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ABSTRACT: Adsorption of molecules onto the surface of © RisaH; adsomption @) Chemisorptive dehydrogenaton @ Dimerzation
atomically precise, ligand-protected metal nanoclusters (NCs) o

is a complex and, unlike ligand exchange, relatively unexplored gf
aspect of NC chemistry. It has significant implications for £
catalysis as well as for particle nucleation and growth, e.g., in in;, )
the context of atmospheric chemistry. Here, we investigate the
solution-phase adsorption of dithiol molecules, 2,2’-[1,4-

&

Phenylenebis(methylidynenitrilo) |bis[benzenethiol], (abbrevi- ; _([AQQQ](R'ISQHﬁ)nam—XHP}@'2([Agzgl(R'lszHQ)n:17—XH)3'
. . 3_ R + X L3
ated as R1S,H,) on atomically precise [Agy(BDT),,]>” NCs  pgprriss, O pourisiiye i
. . . . - 6-
(where BDT is 1,3-benzenedithiol). Using electrospray 5 (SIRISH) u x> {AGeal(R1SeHglzn = YHI
+xH(x=1,2,3,...,10,..

ionization mass spectrometry (ESI MS), high-resolution trans-
mission electron microscopy (HRTEM), and dynamic light
scattering (DLS) to probe solution composition after mixing,
we resolve rapid adsorption of multiple R1S,H, secondary ligands onto individual NCs. This is also associated with the
formation of NC dimers (detectable by ESI MS) and eventually larger aggregates. Time-dependent measurements at high mass
resolution show increasing hydrogen atom loss from the adsorbate modified NCs (and dimers), indicating a transition from a
pure physisorptive to a partially chemisorptive state. Molecular docking simulations and density functional theory calculations
were used to elucidate the multilayered, soot-particle-like structures of the NC adducts and to establish binding energies for
secondary ligand adsorption which govern their assembly and aggregation. These observations provide valuable insights into
the complex supramolecular interactions which can occur within the outer shell of NCs exposed to secondary ligands. The
observation of the dynamic interplay between physisorptive and chemisorptive phenomena upon aging of the reaction mixture
provides important mechanistic insights into the aggregation and growth of nanoscale particles starting from NCs.

(D R1SH; adsorption  (2) Chemisorpive de n (3)Dimerization

KEYWORDS: atomically precise noble metal nanoclusters, supramolecular interactions, secondary ligand interaction, dimerization,
soot-like particles, assembly

H INTRODUCTION NCs can interact with other NCs, nanoparticles, or
molecules through their native surface ligands or through

Organic molecule-protected metal nanoclusters (NCs) exhibit ] ) )
incoming (secondary) ligands that coadsorb on the NC

core—shell-like structures, comprising a metal core protected ) ) )
surface. Interactions of various types, such as intercluster

. . 19-22 . . . . 23-25 . .
interactions, metal ion/thiolate interactions, isotopic

25,26 . .27
exchange, charge—transfer interactions,” C—H-xn, 7—7
28,29

by a monolayer of ligands."”” These ligands are essential for

preventing aggregation in solution, imparting stability to the

. . . 3-S5
NCs, and tuning their properties. Over the past few interactions, etc. of NCs have been investigated.

decades, systematic ligand exchange has imparted new

properties to NCs®™® and has helped the synthesis of new Received: February 15, 2026
NCs with well-defined structures.””'* Their molecular Revised:  June 4, 2026
composition is typically elucidated with mass spectrometry Accepted: June S, 2026

using different ionization methodologies, such as electrospray
ionization (ESI) or matrix-assisted laser desorption ionization
(I 1AL DI) 1,15—18
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Figure 1. (A) Full range negative ion ESI MS spectrum for a molar ratio of [Ag,,]* :R1S,H, = 0.14 recorded within 60 s after mixing. The
strongest ion peaks associated with [Ag,,]*~ and [Ag,,](R1S,H,),%>” (1 < n < 4) adduct ions are labeled. The insets show enlarged spectra
over the m/z ranges 2100—3500 and 3550—4900, indicating further small- (1 < n < 9), medium- (10 < n < 16), and large-sized (n > 17)
monomeric adducts-together with dimers [Agss](R1S,H,),,,,." (n + m > 34). Peaks are labeled by the nominal number of attached R1S,H,
ligands (hydrogen-loss from monomeric adducts and dimers cannot be seen at this scale). (B) Schematic representation of the first (in a
sequence of) bimolecular physisorption (association) and unimolecular desorption (dissociation) reactions, shaping the initial composition

of the solution.

