degenerate) orbitals, such as when there
are five electrons in the P orbitals and one electron in the
lowest set of D orbitals, as in the S; state of Au,s(SR);5™. In
fact, recently Ackerson and co-workers described the structural
evolution of neutral and cationic counterparts of the
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Figure 2. BP86/DZ Kohn—Sham orbitals and orbital energies for at
the S, state of Au,s(SH),5™. Isovaluel = 0.02.

Au,(SCH,CH,Ph),;” nanocluster using the Jahn—Teller
effect.’® Figure 2 demonstrates the Kohn—Sham orbitals for
the S, state. Similar to Figure S1, these orbitals still retain their
superatomic P and D character in the S, state geometry. The
near triple-degeneracy of the highest occupied orbitals and the
near double-degeneracy of the lowest unoccupied orbitals at the
So state geometry are disrupted for the optimized S, state. The
HOMO is destabilized by 0.22 eV, whereas the LUMO is
stabilized by 0.27 eV at the S, state as compared to that at the
S, state geometry (Figure 3). As a result, the energy gap
between the HOMO and LUMO decreases by 0.49 eV with the
geometry relaxation at S;. Figure 3 demonstrates the splitting of
frontier orbitals in the excited state with respect to the ground
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Figure 3. Comparison of energy levels of the frontier orbitals in Sy and
S, states. The S, state is shown in a cartoon representation with a
single electron in one of the D orbitals. Dashed lines are drawn to
show the splitting of triply degenerate HOMO/HOMO—1/HOMO—
2, doubly degenerate LUMO/LUMO+1, and triply degenerate LUMO
+2/LUMO+3/LUMO+4 orbitals of the ground state upon photo-
excitation.

DOI: 10.1021/jacs.6b05293
J. Am. Chem. Soc. 2016, 138, 11202—11210


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05293/suppl_file/ja6b05293_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05293/suppl_file/ja6b05293_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b05293

Journal of the American Chemical Society

state. The splitting of superatomic P orbitals increases by 0.23
eV as compared to the S, state geometry, and the doubly
degenerate D orbitals have a splitting of 0.20 eV in the S, state
geometry. This type of splitting shows that the nanoparticle
becomes less isotropic in the excited state.

Because the S, state is not the only state contributing to the
luminescence of the Au,s(SR);s~ nanocluster, we have also
considered geometrical relaxation of other higher-lying states
after photoexcitation. Although the calculation did not fully
converge to our desired convergence criteria, excitation into the
S, state results in geometrical changes similar to those of the S,
state, with a similar Stokes shift. On the other hand, excitation
into the S; state leads to much less dramatic changes in the
bond lengths, with average Aug,g—Aug, bond lengths of 2.987
A (Table 3) and a maximum increase of 0.069 A in any of these

Table 3. Geometrical Parameters of the S;, S, and S,
Excited-State Structures of Au,s(SH),s” at the BP86/DZ
Level of Theory

Average Bond Length (A)

bond S; structure S; structure S, structure
AU per—AUg 2.838 + 0.010 2.836 + 0.009 2.833 + 0.021
Aug,i—Aug, 2.987 + 0.107 2.986 + 0.105 2.981 + 0.092
Aug, 1 —Sterminal 2.564 + 0.017 2.560 + 0.012 2.582 + 0.026
Atgypie—Sterminal 2.447 + 0.016 2446 + 0.014 2454 + 0.014
AUgpte=S central 2483 + 0.010 2.454 + 0.008 2.457 + 0.008

bonds. As a result, the orbitals maintain the near degeneracies
observed in the ground state. In contrast to the S; optimized
structure, the S;—S; states are degenerate at 1.15 eV for the S;
optimized structure. Optimization of the S, state appears to
lead to results similar to those of S;. Like S, excitation into the
Ss state also yields bond distances that are only slightly
elongated as compared to the ground state; the average Aug,—
Aug, bond length is 2.986 A with a maximum change of 0.064
A in any of these bonds. At the optimized Sy geometry, the S,
and S states are essentially degenerate at 1.247 eV. Excitation
into the S state also appears to lead to a very isotropic system.
Although not fully converged to our desired convergence
criteria, the S;—S; states at the final S5 geometry are essentially
degenerate at 1.12—1.16 eV, and the S,—Sq states are essentially
degenerate at about 1.25 eV.

