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We investigate the mechanism of the stepwise formation of
small neutral and cationic silver clusters in the gas phase and
in solution using density functional theory (DFT) to study
the evolving structures and free energies from Ag to Ags.
Time-dependent density-functional theory (TDDFT) is used
to calculate the corresponding UV-Vis spectra that could

be compared with experiments. Our results are consistent
with the predominance of kinetically stable cationic clusters
observed in pulse radiolysis experiments.
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Theoretical study of the stability, structure, and
optical spectra of small silver clusters and their
formation using density functional theoryf
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An understanding of the mechanism of formation of small clusters would help to identify efficient routes
to their synthesis. Here, we apply density functional theory (DFT) to study the free energies and
structure of ultra-small silver clusters, and time-dependent density functional theory (TDDFT) to
calculate their UV-Vis spectra and provide a better understanding of the intermediate steps in cluster
formation in the gas phase and solution. Our calculations of the optical properties of neutral and
cationic clusters confirm the presence of charged and uncharged intermediates observed in pulse
radiolysis experiments during the early stages of the growth of silver clusters. The free energies of
formation of hydrated clusters extracted from DFT calculations reveal the greater thermodynamic

Received 4th September 2021,
Accepted 6th October 2021

stability of cationic clusters compared to the corresponding neutral clusters of the same composition.
This is consistent with the predominance of kinetically stable cationic clusters observed in pulse
radiolysis experiments. Our DFT and TDDFT calculations clarify the effects of ligand, hydration, and
oxidation states on the structure, stability, and optical properties of silver clusters that elucidate the
mechanism of silver cluster formation in solution and the gas phase.
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Nanoclusters (NCs) and sub-nanometer clusters (S-NCs) have
drawn intensive research interest on account of their unique
properties and potential applications in many fields such as
catalysis,"® medicine,>*° sensing,**'° optics,"**"" and
imaging.>*"* An understanding of the mechanism of cluster
formation in solution is essential to identify better synthetic
routes to S-NCs and NCs of specific structure and size. This
requires insights into the detailed steps of cluster nucleation
and growth.

In general, nucleation and growth occur through dimeriza-
tion and addition of metal ions or atoms to each other to form
small clusters, followed by coalescence of clusters. Ultra-small
nanoparticles in solution are stabilized by ligands that bind
strongly to metal ions/atoms even in a homogeneously mixed
solution, and therefore ligands modulate the mechanism of
nanocluster formation. Along these lines, the kinetics of metal
cluster formation and their size distribution was discussed
recently’>'® in ref. 14 and 15 following the early work by
Lazzari, Jensen, and their colleagues.'® The kinetic rate coeffi-
cients that are defined for each mechanistic step and the
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differential equations governing the kinetics of cluster for-
mation were solved to predict their size distributions for
plausible values of the rate coefficients. Our DFT calculations
are the first steps towards determining these rate coefficients
from first principles.'*'®

Researchers have studied the earliest stages of metal cluster
formation with pulse radiolysis techniques by detecting the
UV-Vis bands of clusters during the earliest stage of their
formation."” High energy pulses of radiation passed through
an aqueous solution produce hydrated electrons (H*) that act as
strong electron donors to reduce metal ions.'””>* For example,
hydrated electrons in an aqueous silver solution reduce Ag"
ions to Ag atoms (eqn (1)).

Ag'+e > Ag €))

Silver atoms are also routinely formed and studied in
laboratories by adding a reducing agent to a solution contain-
ing silver ions.’®'® Radiolysis studies show that silver atoms
dimerize either with another silver ion (Ag") or neutral atoms
(Ag)."®'° Depending on the dosage of the pulses or the strength
of the reducing agent, dimerization can occur through two
pathways. At a very high reduction rate most Ag' ions are
quickly converted to neutral Ag atoms before further aggrega-
tion occurs. Consequently, Ag atoms bind to other uncharged
Ag atoms to form Ag, dimers (eqn (2)):
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Ag + Ag — Ag, (2)

Conversely, for a weak reducing agent the probability of
encounters between Ag atoms and Ag' ions is higher than
between Ag atoms. In this case, the formation of charged
Ag," dimers are statistically more likely (eqn (3)):

Ag +Ag" — A’ (3)
Similarly, eqn (4) and (5) and eqn (6) and (7) show two

pathways for the formation of trimers and tetramers in the
presence of strong and weak reducing agents, respectively.

Ag, + Ag — Ags (4)
Agy' + Ag" — Ags” (5)
Ag, +Ag, > Agy (6)
Ag," +Ag," - Ag”’ (7)

The formation of clusters with different oxidation states
(e.g., Ag;" and Ag,") is also possible by intercrossing of growth
pathways. Clusters can grow larger through addition of single
silver ions or silver atoms to the seed clusters (eqn (8) and (9)),
followed by their coalescence. The growth of NCs continues
until they have reached a local minimum state in the free
energy.

