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and investigating solvent-dependent ultrafast
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In this article, the main focus is to employ a new synthetic strategy to prepare atomically precise Ag nano-
clusters (NCs) and unveil the critical role played by the solvents in the excited state dynamics of Ag NCs.
The compositional analysis confirms the formula of the nanoclusters as Ag;5(PDT)g(PPh3)4 (Ag-PDT NCs).
These NCs showed a sharp absorption band at 525 nm and a comparatively broad absorption band at
633 nm. The emission maximum was 630 nm with a quantum yield (QY) of 0.23%. Three-component
relaxation dynamics was retrieved from global analysis and described as core relaxation (664 fs), core-to-
surface state relaxation (500 ps), and ground state relaxation (>1 ns) for Ag NCs in the DCM solvent. The
time constants are slightly higher at 1.25 ps, 624.25 ps, and >1 ns for Ag NCs in the DMF solvent because
of the less effective charge separation. The high QY in DMF follows this low charge separation (0.23% vs.
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0.63%). The straight-chain dithiol capping agent (with lower electron density than an electron-rich aro-
matic ring) is mainly responsible for this less effective charge separation. Finding the pivotal role of the
solvent in NC chemistry will help to characterize it thoroughly and produce a strategy for precise appli-
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Introduction

The synthesis of atomically precise luminescent metal nano-
clusters (MNCs) has attracted significant interest due to the
potential applications in sensing, hydrogen generation, light
harvesting, and energy conversion."™! The discrete electronic
transitions in absorption are due to the quantum effect in
MNCs when the size approaches the Fermi wavelength of
electrons."®™'® Their unique photophysical properties, such as
significant Stokes shift, tunable photoluminescence (PL), and
long excited-state lifetime, have potential for light-energy
conversion.”’” The excited state relaxation dynamics and
electron-phonon coupling of NCs are tailored by modulating
several atoms, surface staple motifs, nature of ligands, etc.?**
Various spectroscopic methods have been used to understand
the complex relaxation processes of NCs, such as internal con-
version, charge transfer, and electron-hole recombination on
different time scales.'®*°7® Recently, the origin of visible and
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NIR emission has been well explored by Zhou et al, who
reported that the visible emission of Au,s(SR);s NCs arises
from the surface state, and the Au,y; core state is responsible
for NIR emission.?® Jin et al. investigated the effects of struc-
tural isomerism on the ultrafast relaxation dynamics of two
isomers of Auzg. Ausgq showed a rapid decay (1.5 ps) followed
by a nanosecond relaxation, whereas the other structural
isomer Ausgr displayed similar relaxation, yet the rapid decay
was accelerated by 50% (1 ps).*® Our previous study reported
the influence of single-atom doping on the excited state relax-
ation dynamics of a series of MAg,,"~ (M = Ag, Au, Pd, and Pt)
NCs. We have described there how the electron affinity and
rigidity of the framework influence the ultrafast electron
dynamics.*" Recently, we demonstrated that the electro-
negativity of surface ligands and polarization can control the
electron-phonon interaction, which eventually modifies the
relaxation from the core state to the surface state of Ag,,.*?
Although the structure, doping of metal atoms or effects
from the surface ligand, etc. are the critical parameters in
determining the relaxation dynamics, the variable nature of
NCs in the solvent helps in understanding the origin of
the transitions.*>** Recently Antoine’s group demonstrated
solvent-dependent two-photon excited photoluminescence
(2PEPL) for platinum doped Ag,,."> Knappenberger Jt. recently
analyzed the interband excitation (400 nm) of the Au,5(PET);g
moiety followed by rapid internal conversion and picosecond
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relaxation depending on both the ligand structure and the
dielectric of the dispersing medium. However, the intraband
excitation (800 nm) showed solvent and ligand-independent
relaxation dynamics.*® In another recent study, we demon-
strated that the strong electron-phonon interaction is due to
the combined effect of the metal core and surface of
Ag,1(CHT)5(DPPB) NCs that influence the excited state relax-
ation dynamics.”” Primary emphasis has been paid to the
influence of core atoms, ligands, and electron-phonon inter-
actions and less attention has been paid to solvent-dependent
behaviors such as relaxation pathways, charge separation,
dipole-dipole interactions, etc.***° In molecular systems, the
solvent plays a pivotal role in excited state dynamics because
of the dielectric constant. However, there has been little
detailed study of the excited state dynamics behavior of Ag
NCs with solvents.