Furthermore, the precise molecular dimensions and orientation
of surface ligands can give rise to distinct noncovalent host—
guest interactions.”’’ "> A recent study has further shown that
ligand functionalization of [Agy(S;R);,]*” NCs can direct
solvent- and cation-dependent 2D supramolecular assemblies
through ligand-mediated coordination interactions.*

In a study of intercluster interactions, Nakashima et al. have
recently demonstrated that the electrostatic repulsion between
dimers of [M(Au,,)(SC,H,,,1)15s]” NCs (M = Ay, Pt; n = 6, 8,
10, 12) in the gas phase is effectively mitigated through the
combined influence of aurophilic interactions and van der
Waals (vdW) attractions primarily mediated by the ligands.”"
In recent years, several studies on supramolecular chemistry”
or host—guest interactions between metal NCs and host
molecules have been reported,”*™*' in systems includin
[Auys(SR)15]7,"° [Agua(SR)301*, " [Agao(S:R) 1%,
[Ag,s(SR) 5], and [Au;0,(SR),,]7"27,* where SR and S,R
denote thiol and dithiol ligands, respectively.”***~>* However,
many NC-based supramolecular structures remain unresolved
by X-ray crystallography, leaving key interaction mechanisms
unclear.

While bulk metal surfaces like Au(111) have been
extensively studied for thiol adsorption,” ™ surfaces of NCs
may exhibit entirely new processes. Thiol adsorption on Au
surfaces shows that shorter chains promote surface recon-

struction and Au adatom formation.’*®' Similarly, ligand

adsorption or secondary ligand adsorption on NCs can induce
structural chanéges affecting stability, reactivity, and aggregation
of the NCs.°® For example, halide ion adsorption on silver
NCs can induce defect sites that drive growth and chirality
changes.”* Secondary ligands can also enhance interfacial
rigidity and promote self-assembly, as seen in Au;; NCs
stabilized by phosphine ligands.”” Engineering the surface
environment of silver NCs has also been shown to enhance
NC stability and induce unique intercluster packing arrange-
ments within supracrystal lattices.”®

These studies underscore that secondary molecular inter-
actions with NCs are highly dependent on the ligand shell and
staple motifs, owing also to the high surface-to-volume ratios of
the NCs. Yet, several aspects remain unresolved: (i) the
relative importance of noncovalent interactions (e.g, H-
bonding, -z, C—H---z, vdW interactions) in solution and
gas phase; (ii) the potential transformation of noncovalent to
covalent bonding during aggregation; and (iii) the effect of
such interactions on the stability of the metal core of the NC-
possibly resulting in structural interconversion and finally, (iv)
the overall evolution of such complex structures during
solution aging.

Recently, we reported the dynamic behavior of ligand-
protected [Ag,o(BDT);,]*” NCs (BDT = 1,3-benzene-dithiol)
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Figure 2. (A) ESI MS taken with a timsTOF versus reaction time in solution, 0—270 min, for a [Agzg,]3’:RISZH2 molar ratio of 0.14. n
indicates the nominal number of attached secondary ligands. (B)(i-vii) Stacked reverse overlay plots at high mass resolution showing
positive going {[Ag,,](R1S,H,),-xH}*>~ product intensities at 270 min versus negative going intensities at 0 min for n =0, 1, 4, 8, 12, 16, and
20, respectively. Am/z represents the difference in average m/z between measurements at 0 and 270 min. Note that some H-loss has already
occurred at 0 min for n > 10 (within 60 s of mixing) as indicated by vertical tic marks (color: dark gray) corresponding to the expected
maxima of the isotopologue distributions for purely R1S,H, physisorption.