AgE + Ag — Agly (8)
AgE' + Ag' - AglEy)! )

AgY + AghT - Aglarh)! (10)

Eqn (10) represents the coalescence of two silver NCs with
x and y numbers of atoms and with charges a+ or b+ specified
on the cluster. Zero charges correspond to a or b or both equal
to zero.

The above mechanism is based on the assumption that ions
even in a homogeneously mixed solution are not reduced
simultaneously but are formed sequentially. Accordingly, suc-
cessive peaks detected in the time-resolved UV-Vis spectra of
radiolysis experiments were attributed to the sequential for-
mation of Ag, Ag,", Ag;>", and Ag,*"."”

In this study we have performed systematic theoretical
quantum mechanics (QM) calculations of the structure and
energy of intermediates and products to better understand the
mechanism of silver cluster formation by comparing them with
the pulse radiolysis findings."” Furthermore, our QM studies
clarify the effects of water ligands, hydration, and oxidation
states on the structure, stability, and optical properties of the
clusters. To this end, we used time-independent density func-
tional theory (DFT) and time-dependent density functional
theory (TDDFT) in which the Kohn-Sham (KS) equations are
extended to time-dependent phenomena.

There have been several other DFT and TDDFT studies on
metal clusters.”>® However, to our knowledge, there have been
no extensive comparisons of QM calculations with pulse radio-
lysis experiments from a mechanistic perspective of ultra-
small cluster formation. In performing these calculations, we
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first optimized the structural geometries and determined the
free energy of formation of selected clusters using DFT. Follow-
ing this, we calculated the optical absorption of the optimized
geometries using the linear response TDDFT.

1 Methods

The evaluation of exchange functionals and basis sets used in
our calculations were improved by comparing existing TDDFT
calculations with the optical bands of clusters observed in rare
gas-phase spectroscopy experiments.>”**> Harb et al. optimized
different geometries of clusters at the DFT/BP86/LANL2DZ level
of theory and performed TDDFT calculations with the same
exchange functional and basis set to calculate the optical bands
of the clusters.*> They showed that the TDDFT/BP86/LANL2DZ
level of theory has better predictive power for rare gas-phase
experiments than other theories described in the literature.*?
For instance, their calculations on the Ag, cluster with D,y
planar symmetry and the Ag; cluster with C,, planar symmetry,
reproduced the two main peaks observed in rare gas-phase
experiments. In our study, we applied the same level of theory
using the Gaussian 16 package,*® and the structures were
optimized using DFT with the BP86 exchange functional***®
and LANL2DZ"® effective core potential. Relativistic all-electron
calculations are expensive, and the core potential that we
employed is effective in reducing the calculation costs. From
a chemical perspective, valence electrons are directly associated
with the chemical behavior of an atom. The effective core
potential is a reasonable approximation for describing a heavy
atom. It incorporates the relativistic effects of heavy atoms
implicitly with the use of a parametrized frozen core potential
with respect to relativistic all-electron Hamiltonian results.
Then we used the linear response TDDFT to compute the
excited-state energies. As in our DFT calculations, we used
the BP86 functional with LANL2DZ basis set for our TDDFT
calculations. In our TDDFT calculations, we used single excita-
tions with different numbers of excited electronic states of
n =25, 50, 75, and 100 for neutral and cationic clusters in each
system that we studied. With the increase in the number of
virtual excitation states, the probability of electronic excitations
to higher energy levels increase, and therefore the optical band
of clusters blue shifts toward lower wavelengths of energies.
The relatively large number of virtual excited states allows us to
capture most of the excitation energies.

Propagating real-time TDDFT is computationally difficult
because integration over the time-dependent Schrodinger equa-
tion is computationally intensive and requires massive calcula-
tions for a many-body system. Therefore, linear-response
TDDFT with a weak perturbative external potential was used
to solve the Schrodinger equation. A one-to-one mapping of the
linear response between the perturbed potential and density is
the core of linear response TDDFT.

DFT and TDDFT calculations are performed at 0 K. Correc-
tions to total energy for evaluating the enthalpy and Gibbs free
energy to 298.15 K were achieved by using standard statistical
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thermodynamics.”” The translational, electronic, rotational,
and vibrational contributions to partition functions are well
known for non-interacting particles of an ideal system.*” In our
TDDFT calculations, the energy excitations of electrons were
calculated from the lowest vibrational state of ground electro-
nic state to the lowest vibrational states of excited electronic
state (0-0 transition). At room temperature excitations can
occur to higher vibrational states, however, at 298.15 K the
kinetic energy is insufficient to promote electrons to jump to
higher electronic levels.*®* To provide a rough statistical esti-
mate of excitation energies of electrons excited from different
vibrational states we broadened the excitation energies. A
Gaussian function with a standard deviation of 0.4 eV was used
to simulate the UV-Vis bands from calculated excitation ener-
gies. The standard deviation is the half-width of the Gaussian-
shape band at ¢,,ax/€, and it is proportional to the width of the
spectrum.