Here, we have used a new synthetic strategy for atomically
precise Ag;s NCs using pentane-1,5-dithiol in DCM solvent
and investigate their excited state dynamics with varying sol-
vents using ultrafast spectroscopy. The atomically precise
Ag,6(PDT)g(PPh;), NCs were characterized using MALDI-MS,
ESI-MS, and TGA analysis with FTIR and NMR studies. The
distinct absorption bands at around 525 nm and 633 nm
suggest a molecular nature. The red-emitting Ag NCs showed
emission at 630 nm (excitation at 420 nm) with a QY of 0.23%.
The excited state dynamics of the Ag-PDT NCs was investigated
using transient absorption spectroscopy, and three com-
ponents were retrieved from global analysis. Relatively less
polar aliphatic thiol (compared to the electron-rich aromatic
group) capped Ag NCs relaxed faster in DCM solvent as the
relaxation is favorable in this solvent having a low dielectric
constant. Meanwhile, the ultrafast relaxation of Ag-PDT NCs in
the DMF solvent required more relaxation time. The less
effective charge separation of the less polar aliphatic thiol-
capped Ag-PDT system does not favor fast relaxation in a
solvent with a higher dielectric constant. The ultrafast decay
dynamics of the as-synthesized Ag NCs and analysis of decay
dynamics in different solvents can be used to explore the field
of several applications.

Results and discussion

A bottom-up synthetic procedure was followed using a small
chain thiol for Ag NCs synthesis. AgNO; was taken in a round
bottom flask with 2 mL of MeOH and sonicated to dissolve the
metal precursor. Then DCM was added under ice-cold con-
ditions, followed by the pentane dithiol (PDT) ligand, tri-
phenylphosphine, and sodium borohydride (details are given
in the Experimental section in the ESIf). The feeding ratio of
the metal and thiolate ligand is maintained at 2 : 5. Fig. 1 rep-
resents a synthetic illustration of the Ag-PDT NC system.

The TEM image of NCs depicts the size of the Ag NCs
(Fig. S1A and Bf). The Ag-PDT NCs have an average size of
around 1.8 + 0.1 nm (<2 nm). In the FTIR spectra of the PDT
ligand, a peak appears at around 2554 cm™" due to the stretch-
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Fig. 1 Schematic representation of the synthetic procedure of Ag-PDT
NCs in DCM.

ing of the S-H bond (Fig. S2A}). The disappearance of this
peak in the case of Ag-PDT NCs indicates the formation of
metal-sulfur bonds (Fig. S2Af). Another peak at around
500-600 cm™" is the Ag-S bond in Ag-PDT NCs (Fig. S2Bt).>°
In 'H NMR spectra, the PDT ligand shows a characteristic
proton peak, also observed in Ag NCs (Fig. S3 and S4f). The
peak position shifts slightly due to the metal surface near the
ligands.’"*> The & value for hydrogen in the 2 position
changes greatly (from 2.51 to 2.70), which is closest to the
metal surface compared to the 3 and 4 positions of the ligand
in Ag-PDT NCs (Fig. S3t insets). The *'P NMR spectra of PPh;
and Ag-PDT NCs are demonstrated in Fig. S5 and S6.1 A peak
was observed at around —5.41 ppm for the pure PPh; ligand.
The characteristic peak at 29 ppm was observed for Ag-PDT
NCs. This indicates the presence of PPh; in the NC system.
The "H NMR spectra of PPh; and Ag-PDT NCs refurbished this
idea as the characteristic proton peak of PPh; (from 7-8 ppm)
was also observed in the case of NCs (Fig. S77).