Overall, these excited-state calculations suggest that several
states could be responsible for the observed emission: a state
calculated to lie around 0.8 eV (populated from photoexcitation
into S; or S,, or transitions from higher states into these states),
a state around 1.15 eV (populated from photoexcitation into S,
or S,, or transitions from higher states into these states), or a
state around 1.25 eV (populated from photoexcitation into Sg
or S, or transitions from higher states into these states). Given
the typical underestimation of GGA calculations, these states
could yield the emission in the 1.15—1.55 eV (or similar) range
observed experimentally.

Furthermore, we have also optimized the S, excited-state
geometry. At the ground state, the S, state lies over 0.4 eV
above the S;—S; excited states. However, geometrical relaxation
in the S, state leads to a dramatic decrease in the state energy to
1.46 eV. Given the typical underestimation of GGA
calculations, the S, state likely lies too high in energy for the
observed emission to arise from this state. However,
optimization of the S, state leads to near-degeneracies with
the S¢ and Sg states (Table 4). This would facilitate

Table 4. Energies (eV) for the S;—S, State Energies at
Selected Optimized Excited-State Structures

energy (eV)
state S, structure S; structure S structure S, structure
S, 0.829 1.152 1.152 1.161
S, 1.059 1.153 1.1589 1.223
S; 1.124 1.153 1.189 1.285
Sy 1.148 1.247 1.247 1.367
Ss 1.234 1.282 1.247 1.405
Se 1.354 1.286 1.324 1.456
S, N/A N/A 1.799 1.461

nonadiabatic excitation transfer to lower excited states, and
could provide a mechanism by which higher excited states relax
to the S;—S, states. (Nonadiabatic electron relaxation will be
addressed in upcoming work.)

2. Au,5(SR);g~ (R = CH; CH,CH;, CH,CH,CH;). To
understand how the ligand affects the emission, we now discuss
the geometric, electronic, and luminescence properties of the
Au,5(SR) 5~ nanoclusters, where the alkyl ligand R increases in
length from methyl to propyl. Table 5 summarizes the average
bond lengths of the ground-state structures of these clusters in
the gas phase. The average Aug.—Siemina bond lengths are
shortened by about 1% in the ground-state structures with alkyl
ligands as compared to Au,5(SH);5~. However, Au—Au bond
lengths do not vary noticeably with the changing ligand.

The ground-state electronic structure of Auys(SCH;)5™ is
significantly affected by changing the ligand from H to methyl.
However, further increasing the carbon chain length from
methyl to propyl has only slight effects on the ground-state
electronic structure of these nanoclusters. Figure 4 and Table
S3 compare ground-state energy levels of the frontier orbitals
and HOMO-LUMO gaps of Auy(SR);5~ (R = H, CH,,
CH,CH,;, CH,CH,CH,) nanoclusters. The essentially triply
degenerate HOMO/HOMO—1/HOMO-2 orbitals are desta-
bilized by 0.6 eV, whereas the doubly degenerate LUMO/
LUMO+1 and triply degenerate LUMO+2/LUMO+3/LUMO
+4 orbitals are destabilized by 0.5 eV upon changing the ligand
from H to methyl. Nevertheless, the splitting of the P and D
orbital sets increased only by 0.03, 0.05, and 0.01 €V due to the
ligand variation from H to methyl. When the ligand is changed
from methyl to propyl, the frontier orbitals are generally
destabilized by a few hundredths of an electronvolt.

We performed TD-DFT calculations based on the relaxed
ground-state geometries of methyl-, ethyl-, and propyl-thiolate
protected Au,s nanoclusters. The first six singlet excited-state
energies and the oscillator strengths of Au,s(SR);3~ nano-
clusters are tabulated in Table S4. The S, state energy of
Auy(SR);5~ (R = CH;, CH,CH;, CH,CH,CH,) is increased
correspondingly by 0.08, 0.06, and 0.13 eV from that of
Au,s(SH) 4. The oscillator strength of the first excited state is
increased by 1 order of magnitude, whereas that of the S,, S;,
and Sy states are not changed significantly for these three
clusters as compared to Au,s(SH) 5~ The prominent peak that
arises due to S,—S; states in the optical absorption spectra of
Au,s(SR),4™ is red-shifted by ~0.1 eV upon substituting the H-
ligand by alkyl ligands. However, the S, state energy is
increased by 0.02 eV from methyl to ethyl thiolate ligated
cluster, whereas it is reduced by 0.07 eV from ethyl to propyl.