DFT and TDDFT calculations on silver species were carried
out in the gas phase, in the implicit aqueous solution phase,
and in the presence of explicit water ligands from a single water
molecule per atom in the cluster to an overall number of
25 water molecules. We did not perform the calculations with
larger numbers of water molecules as it would have been
computationally prohibitive for us. For implicit aqueous
solution, we used an implicit solvent which is already imple-
mented in Gaussian 16 package. In this case, we employed a
self-consistent reaction-field model that builds a cavity in
which the solute (silver species in our case) is placed in a
continuum dielectric field.*® A polarized continuum model
(PCM) is widely used to outline the cavity in a dielectric field
with a boundary condition that is manifested as charges on the
surface of the cavity.”® The cavity consists of spheres using
Universal Force Field (UFF) radii with a scaling factor of 1.1 for
the atomic radii of solute atoms. These spheres are centered at
the solute atoms with an optimal volume slightly larger than
solute, but it is problematic that the electron density of solute
can expand beyond the boundary. However, in our calculations,
an integral equation formalism of the PCM (IEFPCM) was
employed to improve the boundary conditions and cope with
the challenge that is introduced at the interface of solute
electron density and cavity boundary.*® We set the optimization
criteria of the maximum force, root-mean-square (RMS) force,
maximum displacement, and RMS displacement to 1.5 x 10>,
1x 107% 6 x 107", and 4 x 10> Hartree respectively. The total
energy conversion is set to a value within 10~° Hartree.

2 Results and discussion

In our theoretical study, we first created clusters ranging in size
from a single silver Ag to an Ag;; cluster with a full layer of
twelve silver atoms around a single atom defined at the center
of the cluster. These clusters are 0.7 nm or smaller in diameter,
and consequently are subnanometer in size.>>>" We optimized
the structures and calculated the optical behavior of the clus-
ters with the use of DFT and TDDFT methods respectively.
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Fig. 1 Illustration of icosahedral Agss cluster formation from a single
Ag atom.

We also investigated the effects of water molecules and an
implicit water (IW) environment on the geometry and stability
of the clusters.”®*”* Moreover, we studied their effects on
electronic excitations with a different numbers of possible
virtual excitation states and compared them with pulse radi-
olysis experiments.”>>*

To construct the initial structures, we added a silver atom/
ion to the preceeding structure consecutively at a position with
the highest number of nearest neighbors at the same distances
from the added atom. Our approach of building the first full-
shell icosahedron cluster follows the Werfelmeier growth
sequence of metal clusters explained extensively in Waless book
on “Energy Landscapes”.>>® Fig. 1 illustrates how this
approach inherently leads to the formation of the Ag;
icosahedron.

We assumed that the addition of each ion/atom to a cluster
during growth provides the lowest free energy pathway when
the added ion/atom interacts with the highest number of
constituents in the cluster at nearly equal distances. In this
regard, for Ags to Ag;, clusters, we selected initial structures
that were consistent with the formation of icosahedral Ag;;.
However, the optimized geometry of structures for some clus-
ters changed considerably during this addition sequence
(Fig. S1-S3, ESIt). In other cases, the symmetries of optimized
clusters were similar to those obtained from the approach we
took to form icosahedral Ag;;. For these cases, the lowest
energies were obtained when the atoms/ions were bound to
the maximum number of atoms/ions at approximately equal
distances from each other. We searched for the most stable
structures by optimizing the energy starting from different
initial configurations.

Our calculations show that the Ag atom has a lower energy
and consequently, greater stability than the Ag" ion. Mechan-
istically, after conversion of Ag" ions to Ag atoms through
adsorption or transfer of electrons, the Ag atoms bind to
another Ag" ion or Ag atom to form charged Ag," or neutral
Ag, dimers respectively, which are obviously linear with