The composition of Ag NCs was determined using the
MALDI-MS and ESI-MS analysis. A broad peak at around m/z
3847 was obtained for Ag-PDT NCs, and no peak was obtained
in the higher range MALDI-MS spectrum (Fig. 2A asterisk).
This ensured that this is the molecular ion peak of the NCs.
Almost the same value was obtained in the ESI-MS experiment,
confirming the molecular ion peak assignment (devoid of
some hydrogens in the Fig. 2A insets). The formula was calcu-
lated as [Agys(PDT)g(PPhs),] ie., at m/z 3849.16. The other
high-intensity peak (~m/z 3705) corresponds to the decompo-
sition of one PDT ligand and 4H, ie., [Ag;6(PDT),(PPhs3), —
4H']. The TGA graph further supports this analysis, where
56% mass loss is obtained for NCs (Fig. 2B).

A sharp peak at around 525 nm and a small hump at
around 633 nm were observed in the absorption spectra. The
UV-vis-NIR absorption spectra ruled out the presence of all
near or far-infrared absorption bands. The dominant peak at
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Fig. 2 (A) MALDI mass experiment with the DCTB matrix (inset rep-
resents the ESI-MS data) and (B) TGA spectra of Ag-PDT NCs.
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525 nm is found to have the same signature as other reported
Ag16 NCs from our observation.”® The emission maximum was
obtained at 630 nm with 420 nm excitation (Fig. 3A). This sig-
nificant Stokes shift (around 140 nm) and multiple absorption
features confirmed the molecular nature of the system. A
difference in absorption and PL excitation was observed due to
the different origins of the absorption and emission centers.
The emission at 630 nm was observed due to the involvement
of surface staples (relating to the ligands) and not only invol-
ving the metal core, whereas the absorption solely depends on
the metal core.*>*” Very few Ag NCs were found in the litera-
ture that give emission and are helpful in various applications.
However, these Ag NCs showed emissions at a smaller size
(Agy6) compared to other reported systems.>® The QY was cal-
culated using an ethanol solution of rhodamine B (QY = 0.97)
as a reference and found to be 0.23%.>> All possible control
experiments (without PDT, PPh;, etc.) were performed, and the
corresponding UV-vis absorption spectra are depicted in
Fig. S87 to confirm the utility of the substances. The character-
istic peaks (at around 525 or 633 nm) were not observed for
other cases. The UV-vis and photoluminescence spectra dis-
played a distinct difference between the PDT-capped and pen-
tanethiol (PT) capped Ag NCs (Fig. S91). In the absorption
spectrum, the prominent peak at around 525 nm was broad-
ened, and the photoluminescence was not observed in the
case of the Ag-PT system. Here, pentanedithiol provides sig-
nificant rigidity to the system, enabling a highly structured
system with less vibration and significant luminescence.>® The
time-resolved luminescence decay curve of the Ag-PDT NCs is
sufficiently fitted with a tri-exponential function. The average
lifetime of these Ag-PDT NCs was found to be 2.19 * 0.05 ns,
having three components of 0.38 + 0.01 ns (40%), 2.21 + 0.04
ns (40%), and 5.78 + 0.02 ns (20%) (Fig. 3B). This short life-
time in ns confirms that the emission mainly arises from fluo-
rescence involving the surface states. In addition, the exci-
tation was changed from 375 nm to 500 nm, and a tiny shift in
emission spectra was noticed (Fig. S10Af). The PL decay life-
time was calculated at different excitation wavelengths, and no
such change was observed (Fig. S10Bf). This spectroscopic
analysis confirmed the homogeneous nature of the emissive
states in Ag-PDT NCs.?” The optical gap for this Ag-PDT NCs
was found to be 1.75 eV using the Tauc plot (Fig. 3A insets).
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Fig. 3 (A) Absorption, emission, and excitation spectra of Ag-PDT NCs
(inset represents the Tauc plot) and (B) the PL decay curve with 405 nm
excitation.
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The XPS of Ag-PDT NCs was analyzed to shed light on
the valence state behavior of the NCs. The survey spectrum
depicted in Fig. S11At confirms the presence of constituent
elements like Ag, S, O, C, etc. A peak at 368 eV is observed
for Ag 3ds;,, and another is observed at 374 eV for
Ag 3d;z,. The binding energy of Ag 3ds, lies between
367.9 eV (bulk Ag(0)) and 368.87 eV (Ag(1)), confirming that
both Ag(0) and Ag() are present in Ag-PDT NCs
(Fig. S11Bt).>® In the XPS spectra of S, the S 2p;, and S
2p1/» peak positions are spotted at 161.8 and 162.9 eV,
respectively (Fig. S12t). The S 2p;/, peak for unbound thiol
is at around 163-164 eV. As for the S 2p;, peak position
for Ag-PDT NCs, it is found at a slightly lower range
(161.8 eV), confirming the attachment of sulfur to a silver
metal surface as a thiolate species.”®