interacting with a few molecules of secondary ligand, 2,2’-[1,4-
phenylenebis (methylidynenitrilo) ]bis[benzenethiol] (referred
to as R1S,H,).*" Sequential attachment and detachment of
R1S,H, induced structural changes in the NC, affecting its
geometry as revealed by ion mobility MS. In this paper, we
now investigate the continued adsorption of more molecules of
this long-chain dithiol ligand onto [Ag,s(BDT),,(PPh;),]*"
using ESI-MS, high-resolution transmission electron micros-
copy (HRTEM), and density functional theory (DFT)
calculations to explore particle growth and interparticle
interactions in solution. Our results show that increasing the
number of adsorbed dithiol ligands drives the formation of
supramolecular assemblies via ligand-mediated dimerization.
Time-dependent studies also reveal a transition from
physisorption to chemisorptive interlinking of individual
R1S,H, ligands enhancing structural stability and promoting
subsequent aggregation.

These findings highlight the dynamic nature of ligand
interactions with NCs, where shifts from noncovalent to
covalent bonding can profoundly impact structural integrity
and stability—thus demonstrating the potential of ligand
design in tailoring NC architectures for diverse applications.

B RESULTS/DISCUSSION

Formation of Secondary Ligand Adducts

The NC, [Ag,o(BDT) ,(PPh,),]*" (BDT and PPh, are 1,3-
benzene dithiol and triphenylphosphine, respectively) and the
secondary dithiol ligand, R1S,H,, were synthesized
following previous reports.*”*’ The structure of
[Agyo(BDT),,(PPh;),]*” features four distinct Ag sites: one
central Ag atom in the icosahedral core, 12 Ag atoms forming
the icosahedral framework, 12 tetrahedral ‘Ag atoms bonded to

the sulfur atoms of the BDT ligands, and four under-
coordinated crown °Ag atoms that bind to PPh,. %

Electrospray ionization mass spectrometry (ESI MS) was
used to probe the solution phase composition. Experiments
were performed in the negative ion mode using two different
mass spectrometers (a Waters Synapt G2-Si at II'T Madras and
a Bruker timsTOF at KIT). Upon ESI MS, the pure NC
appeared primarily as [Agyo(BDT);,]*, with a dominant peak
at m/z 1603.%% Experimental and (confirming) theoretical
isotopic distributions of this parent ion peak are shown in
Supporting Information (Figure S1).

To investigate secondary ligand binding, R1S,H, was added
to [Ag,o(BDT),,]*” solutions in pure acetonitrile solvent with
varying molar ratios. This generated [Ag,o(BDT),,]-
(R1S,H,),*” and derivatives as detailed below. For simplicity,
throughout this work we will abbreviate [Ag,o(BDT),]*" as
[Ag,p)>” and the [Ag,o(BDT),,](R1S,H,),*” adducts as
[Agy0] (R1S,H,),*>", respectively.

For a typical [Agyy]* :R1S,H, molar ratio of 0.14
(corresponding to a ~7-fold excess of RIS,H,, and a
[Ag,o]* concentration of [Ag,,]*~ was ~50 uM), new peaks
appeared in the m/z range 1700—5400 (Figure 1A),
corresponding to adducts [Agy](R1S,H,),>” with n ranging
from 1 to nominally >28 in decreasing intensities. These
products form within 60 s of mixing (limited by the transfer
time to the mass spectrometer), presumably by sequential
association as schematically indicated in Figure 1B. Once
formed, there is little further change of adduct intensities for
up to 270 min under ambient conditions—indicating a type of
adsorption equilibrium is rapidly reached. Surprisingly, the
original BDT ligands remain bound to the NC, indicating that
no ligand exchange occurs. Detailed analysis at higher mass
resolution confirmed that R1S,H, initially binds in its intact
form, generating adducts such as [Agy](R1S,H,),*” (m/z
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1719), [Agy] (RIS,H,),*” (m/z 1835), [Ags] (R1S,H,);*"
(m/z 1951), [Ag,](R1S,H,),*” (m/z 2067), and so on (see
Figure 1A). For further discussion below, we will define these
species with 0 < n < 10 as small-sized NC ions.