Phys. Chem. Chem. Phys., 2021, 23, 25507-25517 | 25509



Paper

approximately similar stability under the same conditions. Our
calculations reveal that Ag," has a greater bond length than Ag,.
In the gas phase, the bond lengths of Ag,” and Ag, were
2.75 and 2.58 A whereas the experimental values are 3.1 and
2.53 A for bond lengths of the dimers detected by fluorescence
spectroscopy in rare gas matrices®” and far-infrared spectro-
scopy of zeolite pores®® respectively. In an implicit aqueous
solvent phase, we calculated bond lengths of 2.70 and 2.59 A for
Ag," and Ag,, respectively. The Ag-Ag and Ag-O bond lengths
for Ag,(H,0)," were calculated to be 2.71 and 2.25 A, whereas
for Ag,(H,0), they were 2.58 and 2.36 A. Addition of a third Ag"
or Ag to Ag," or Ag, dimers sequentially formed equilateral or
isosceles triangle structures of Ag42+ or Ag; trimers, respec-
tively. Addition of Ag" or Ag to Ag, or Ag," formed an equilateral
triangle Ag;*. Our results show that the cluster structures were
affected by the oxidation states of the clusters and by whether
water ligands are bound to them. In the gas phase, Ag;>* and
Ag;" formed equilateral triangle structures with each atom/ion
bound to two atoms/ions at equal distances of 3.06 and 2.71 A,
respectively. Through the use of electron paramagnetic reso-
nance, a triangular structure has been deduced for Ag;>" in
zeolite cages.”® The Ag-Ag bond length in Ag;>" has been
measured to be 2.8-3.0 and 3.1 A in zeolite cages using X-ray
diffraction® and far-infrared®® spectroscopy. Furthermore, a
combination of DFT calculations and infrared multiple photo-
dissociation spectroscopy in the gas phase have suggested an
equilateral triangle structure for Ag;* trapped in zeolite cages.®
The change from an equilateral triangle for Ag;>" and Ag;* to an
isosceles triangle for Ag; is likely caused by the John-Teller
effect in the electron density of states for the Ag; trimer owing
to degeneracy of the ground state energy. In our calculations,
the Ag-Ag and Ag-O bond lengths for Ags;(H,0);>" were
2.89 and 2.20 A, and for Ag;(H,0);" they were 2.69 and 2.26 A
respectively. Both Ag;(H,0);>" and Ag;(H,0);" formed equilat-
eral triangle structures.

Addition of another Ag atom to an uncharged Ag; or a
charged Ag;>" ion trimer forms Ag, or Ag,”" tetramers, respec-
tively. Furthermore, agglomeration of Ag," or Ag, dimers also
produce Ag,”" or Ag, tetramers, respectively. On the conversion
of charged Ag,*>" to neutral Ag,, the structure changed from
tetrahedral to planar. To find stable structures for the charged
and neutral tetramers we used planar and tetrahedral struc-
tures as the initial structures for Ag,>" and Ag,. The Ag,>* and
Ag, clusters reached equilibrium stability meeting the force
and displacement criteria for energy minimization when the
silver atoms reoriented to gain their tetrahedral and planer
structures, respectively. In the gas phase, Ag," was optimized to
both planar and distorted tetrahedral structures when the
initial structures were planar or tetrahedral. Our calculations
show that the distorted rhombus structure® of the naked Ag,"
in the gas and aqueous phases and Ag,(H,0)," was more stable
than that of the tetrahedral conformer. For Ag," cluster,
depending on the initial coordinates, the final coordinates
were different whereas Ag,>" always formed a tetrahedron with
an Ag-Ag bond length of 2.85 A. Similarly, Ag, always formed a
planner structure regardless of the initial structure. Our results
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show that, Ag4(H,0),>" is approximately tetrahedral with Ag-Ag
and Ag-O distances of 2.80 and 2.22 A respectively, compared
with experimental values from luminescent-extended X-ray
measurements of 2.82 and 2.36 A.°? In general, the Ag-O and
Ag-Ag distances for clusters trapped in zeolite cages were
approximately 2.8 and 2.2 A, respectively, as extracted from
X-ray diffraction measurements.®® These values were closer to
those from our calculations for cationic clusters. With
25 explicit water molecules, Ag, changed its orientation from
planar to distorted geometry while Ag,”, Ag,”*, and Ag,*
optimized to tetrahedral structures (Fig. S1, ESIt). We should
mention that initial planar Ag,>" optimized to tetrahedral
structure and Ag,*" planar never optimized in our calculations.

To understand the thermodynamic stability of the optimized
silver clusters, we calculated the free energy of formation of the
smallest clusters using eqn (11):

AG[Ag\.(HzO)‘.}H = GAgf\/“F — (X — a)GAgX — aGAg; —yGHzo (11)
where x and a are the numbers of silver atoms and ions,
respectively, that form the Ag?' cluster, and y is the number
of water molecules.

However, for implicit aqueous phase calculations using a
polarized continuum model, the eqn (11) does not hold any-
more as it does not evaluate the entropy of the species correctly.
Empirically it has been discovered that species lose approxi-
mately half of their entropy upon solvation in water.®**> To
account for this, we subtracted the enthalpy of each species
from their free energy in the gas phase (G, — Hy) and divided
the result by two to calculate half of the entropy contribution
(—0.5TS,) to the free energy at 298.15 K. Then we added the
enthalpy in aqueous phase to half of the entropy in gas phase
(Hag—0.5TS,) to extract a new free energy for each species in the
implicit aqueous phase.®®®” Once this is done, we can plug in
free energy values into eqn (11) to calculate the free energy of
formation for each cluster.

Thermodynamic stability provides information on the
growth pathway of silver clusters from an energetic perspective
and their respective stable structures. Fig. 2 shows the free
energy of formation of the most stable conformer of each
species. Note that, the free energies of formation for some
species are very close to each other. To clarify the relative
stability of clusters with similar values, the vertical labels for
species of each size are designated with respect to their
formation free energies relative to each other (Fig. 2).