The fs-transient absorption (TA) spectroscopy was analyzed
at time scales of up to 8 nanoseconds (ns) to reveal the excited
state dynamics of Ag-PDT NCs (in DCM). The sample was
measured with 400 nm excitation at a 120 femtoseconds (fs)
time resolution. The TA spectra depict prominent ground state
bleaching (GSB) at around 525 nm, corresponding to the
ground state absorption peak. A broad excited state absorption
(ESA) was observed from 560 nm to 680 nm, and both the GSB
and the ESA almost spread over the visible range. Fig. 4(A)
depicts the heat map of the TA of Ag-PDT NCs. The amplitude
of the GSB at 525 nm is enhanced with a delay time of up to
50 ps and subsequently decreases with time. The signal does
not recover within the time window of the instrument setup.
The ESA of around 610 nm is red-shifted gradually with time.
In contrast, the peak position of the GSB remains constant in
the total time window, as observed from the time evolution of
the TA spectra in Fig. 4(B). Global fitting of the data with a
sequential model ensures that three components are sufficient
to fit the whole spectra in this case. The three extracted com-
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Fig. 4 (A) 2D false color map of fs-TA data, (B) TA spectra at different
time delays, (C) evolution-associated decay spectra, and (D) kinetic
traces at a selected wavelength of Ag-PDT NCs in DCM.
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Fig. 5 Plausible relaxation dynamics of Ag-PDT NCS.

ponents are 664 fs, 500 ps, and >1 ns. These three evolution-
associated difference spectra are described as EADS 1, EADS 2,
and EADS 3, respectively, in Fig. 4(C). The time traces at the
selected wavelengths are depicted in Fig. 4(D), and the popu-
lation profile, which corresponds to the goodness of fit, is
described in Fig. S13.F Analysing these results, we have pro-
posed a model for the relaxation dynamics where the fast 664
fs component corresponds to the core state relaxation. In con-
trast, the picosecond component (500 ps) is ascribed to the
core to surface state relaxation. Finally, the slowest decay
greater than 1 ns corresponds to the relaxation to the ground
state from the surface-related state (Fig. 5).

Due to the instrument’s limitations, the exact lifetime of
the long-lived state is calculated from the TCSPC measurement
as 2.19 = 0.05 ns. Thyrhaug et al studied the ultrafast
dynamics of the Ag;s (DNA stabilized Ag;e) system using TA
and two-dimensional electronic spectroscopy (2DES). This NIR
emissive system showed different ultrafast dynamics associ-
ated with a nanosecond time scale to a microsecond lifetime
state.”® The tangled DNA structure may be responsible for the
complex nature of the ultrafast dynamics. Hakkinen et al.
theoretically analyzed the similar absorption band at around
525 nm for DNA,-Ag;sCl, which corresponds to the simple
HOMO-to-LUMO molecular transition.®°