Next, the optimized excited-state structures of Au,s(SR)g~
(R = CH;, CH,CH;, CH,CH,CHj,) nanoclusters are calculated
to determine the origin of their emission. In this section, we

DOI: 10.1021/jacs.6b05293
J. Am. Chem. Soc. 2016, 138, 11202—11210


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05293/suppl_file/ja6b05293_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05293/suppl_file/ja6b05293_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05293/suppl_file/ja6b05293_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b05293

Journal of the American Chemical Society

Table S. Geometrical Parameters of the Ground-State

and Excited-State Structures of Au,;(SR),s~ at the BP86/DZ Level of

Theory
average bond length (A)
Auys(SCH;),5™ Auys(SCH,CH,) 5™ Au,s(SCH,CH,CH3) 5~
bond So M So S So S,

AU rer— AU 2.831 + 0.004 2.858 + 0.031 2.828 + 0.006 2.852 + 0.027 2.830 + 0.009 2.859 + 0.033
Augg—Augy 2.978 + 0.089 3.009 + 0.177 2.976 + 0.088 3.001 + 0.157 2.977 + 0.095 3012 + 0.188
At = Sterminal 2.539 + 0.003 2.546 + 0.028 2.534 + 0.005 2.543 £ 0.030 2.539 + 0.005 2559 + 0.041
Abgpe=Sterminal 2431 + 0.010 2434 + 0033 2431 + 0,011 2.438 + 0.036 2431 £ 0011 2442 + 0.037
At gpie—Scenta 2430 + 0.003 2443 + 0.021 2430 + 0.003 2444 £ 0022 2,430 + 0.002 2448 + 0.023

0 the optimized S, states of these clusters as compared to their S,
-0.2 - states. This Stokes shift trend suggests that the largest
-0.4 geometrical changes occur in the excited state of the
0.6 _ — propylthiolate-protected Au,;s cluster, followed by methylthio-
08 - —_— — late- and then ethylthiolate-protected clusters.

1) Table 5 summarizes the excited-state geometrical parameters
N . of Au(SR);s~ (R = H, CH, CH,CH, CH,CH,CH,)
» - —_ —_ - nanoclusters in the gas phase. Analogous to Au,s(SH)", the

s average bond lengths of the ground-state structures of
P Au,s(SR) ¢~ change by less than 0.04 A upon formation of
E A8 e — the optimized S, state geometries. However, the increased

2 1 standard deviations of Augy—Aug bond lengths show that
22 several bonds vary considerably in the excited state. Table 7
2.4 1 % _H_ lists the individual Aug,—Aug, bond lengths that significantly
2.6 4 -H—‘H"H' ‘H‘-H--H- 'H' differ between the ground- and excited-state geometries.
oy As listed in Table 7, the largest bond increases (bonds 2—3

3] and 8-9) in Au,(SCH;),5, Au,s(SCH,CH3) 57, and
32 H—-H—% Au,(SCH,CH,CHj,) ;5 are 0.28, 0.23, and 0.33 A, respectively.
) This correlates with the smallest Stokes shift found for ethyl

’ R=H R=CH, R=CH,CH,  R=CH,CH,CH, and the greatest Stokes shift calculated for propyl. Bonds 43,

Figure 4. Comparison of ground-state orbital energy levels of
Auys(SR),5” nanoclusters.

consider the first excited state, S;, only. The fluorescence
wavelengths and the calculated Stokes shifts for these three
clusters are compared to Au,s(SH),s~ in Table 6. It should be