A silver cluster has a limit to the number of electrons and
protons in its hydration shell. The structures were optimized in
different ways to get the most stable forms. Fig. 2 shows that
ionization or removal of an electron from some clusters
decreases their free energy, whereas in others it does not.
Hydration changes the order of the free energy of formation
for clusters of the same size and different oxidation states as
they change from the gas phase to phases where they are
hydrated. The clusters with higher oxidation states such as
Ag;>" and Ag,’* gain stability when they are bound to water
reflecting greater electrostatic free energy of hydration, whereas

This journal is © the Owner Societies 2021
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Fig. 2 Free energy of formation of silver species extracted from eqgn (11) and DFT calculations of the respective silver species as described in the text for
(A) gas phase, (B) aqueous implicit water phase (IW), (C) Ag,® clusters containing x silver atoms/ions with each hydrated by a single water molcule, and

(D) explicit water model with 25 water molecules.

the stabilities of neutral Ag; and Ag, do not increase substan-
tially except when there are many water molecules around
them. This also implies that naked Ag;>* and Ag,*" cationic
clusters acting as electrophiles are lacking electrons, and there-
fore are significantly unstable relative to the corresponding
clusters with lower oxidation states. This effect is also evident
in the Ag-O bond lengths of 2.2-2.6 A in cationic clusters that
shrink to 2.3-2.36 A in neutral clusters.

The thermodynamics of small clusters determined in our
calculations, especially in the presence of water ligands, sup-
port the hypothesis that kinetically stable charged clusters are
formed during the early stages of growth. In the absence of a
very strong reducing agent, there are less Ag atoms, and
consequently, more Ag’ cations aggregating to form charged
clusters. Fig. 2 suggests similar paths of growth during the early
stages of silver cluster formation in the gas and in implicit
water phases and when the silver ion clusters are bound to
water ligands. Our calculations show that hydrated silver
species are more stable than their corresponding naked species
in the gas phase. Fig. 2 also shows that water ligands, which act
as electron donors to silver ions/atoms, stabilize the charged
clusters.

Fig. 2D shows the free energy of formation for each Ag
species hydrated by 25 water molecules. Our results for silver
atoms/ions with many explicit water molecules strengthen the

observation with the implicit water model. Each species has
comparably lower free energy than in the gas phase or implicit
solvent phase or with Ag clusters bonded to a few H,O ligands.
Based on our geometry optimization calculations, we consid-
ered the results only for distorted and the tetrahedral of neutral
Ag, and its ions respectively.

We avoid discussion of clusters larger than tetramer because
determining the most stable structures of large Ag clusters is
difficult owing to the number of possible initial structures and
limitations of our resources for DFT calculations. Therefore, we
performed the DFT/TDDFT on only one possible structure for
each of the clusters Ags to Ag;, but two possible structures of
icosahedral and cuboctahedral Ag,; because they have been
well characterized and extensively referred to as stable struc-
tures for Ag;;.°® The ligand effects on the structure of the
clusters were revealed further in our DFT studies of Agj;
clusters.

Bare Ag,; form a roughly cuboctahedral structure, whereas
hydrated Ag,; is present as a distorted cuboctahedron depend-
ing on the number of water molecules. Moreover, our imple-
mentation of DFT to determine the structure in an implicit
aqueous solution predicts the formation of a distorted Ag;;
icosahedron. The density of electrons governs the effects of
oxidation state and ligands on the electronic structure of the
clusters.

Table 1 Summarized calculated maxima of optical absorbance and free energy of formation for small charged and neutral silver clusters in the gas
phase, implicit aqueous solution, and explicit aqueous solution with 25 water molecules (aqueous). For comparison, in the last column we insert the
experimental values (Ex.) obtained from pulse radiolysis experiments!®*2468

Gas phase Implicit aqueous solution Aqueous Ex.
System  (nm) AG (kcal mol) 4 (nm) AG (kcal mol) /4 (nm) AG (kcal mol) A (nm)
Ag 160, 300 (major) 0 180, 340 (major) 0 260 0 350-360
Ag, 200, 280 (major), 400  —34.413 200, 280 (major), 400  —39.505 330 —37.584
Ag," 230 (major), 360 -34.181 280 (major), 430 ~19.988 330 —75.900 —300 to 310
Ag; 250, 350 (major), 390 —47.718 360 —54.465 310 —52.259
Ags" 200 (major), 320 —91.971 200 (major), 320 —73.870 260 —142.127
Ag" 230, 330 (major) 39.232 250, 370 (major) —33.533 260 —61.448 —265, 310
Ag, 240, 300 (major), 450  —82.249 240, 310, 460 (major)  —93.643 300 —99.911
Ag,' 280 (major), 400 —112.297 280 (major), 400 —92.429 320 (major), 450  —163.296
Ag”" 230, 270 (major) —41.515 310 ~100.196 320 (major), 530  —159.463 —-270
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Pulse radiolysis UV-Vis spectroscopy has enabled research-
ers to study the mechanism of metal cluster formation during
their early stages of growth.'” Time-resolved UV-Vis spectra are
measured in radiolysis experiments during the successive
formation of clusters with different emerging structures. How-
ever, because of instrumental limitations, it remains challen-
ging to precisely characterize the optical absorption of specific
clusters. To further elucidate the mechanism of silver cluster
formation, we conducted TDDFT calculations on small silver
clusters and compared our results with the spectra from pulse
radiolysis experiments. Table 1 summarizes our calculated
values with the experimental values. This table also includes
a summary of our calculated free energy of the formation of
corresponding clusters.