Solvent dependence on excited state
dynamics

Herein, we extracted the Ag-PDT NCs in two different solvents,
and we obtained the core relaxation and core-to-ligand-based
surface state relaxation that are affected by the solvents. We
use 400 nm excitation in fs-TA analysis for both cases, consid-
ering the interband excitation involving both the core and
motif-related states simultaneously.’® As mentioned, a three-
state relaxation was observed for Ag-PDT NCs in DCM with
components of 664 fs (z;), 500 ps (z), and >1 ns (z3), ie., core
relaxation, core to surface state relaxation, and finally the
ground state decay. The ultrafast relaxation of Ag-PDT NCs was
also investigated in the DMF solvent, and the data are fitted
satisfactorily in three components (Fig. S141). However, the
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values are significantly different, and the three components of
Ag-PDT NCs in DMF are 1.25 ps, 624.25 ps, and >1 ns, sum-
marised in Table S1.7 The kinetic traces at a selected wave-
length (here 530 nm) were compared for both DCM and DMF-
dissolved Ag-PDT NCs (Fig. S15t1). In a previous study, we
observed that in the case of Au,s(PET);s, the time (z)
decreased with increasing dielectric constant of the solvent
and did not affect the core relaxation process (z;).*® Generally,
7, arises due to the electron relaxation within the semi-ring
units (core-shell structure of MNCs), which appreciably
depends on the ligand. DMF (dielectric constant 37) is a more
polar solvent than DCM (dielectric constant 8.93). Here, we
observed that the core and ligand-based states in DMF take
more time to relax than DCM for Ag-PDT NCs. To compare the
steady state behavior, the UV-vis-NIR spectra of Ag-PDT NCs in
both solvents are depicted in Fig. S16.7 In both cases, the dis-
tinct absorption peak at 525 nm did not shift, confirming that
the structural features remain similar. However, the peak was
broadened due to the dipolar aprotic nature of DMF.*®®' The
QY was measured for both cases and found to be 0.23% and
0.62% for DCM and DMF solutions of Ag-PDT NCs, respect-
ively (Fig. S177). To eliminate the valence state involvement in
the excited state behavior, we analyzed the binding energy of
Ag in Ag-PDT NCs in both DCM and DMF, and there is no devi-
ation in the 3d peak of Ag (Fig. S181). In addition, we have ana-
lyzed previously how solvents with different dielectric con-
stants can affect the visible emission channel as the emissive
states are significantly associated with the ligand-centered
charge transfer process.”’ In this study, aliphatic thiol was
used as the primary ligand, which is supposed to provide less
polarity to the energy states than aromatic thiol-capped NCs.
In general, the individual absorbing PDT-capped Ag NCs
possess individual dipole and interact with the inherent dipole
of the solvent.*®°" Therefore, solvents reorganize around these
excited NCs dipoles, affecting the excited state dynamics.
Effective charge separation was observed in the molecular
system, and effective dipole-dipole interaction occurred
between excited state species and solvent dipoles. This
effective charge separation is more favorable in a polar solvent
with a high dielectric constant, and relaxation becomes very
fast compared to a less polar solvent. In this case, the capping
ligand used is a non-polar type (compared to other electron-
rich aromatic thiols); therefore, theoretically, we assume that
the charge separation is less effective and results in dissimilar
vibrational cooling of higher excited states. Hence, the relax-
ation requires more time in a more polar solvent as the inter-
action between the dipole of the excited state species and the
solvent dipole is not so effective. As a result, the time required
for both components (z; and 7,) is increased in the case of
DMF solvent. The higher QY of Ag-PDT in DMF than DCM
(0.63% vs. 0.23%) is also consistent with this less effective
charge separation.®” This phenomenon also affects the core
relaxation (z;) and the overall lifetime obtained from the
TCSPC decay curve. The average lifetime is 2.19 + 0.05 ns in
DCM, whereas it is 2.64 = 0.05 ns in DMF solvents for Ag-PDT
NCs. For the DMF solution, the luminescence of Ag-PDT NCs
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was stable at RT for a longer time (Fig. $191). Only DCM and
DMTF solutions of Ag-PDT NCs have been studied, considering
the stability of the Ag;¢ NCs.

Conclusions

Here, a new strategy to prepare atomically precise
Ag16(PDT)g(PPh;), NCs has been highlighted with an emission
maximum at 630 nm and a QY of 0.23%. The ultrafast relax-
ation is favorable in the solvent with a lower dielectric constant
(DCM) than the DMF solvent due to less effective charge separ-
ation. Here, the solvent effect on the excited state dynamics is
demonstrated, as the solvent polarity with the ligand effects is
reflected in their ultrafast behavior. This new synthetic strategy
and the solvent-dependent excited state pathway investigations
are essential to determine the structure-property correlation.
With appropriate characterization and a complete understand-
ing of different properties, these precise MNCs genuinely
benefit various potential applications.
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