Table 6. Comparison of Emission Energies (Fluorescence
Wavelengths) and Stokes Shifts

emission Stokes shift

ener wavelength  ener; wavelength
nanocluster (eV%y (nm) (eV%y (nm)
Auys(SH) 5~ 0.829 1495 0.488 553
Au,yg(SCH;)5” 0.655 1892 0.579 887
Auyg(SCH,CH,) 15 0.692 1791 0.563 803
Auyg(SCH,CH,CH,) s~ 0512 2424 0.676 1379

noted that because of the inverse relationship between energy
and wavelength, small changes in energy in the near-IR region
result in large changes in the wavelength. The emission energy
decreases by 0.17 eV upon changing the SH ligand to SCHj.
However, when the alkyl ligand is changed from methyl to
ethyl, the emission energy is increased by 0.037 eV, and it is
reduced by 0.18 eV when the ligand is changed from ethyl to
propyl similar to the trend observed for the S, state energy.
Furthermore, Stokes shifts have the same trend with the
increasing length of the alkyl ligand as shown in Table 6. The
large Stokes shifts can be attributed to the notable
modifications in the geometric and electronic structures of

9—10, 5—6, 11—12, 8—13, and 2—7 are shortened in the excited
states of Au,s(SR);3~ as compared to the related ground-state
geometries. The essentially icosahedral Au;; core of the
Auy(SR),g~ clusters diverges even more from a true
icosahedron due to these bond length changes in the excited
state. As shown for the Au,s(SH),s” cluster in the previous
section, these geometrical changes can affect the energy levels
of the frontier orbitals of Au,s(SR);s~ clusters significantly.
Figure S and Table S5 demonstrate the splitting of frontier
orbitals in the excited states of Au,s(SR);s~ clusters with
respect to their ground states.

Upon excitation, the HOMO orbitals of Au,s(SR),s~ (R =H,
CH,, CH,CH,, CH,CH,CHj;) clusters are destabilized by 0.33,
0.28, and 0.34 eV, whereas the LUMO orbitals are stabilized by
0.25, 0.27, and 0.34 eV, respectively. This gives rise to a large
HOMO-LUMO gap reduction of 0.67 eV for the
Au,(SCH,CH,CH,;),s~ cluster. Moreover, HOMO—LUMO
energy gaps are reduced by 0.58 and 0.55 eV in the relaxed
excited-state geometries of methyl- and ethyl-thiolate protected
Au,; clusters. However, LUMO+2, LUMO+3, and LUMO+4
orbitals of all three clusters do not vary significantly. The
approximate degeneracy of the highest occupied orbitals in the
So state is again lost in the S, state. The highest splitting of
these orbitals is 0.5 eV in the S, state of
Au,(SCH,CH,CHj;)5~ cluster, whereas a splitting of 0.4 eV
can be observed for methyl and ethyl-thiolate protected
clusters. Similarly, the approximate double-degeneracy of the
lowest unoccupied orbitals with a maximum splitting of 0.07 eV
for these three clusters in the S, state is increased by ~0.2 eV in
their S, states.
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Table 7. Comparison of Aug,,;—Aug,.; Bond Lengths in Relaxed Geometries of the Ground State (S,) and the First Excited State

(S;) of the Au,(SR),5s~ Nanoclusters

Bond Length (A)
Aug; - core Structure Bond | Aus(SCHy)is | Aws(SCH:CHy)yy™ | Aups(SCH,CH,CHy)s™
S S S S So Si
3.002 | 2906 | 3.018 | 2932 | 3.017 2.898
3.002 | 2904 | 3.017 | 2932 | 3.017 2.897
3.077 | 3.190 | 3.065 | 3.152 | 3.089 3.299
3.076 | 3.195 | 3.062 | 3.151 3.088 3.299
3.075 | 2.954 | 3.084 | 2.966 | 3.100 3.041
3.079 | 2.956 | 3.080 | 2.965 | 3.100 3.041
3.028 | 3257 | 3.014 | 3232 | 3.042 3.206
3.021 | 3248 | 3.014 | 3235 | 3.042 3.206
3.012 | 2.895 | 3.021 | 2905 | 2.991 2.899
3.013 | 2.897 | 3.022 | 2904 | 2.991 2.899
3.088 | 3.360 | 3.064 | 3290 | 3.110 3.444
8-9 |3.089| 3370 | 3.066 | 3280 | 3.111 3.444
3-12 |3.016 | 3242 | 3.007 | 3200 | 2.996 3.180
6-9 |3.017| 3242 | 3.004 | 3.198 | 2.995 3.181
0 -
0.2
0.4 |
0.6 o I — e —
0§ — T EES— - T - T
14
S 12 . .
= —_——— —_C - — -
5-1.4-_ \\\:— . =~ \\‘—
2 161 h + ‘+ s ;l_
187 0.655 eV 0.692 eV 0.512 eV
24
_2‘2‘ 1 //-1_ /’+ ///—1-
-2.4 4 ’ , /
2.6 'H"H'-H_é = :ﬁ: 'H'-H_-H— - ::ﬁ: -H:H_-H_: - ":ﬁ:
28 © s, S, So S, S, S,
R=CH, R=CH,CH, R=CH,CH,CH,