Our TDDFT calculations show that Ag" ions, unlike Ag
atoms, do not have an absorption band above 200 nm
(Fig. 3A) in either the gas phase or aqueous solution, but show
a small peak around 240 nm and a dominant peak around
440 nm when there are explicit water molecules in the system.
The absorption bands of Ag" and Ag are shifted to longer
wavelengths in the implicit continuum water model and
beyond in the presence of explicit water ligands representing
hydration.

The experimental data from radiolysis studies do not have
an absorption band for Ag" over 200 nm in agreement with our
calculations except when there are water molecules around
2324 Fig, 3B shows the main absorption feature at
340 nm for Ag atoms in the aqueous phase (orange line), which
corresponds to the first band that appears with a maximum in
the range of 350-360 nm in radiolysis experiments soon after
irradiation.>** Fig. 3B shows that the main absorption band of
Ag atom is at 300 nm in the gas phase (blue line). With the
explicit water molecule model, the results (green line) deviate
from radiolysis experiments, unlike the implicit water phase.

Fig. 4A shows the spectrum for a charged Ag," dimer. Two
distinguishable maxima over 200 nm change their positions on

silver ion.

x10* Ag’ Ag
41 A gas 1 B — gas
w w
— —(H:0)3s — —(H0)x
34 ]
w2

LN

100 200 300 400 500 600 700 100 200 300 400 500 600 700
A (nm)

Fig. 3 Calculated optical bands of Ag* and Ag using TDDFT at the BP86/
LANL2DZ level of theory with n = 50 excited electronic states.
(A) Absorption spectra of Ag* in the gas phase (blue line) and an implicit
aqueous phase (orange line), and spectra of Ag with 25 water molecules
(green line). (B) Absorption spectra of Ag in the gas phase (blue line) and an
implicit agueous phase (orange line), and spectra of Ag with 25 water
molecules (green line).
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Fig. 4 Calculated optical bands of Ag,* and Ag, from TDDFT at the BP86/
LANL2DZ level of theory with n = 50 excited electronic states.
(A) Absorption spectra of Ag,™ in gas phase (blue line) and an implicit
aqueous phase (orange line), and spectra of Ag,™ with 25 water molecules
(green line). (B) Absorption spectra of Ag, in gas phase (blue line) and an
implicit aqueous phase (orange line), and spectra of Ag, with 25 water
molecules (green line).

moving from the gas phase (blue line) to the implicit aqueous
solution (orange line). In radiolysis experiments, the absorp-
tion band at a maximum of 300-310 nm is attributed to
Ag,".*>** The absorption band of the charged Ag," dimer
hydrated with 25 H,O molecules, had a maximum at 340 nm
(Fig. 4A green line). Fig. 3B shows three peaks for the neutral
dimer Ag, with a major peak in the range from 270 to 290 in gas
and implicit water environments, which is close to the
300-310 nm experimental peak. This is also relatively close to
the peak of Ag, in explicit water around 330 nm.

Aggregation of Ag,” or Ag, with Ag" or Ag form trimers Ag;>",
Ag;" and Ag; respectively. Fig. 5A shows that in the gas phase
the major band had a maximum at 330 nm in the gas phase and
two absorption bands at 250 and 370 nm in the implicit
solution phase. In Fig. 5A the Ag;>" ionic cluster in the solution
shows one band with a maximum at 260 nm (green line). Fig. 5B,
Ag;" had two peaks at 200 and 320 nm (blue and orange lines)
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Fig. 5 Optical band of Ags>*, Ags™, and Ags calculated by TDDFT at the
BP86/LANL2DZ level of theory with n = 50 excited electronic states.
(A) Absorption spectra of Ags2™ in the gas phase (blue line) and an implicit
aqueous phase (orange line), and spectra of Ag32+ with 25 water molecules
(green line). (B) Absorption spectra of Agz* in gas phase (blue line) and an
implicit aqueous phase (orange line), and spectra of Agz* with 25 water
molecules (green line). (C) Absorption spectra of Agsz in gas phase
(blue line) and an implicit agueous phase (orange line), and spectra of
Ags with 25 water molecules (green line).
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in gas and aqueous phases. The Ag;" spectrum in explicit water
shown in Fig. 5B (green line) has one major peak at 260 nm.
Two maxima in the radiolysis experiments were at 310 and
265 nm.°® In this regard, the TDDFT calculations of charged
clusters produced peaks at 260 nm for Ag;*>" and Ag;" in
explicit water, and 320 nm for Ag;>" and Ag;* in gas phase
are close to the experimental absorption maxima at 265 and
310 nm.°® Neutral Ag; cluster generates a peak around 310 nm
in explicit water and a peak around 250 nm in gas phase, which
are also close to experimental absorption peaks.