Hydrogen Loss and NC Dimerization

Looking closer, we observe small deviations for n > 10
between experimentally determined isotopic distributions and
those calculated assuming only (intact) R1S,H, physisorption-
indicative of the loss of one or more hydrogen atoms. For the
discussion below, we will call this “chemisorptive” dehydrogen-
ation. It can already be detected directly after mixing (i.e.,
within 60 s) independent of ESI settings. Initially limited to
loss of about 2H atoms, the extent of dehydrogenation
increases with the aging time of the reaction mixture (Figures 2
and S2)—see also next section. We refer to the size range, 10
< n L 16, corresponding to NCs that lose measurable numbers
of hydrogen atoms within 60 s after mixing but do not form
stable gas-phase dimers (shown below) as medium-sized NCs.
In contrast, the small-sized NCs (n < 10) of the previous
section show only physisorption without any clear hydrogen
loss. To more precisely reflect the extent of chemisorptive
dehydrogenation, the compositional assignment of these
medium-sized NCs will from here on be written as{[Agy]-
(R1S,H,),— xH}>~ (where x denotes the number of
hydrogens lost on average at that particular reaction time
and adsorbate coverage n).

From n > 17, additional peaks spaced by Am/z = 58 appear
in the mass spectra (also directly after mixing), corresponding
to 6-fold charged dimers {[Ags](R1S,H,),,,,-yH}*™ (y is the
average number of hydrogen lost in dimers). These reflect
association of two NC monomers having, respectively n and m
secondary ligands (see Figures 1A and S3A). Both
homodimers (n = m) and heterodimers (n # m) were
detected. The size range of NC adducts forming NC dimers
detectable by ESI-MS (n > 17), is defined as large-sized NCs.
Importantly, parent NC trianions, [Agy]*”, do not form any
ESI-MS detectable dimer hexa-anions without addition of
R1S,H, to the solution. Expanded scale mass spectra in the
range of the large-sized NC monomers are shown in Figures
1A and S4. These species also manifest H-loss. However, at
high m/z (>3000) the limited mass resolution and broad
isotopic distributions complicate quantitative analysis leading
to a larger uncertainty in average numbers of H atoms lost.
This uncertainty becomes even greater for dimers, due to their
lower ion intensity (and smaller isotopologue spacings
resulting from the 6- charge). In addition, monomer and
dimers signals can overlap, complicating exact MS assignment.
For example, the peak labeled with n = 17 in Figure 1A (an
expanded spectrum is shown in Figure S4) originates from the
monomer {[Ag,o](R1S,H,);;,—4H}*" and the homodimer
{[Agss](R1S,H,);,—8H}*", both appearing at m/z = 3577.
There are also possible contributions from heterodimeric ions
{[Agss] (R1S,H,),,,,,—8H}*", where n + m = 34, further
highlighting the complexity of the MS peak assignment.

Ion intensities of both NC monomers and dimers decreased
with increasing secondary ligand number n, likely due to the
combined effects of: (i) solution reaction kinetics leading to an
early adsorption pre-equilibrium, (ii) fragmentation loss of
more weakly bound RIS,H, ligands during ionization or
postactivation, (iii) reduced detection efficiency of larger-sized
adducts due to increased mass under a constant acceleration

potential and/or (iv) selective flocculation/precipitation and
thus loss of larger particles from solution upon aging.