Figure 5. Comparison of energy levels of the frontier orbitals in Sy and S; states of Au,s(SR),5~ clusters. The S, state is shown in a cartoon
representation with a single electron in one of the D orbitals. Dashed lines are drawn to show the splitting of triply degenerate HOMO/HOMO-1/
HOMO-2, doubly degenerate LUMO/LUMO+1, and triply degenerate LUMO+2/LUMO+3/LUMO+4 orbitals of the ground state upon

photoexcitation.

As suggested by the low emission energy and the large Stokes
shift, the Au,s(SCH,CH,CH,),s~ cluster has undergone the
most geometric and electronic structure changes upon
excitation. On the contrary, the highest emission energy and
the lowest Stokes shift are observed for the Au,(SCH,CHj3),5~
cluster. This can be attributed to the relatively smaller bond
length changes and frontier orbital energy level changes of this
cluster. Thus, longer ligands appear to control luminescence via
their effects on the geometry and electronic structure of the
gold core.

Relatively small changes in emission energy are observed
between the alkyl ligands examined in this work. A larger
change is noted for the alkyl ligands relative to the small SH
model ligand. Studies including larger ligands are of interest to

11208

elucidate the differences previously observed between nano-
particles with phenylethylthiol ligands and those with the
glutathione ligand. At present, open questions exist about the
role of ligands on the emission energies and intensities, as well
as the potential impact of solvent (aqueous or organic) on
these items. Nonetheless, this study demonstrates the intriguing
geometrical and electronic changes that occur in the
Au,y5(SR),4~ nanoparticle upon photoexcitation.

Bl CONCLUSIONS

DFT and TD-DFT calculations were performed to investigate
the origin of photoluminescence of Au,s(SR);s~ (R = H, CH,,
CH,CH;, CH,CH,CHj;) nanoclusters in the gas phase. The
Au—Au bonds in the Au,; icosahedral shell expand slightly on
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average in the first excited state as compared to the ground-
state geometry. However, the bonds do not expand uniformly,
with some bond lengths increasing by up to 0.33 A. As a result,
the shell becomes less symmetrical causing an increased
splitting among HOMO/HOMO—-1/HOMO-2 orbitals and
the LUMO/LUMO+1 orbitals, which were approximately
triply and doubly degenerate, respectively, in the ground
state. In consequence, the geometrical changes in the structure
lead to significant changes in the electronic structure. Stokes
shifts of 0.49, 0.58, 0.56, and 0.68 eV are observed for
Auys(SR);s~ (R = H, CH, CH,CH, CH,CH,CH,) nano-
clusters, respectively. The nuclear relaxation after photo-
excitation gives rise to vibrational beating observed in the
75—80 cm™" range.

Higher excited-state calculations suggest that several states
could be responsible for the observed emission of Au,s(SH) ;5.
The lowest calculated state that lies around 0.8 eV is populated
from photoexcitation into S; or S,, or transitions from higher
states into these states. Two other states around 1.15 and 1.25
eV are populated from photoexcitation into S; or S, and Sg or
S¢ or transitions from higher energy states into these states. The
calculated states agree well with the experimentally observed
emission in the 1.15—1.55 eV range, when the typical
underestimation of GGA calculations is considered.

Overall, several excited states are involved in the photo-
emission from Au,;(SR);s nanoclusters. All of these excited
states arise from excitations out of superatom P orbitals into the
lowest two superatom D orbitals, which are core-based
transitions. No charge-transfer or semi-ring states are observed
in this work, which suggests that ligands primarily affect
luminescence via their interactions with the gold nanoparticle
core.
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