The Ag,>* tetramer can form through addition of Ag™ ions to
the Ag;" trimer and agglomeration of two Ag," dimers eqn (6)
and (7). In our calculations, formations of Ag," and Ag, were
also considered. Fig. 6A shows that the absorption bands of
Ag,®" has peaks between 220-300 nm. In the gas phase, the
main maximum was at 270 nm (blue line), and in the implicit
aqueous solution, it was at 310 nm (orange line). The absorp-
tion bands of the Ag,” with 25 explicit water molecules
appeared at 320 nm and 500-550 nm (green line). Fig. 6B shows
similar peak patterns at 280 nm and 400 nm in both the gas
phase and the implicit water phase while there is one major
peak at 320 nm in the explicit water shell. In radiolysis experi-
ments the maximum at 270 nm, which was generated as a
successive peak after irradiation of the silver ion solution, is
attributed to Ag,>*,”*** which is comparable with spectra in gas
and implicit solvent for both neutral and charged silver species.
Fig. 6C shows that the neutral tetramer Ag, spectra also contain
peaks in the region between 235-305 nm in the gas and
aqueous phases, which is close to the experimentally measured
absorption that has a maximum at 270 nm. There is only one
major peak at 300 nm for the neutral Ag, species with 25 water
molecules (green line).

The absorption peaks calculated in this study for both sets
of charged Ag,", Ag;", Ag;*", Ag,", and Ag,>" and neutral Ag,,
Ags, and Ag, clusters conform approximately to the observed
maxima in the radiolysis experiments. We mention that the
optical peaks calculated from different virtual excitation states

10t Agit Ag} Ag,

A — = 1B = 1o
w w w
— —(H0)a5, — —(H0)as} —— —(H:0)2

U. Y

100 200 300 400 500 600 700 100 200 300 400 500 600 700 100 200 300 400 500 600 700
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)
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Fig. 6 Optical band of Ags®*, Ag4*, and Ag, calculated by TDDFT at the
BP86/LANL2DZ level of theory with n = 50 excited electronic states.
(A) Absorption spectra of Ag42™ in the gas phase (blue line) and an implicit
aqueous phase (orange line), and spectra of Ag42+ with 25 water molecules
(green line). (B) Absorption spectra of Ag,™ in gas phase (blue line) and an
implicit aqueous phase (orange line), and spectra of Ag,* with 25 water
molecules (green line). (C) Absorption spectra of Agy in gas phase
(blue line) and an implicit agueous phase (orange line), and spectra of
Ag4 with 25 water molecules (green line).
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of n = 25, 50, 75, and 100 were similar, as presented in
Fig. S4-S7 (ESIY).

As previously mentioned, for clusters larger than Ag, we only
studied neutral clusters owing to the complexity of the problem
for clusters with many atoms. Nonetheless, in pulse radiolysis
experiments, it is difficult to assign optical absorptions for
clusters larger than tetramers, and the mechanism of cluster
formation is inferred from data for the formation of smaller
clusters."”

For the Ag, clusters with x = 5-12, the maxima of optical
bands shift to higher wavelengths as more excited electronic
states become available in the gas and aqueous phases.
Furthermore, our results indicate that the extinction coefficient
of the absorption bands increased from Ags to Agg in the gas
and aqueous phases; however, the absorption intensity did not
change notably from Ag, to Ag,, for either the gas phase or
aqueous solution (Fig. 7A-P).

The calculated absorption bands show that the absorption
maxima for clusters Ags; to Ag;, are located between
300-400 nm. In radiolysis experiments, the bands that
appeared in later stages of growth with maxima between
300-400 nm are attributed to oligomers larger than Ag,>*. Also,
it is evident that the absorption band of clusters blue shifts to
lower wavelength with an increase of available excited states
from 25 to 100 nm. As the number of virtual possible excited
states increases, the probability of excitations to higher-level
orbitals such as 5d or excitations from 4d to s + p orbitals in
silver clusters increases, and there can be a possibility of the
shift of spectra to higher energies.

Fig. 8 shows the optical bands of a full shell cluster Ag;; in
the gas phase and aqueous solution, and when the number of
water molecules as ligands increases from two to eight. The
absorption bands for Ag;; under different conditions were
around and above 500 nm, i.e., longer wavelengths than those
of the Ag,, bands that were around and below 400 nm in the
aqueous phase and gas phase respectively.