Time-Dependent Dehydrogenation

We used ESI timsTOF MS sampling to monitor subtle time-
dependent compositional changes to the secondary ligand
coverage of NC monomers after mixing [Ag29]3_:RISZH2 ina
ratio of 0.14—see Figure 2A. For monomers, timesTOF MS
offers high mass resolution and sensitivity whereas dimers were
not detectable for instrumental reasons.

Figure 2 indicates that for [Ag,o] (R1S,H,),*” with n = 0—1,
isotopic distributions remain unchanged on a time scale of 270
min, indicating no H loss. However, for n = 4, 8, 12, 16, and
20, the apex of the isotopic distribution shifts to lower m/z
over time with 1, 3, 5, 8, and 10 H atoms, respectively, lost
after 270 min. This highlights slow chemisorptive reactions
that continue in solution even hours after mixing. We speculate
that H-loss reflects R1S,H, deprotonation via solution redox
chemistry involving both NC multianions and adventitious
oxidants (such as dissolved O,). Reaction products (after
multiple dehydrogenation) may include: (i) benzothiazoles
formed by intramolecular cyclization or (ii) disulfide bridging
between secondary ligands of either the same monomer or of
two different NCs—in each case with an effective loss of 2H
atoms. Note, however, that isotopologue fitting is not precise
enough to distinguish between only even H atom loss or a
superposition of different processes including loss of an odd
number of H atoms.

Mechanistic Interpretation of Ligand Uptake and Dimer
Formation

The observed sequential R1S,H, ligand attachment can be
rationalized by enhanced metal—ligand interactions and
ligand—ligand stabilization within the growing ligand shell.
First, R1S,H, possesses increased electron-donating ability
toward the crown (c) and tetrahedral (t) Ag sites of the NC
due to its electron-rich S and N atoms and extended z-
conjugation system. These features strengthen binding to the
NC surface, consistent with earlier observations.*’

Second, incorporation of additional ligands increases the
rigidity of the ligand shell, promoted by favorable BDT-BDT,
R1S,H,-R1S,H, and BDT-RIS,H, ligand interactions.
Together, these factors are likely to act synergistically to
stabilize the [Agy,]*” NC upon secondary ligand adsorption,
effectively encapsulating it within a cage formed by the R1S,H,
ligands.

Furthermore, we have noticed that once the number of
attached secondary ligands reached 17, the interaction extends
beyond the single-cluster level and dimers began to be
observed in the mass spectra. We note that the Coulombic
repulsion among larger trianionic NCs for n > 17, diminishes
as the number of organic ligands surrounding the NC
increases. This reduction in Coulombic repulsion is more
pronounced in large-sized NCs compared to their smaller-sized
counterparts. For the same reason, while dimers of small- and
medium-sized NCs (i.e., n < 16) may exist in solution, they
apparently do not survive electrospray volatilization/ionization
presumably because their cohesive interaction (even if disulfide
linked via the same physisorbed ligand) is weaker than the
Coulomb repulsion. The overall adsorption of R1S,H, ligands
onto the [Ag,]’~ NC, the subsequent transition from a
physisorptive to a chemisorptive state, and the dimerization
process are schematically illustrated in Scheme 1.
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Scheme 1. Schematic Representation of Sequential Ligand
Interaction Processes Observed during Reagent-Ratio- and
Time-Dependent ESI MS Analysis of [Ag,,]* :R1S,H,-
Adducts™”

g Step 1: Rapid Reactions (within 60 s) N
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“Step 1 outlines rapid R1S,H, adsorption and dimerization reactions
occurring within 60 s of reagent mixing with no or little H atom loss.
bStep 2 illustrates the outcome of solution aging, which is associated
with effective H atom loss (possibly as H,) at reaction time >270 min.
x and y denote the number of H atom loss in monomer and dimer,
respectively.

Impact of Ligand Concentration on NC Stability

To study the influence of the ligand concentration, we also
recorded ESI MS for systematically varied [Agy]* :R1S,H,
molar ratios between 0.02—0.14 (while keeping the [Ag,]*~
concentration constant). Figure 3A presents the corresponding
full range ESI MS, while Figure 3B shows an expanded view of

the m/z 2800—4500 range. Note that all MS were recorded
within 60 s after preparing solution mixtures with different
concentrations of R1S,H, in a fixed concentration of [Ag,e]*~
NC. At a molar ratio of 0.14, we see sequential ligand addition
to [Agyo]*>” and dimer formation of larger-sized NCs (Figure
3A,B(i)) as already discussed above (viz. Figure 1). As the
molar ratio is reduced below 0.14 (corresponding to an
increase in concentration of the secondary ligand), NC dimer
peaks first reduce in intensity and then disappear altogether
(Figure 3B). For a S50 fold excess of the ligand
([Agy)*:R1S,H, = 0.02), the ESI-MS begin to show distinct
NC degradation as indicated by trianionic fragment peaks
(Figures 3B(v), and SS) attributable to loss of a—Ag-
(R18,H,); f—Ag,y(BDT),; y—Ag(BDT),; and 5—Ag(BDT),
respectively (Figure SS). Conceivably, this results from
interligand reactions possibly catalyzed by electron donation
from the NCs (see also discussion of H atom loss above).

Beyond MS: HRTEM and DLS Probes of Aggregation

The ESI-MS platforms used in this study had an effective
upper mass detection limit of m/z < 6000. To explore the
presence of heavier particles and possible agglomeration/
flocculation processes, we applied dynamic light scattering
(DLS) and high resolution transmission electron microscopy
(HRTEM). Specifically, we compared HRTEM images of pure
[Ag,o]*~ NCs with those of reaction mixtures after addition of
R1S,H, (at a molar ratio of 0.14)-upon drop casting and air-
drying of the respective solutions in acetonitrile onto an
amorphous carbon-coated TEM grid. HRTEM images were
acquired under gentle TEM imaging conditions, using an
accelerating voltage of 100 kV, and frame exposure of <30 s to
minimize beam-induced damage or aggregation.68 Figure 4A
shows TEM micrographs for parent NC (i) and RI1S,H,-
4A(i) shows only discrete NCs as expected for a dried solution
of the pure material, Figure 4A (i) and (iii) manifest
aggregated dark spots consisting of multiple [Ag,,] cores
surrounded by an amorphous carbonaceous, soot-like material.

(A) 0 (8)
(i) M1 12 13 14 15 16 17 18 19 20 21 22 23 24
(i
1 0 [18.18] [19.19](2020][21.21)(2222) [232312424) | o
I 2 [Agze]*:R1S,H, [17,18] [18,19] [19,20][20,21] [21,22][22,23] [23,24][24,25]) — "e"
‘?'45678910 0.14 l l ,L L A lLLA A A.LA‘L._ALAA.[Agzgls-:R152H2
(i) 3000 3500 400 45000'14
i L ‘ |
11... 0.10 L L L Lo i 0.10
(iii) 3000 3500 4000 4500
J (iii) l L
| S S
(iv) 3000 3500 4000 4500
(iv)
0.025
0.025
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_ 0.02 v) ‘ I I . I I
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Figure 3. (A) Dependence of full range ESI MS on the ratio of [Ag,,]*":R1S,H, (within 60 s after mixing). Peaks are labeled by the nominal
number of attached R1S,H, ligands. (B) Expanded range segments of these MS for m/z = 2800—4500. Numbers along the y-axes:
corresponding reactant molar ratios ranging from 0.14—0.02 (while keeping the concentration of [Ag,,]*>~ constant).
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Diameter (nm)

Figure 4. (A) (i) HRTEM micrograph of parent [Ag,,] without
additional ligand R1S,H,, (ii) and (iii)) HRTEM micrographs at
different magnification/scale bars of R1S,H,-added to [Ag,o]>” ata
molar ratio of 0.14. (B) DLS measurements showing solution-
phase growth of adducts as a function of R1S,H, concentration.