In this work, we used TDDFT to calculate the UV-Vis spectra
of S-NCs complementary to the results of pulse radiolysis
experiments.'” The excitation energies facilitated our assign-
ment of the absorption bands from the smallest clusters
detected in radiolysis experiments. UV-Vis spectral character-
ization is important for understanding the mechanism of
S-NCs and NC formation. Growth of nanoparticles occurs
through monomer and ion addition to the cluster and coales-
cence of clusters."""®

The structures of clusters are determined by the silver atoms
or ions with their associated charges, ligands, and the solvent
environment. We created silver clusters of different sizes and
performed DFT calculations on them to predict the electronic
structure and stability of the clusters in the gas phase, in the
presence of water ligands, and solution. Then we used TDDFT
to calculate the optical bands of the clusters in the gas phase, in
the presence of water ligands, and/or in the solution phase. The
outcome of this work will be informative in confirming and
characterizing the properties of silver clusters reported in
experimental studies and also provide insight into the
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mechanism of their formation. Our study does not confirm
either ion addition or atom addition pathways of growth.
However, it does indicate the strong possibility of the involve-
ment of both pathways based upon their stability of the inter-
mediates and comparison of their optical absorptions to pulse
radiolysis experiments.

The plethora of spurious excited states caused mainly by
nearly degenerate low lying states of nd to (n + 1)s transitions or
charge transfer transitions®® are not apparent in the spectra of
Ag clusters calculated with BP86/LANL2DZ level of theory
(described in Methods). BP86 is a generalized gradient approxi-
mation (GAA) exchange functional that is lacking long-range
electron-electron interactions. The long-range correction (LC)
to the exchange functionals, LC-BP86, incorporates long-range
interaction to GGA exchange functional by using Hartree-Fock
functionals at long range.””*> The number of spurious excited
states with LC-functionals in UV-Vis region (above 200 nm)
decrease significantly.”"”> These spurious states have usually
low absorption intensities and do not interfere noticeably with
the main absorption spectra of small silver clusters.”" It has
been shown that the BP86 long-range asymptotic potential is
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effective in reproducing experimental spectra with a relatively
small LANL2DZ basis set in the regions of our concern.*?
However, there is a considerable difference in the spectra of
large clusters (Ag;s and Ag,,) obtained from BP86 and LC-
BP86.”" These differences are attributed to plasmon-like bands
of mainly s to s + p transitions captured with incorporation of
long-range interactions in LC-functionals.””*

This study can be extended to a systematic investigation of
clusters ranging from the smallest ones to clusters larger than
2 nm, which may lead to a fundamental understanding of
plasmons and their activity. Plasmons are collective oscillations
of electrons across large clusters rather than single excitations
in small clusters.”>””® Studying the optical bands of small and
large clusters provides information on the behavior of electrons
during interactions with light, which may explain the plasmon
inactivity of small clusters. Furthermore, the DFT method is
effective for understanding the effects of ligands on the elec-
tronic excitations of clusters and how they are involved in the
excitation of electrons in small and large clusters. Lastly,
obtaining spectra of small clusters at 298 K extracted from
the molecular mechanics QM (QMMM) method with an appro-
priate level of theory potentially can provide a more realistic
comparison with experimental spectra at room temperature.
That is beyond the scope of this work, which We leave for a
future study.

Our study of the mechanism of subnanometer and nano-
meter cluster formation provides information about the geo-
metry, stability, and optical properties of small naked and
solvated clusters in different oxidation states and the larger
icosahedron Ag,;. We show in detail the effect of explicit water
ligands on these properties. We find that the choice of the
number of virtual excited states affects the spectra of clusters
significantly.

3 Conclusions

In this study we used DFT and thermodynamic calculations to
probe the structure and stability of ultra-small silver NCs and
their ions, in the gas and solution phases and the mechanism
of cluster formation by comparing our TDDFT calculations of
the UV-Vis spectra with results from pulse radiolysis experi-
ments. Our calculations of clusters with different oxidation
states facilitated the assignments of peaks in the UV-Vis spectra
of transient species in radiolysis experiments during the for-
mation of clusters in their early stages of growth. The similarity
of spectra obtained from TDDFT calculations and those from
pulse radiolysis experiments conforms to either ion or mono-
mer addition growth pathways in the formation of cationic and
neutral clusters. Moreover, our free energy calculations suggest
that the formation of cationic clusters is energetically favored
over neutral clusters. The presence of conventional reducing
agents causes an abundance of Ag' relative to Ag, which
kinetically favors the formation of cationic clusters through
the ion addition pathway. Energy optimization of DFT calcula-
tions reveal the effects of oxidation state, ligands, and
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hydration on the structure and optical properties of the silver
clusters. However, a complete deterministic elucidation of the
growth pathways would require further theoretical and experi-
mental investigations on small clusters. This study is a step in
that direction.
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