Notably, for the [Ag,,]>:R1S,H, = 0.14 mixture, we
observed no special preponderance of dimer-like aggregates
(as seen in ESI-MS). This implies that during solution aging,
further NC aggregation occurs outside of the mass spectro-
metrically observable range. HRTEM micrographs correspond-
ing to solutions prepared with varying [Ag,,]* :R1S,H, ratios
(i.e.,, 0.14, 0.02, and 0.01) are shown in Figure S6. The solution
phase growth of such bigger NCs with increasing R1S,H,
concentration was also explored by dynamic light scattering
(DLS) as shown in Figure 4B. DLS measurements indicate
spontaneous growth of the average hydrodynamic radii of
scatterers (diameter increases from ca. 8 to 23 nm) upon
increasing R1S,H, concentration in solution.'**>® Together
these measurements confirm the formation of larger-sized
particles in solution both upon increasing R1S,H, concen-
tration and upon solution aging.

Docking Simulations and High Level DFT Calculations

To support the experimental findings, we employed molecular
docking and quantum chemical calculations to investigate the
adsorption behavior and structural evolution of [Ag,,]*~ with
R1S,H, ligands. In addition, we used electrostatic modeling to
estimate the coverage dependence of secondary ligand binding
energies on NC monomers and to explore the stability of
hexaanion dimers in the gas phase. The adsorption process on
[Agy]®™ begins with physisorption, where R1S,H, ligands
interact with the NC surface via vdW forces. These initial
interactions do not involve hydrogen loss and result in the
formation of [Ag,,](R1S,H,),>” adducts. To model this, we
used the aISS docking algorithm implemented in xtb”® to
sequentially add neutral R1S,H, ligands to [Ag,]*~ up to
[Agy](R18,H,) 677, e,

[Ag, '~ + RIS,H, —[Ag, ](R1S,H,);”

[Agzg](Rlssz)f_ + RIS,H, - [Agzg](RlSZHZ)g_

[Ag, J(RIS,H,)j5 + RIS,H, — [Ag J(R1S,H, )5

Geometry optimizations during docking were carried out
using the GFN1-xTB method”' as GFN2-xTB’* encountered
convergence issues. The R1S,H, ligand exists in both cis and
trans configurations (Figure S7), with the cis form slightly
favored in acetonitrile (AG =& 0.017 eV; see Supporting
Information for further details). Importantly, the rotational
barrier between the cis and trans configurations is low (~0.08
eV), indicating that both forms are accessible. However, the cis
configuration was found to coordinate more -effectively,
saturating two Ag coordination sites, and was thus considered
further in this study.

Figure SA—D presents representative docked structures of
[Agy](R1S,H,),*> for physisorbed ligand counts n = 4, 8, 12,

(A) [Ag20l(R1S,H,),>

(B) [Ag20](R1S,H,)g™

Figure S. Growth of the R1S,H, secondary ligand shell around the
[Agy]>” NCwithn=4 (A);n=8 (B); n=12 (C) and n = 16 (D),
respectively as derived from GFNI1-xTB docking simulations
assuming physisorption. Color code: Ag: gray; BDT ligands:
black; n = 14, red: n = 5—8, green; n = 9—12, blue; n = 13-16,
yellow.

and 16, illustrating the progressive assembly and spatial
arrangement of the ligands around the NC. The RI1S,H,
ligands typically orient their central benzene rings tangentially
to the NC surface, and the cis configuration was preserved in
all structures. Interestingly, the R1S,H, ligands do not bind to
the exposed tetrahedral ‘Ag atoms (shielded by PPh; ligands in
the solid state), but instead coordinate to two crown °Ag atoms
forming Ag—S bonds of ~2.7 A length. The ‘Ag atoms are
positioned beneath the central benzene ring (see Figure S8A)
and steric hindrance from BDT ligands prevents simultaneous
Ag—S binding to ‘Ag sites. While S—Ag coordination
dominates, one ligand in [Agy](R1S,H,),*” shows signifi-
cantly shorter N—Ag distances (2.55 A and 3.36 A) compared
to its Ag—S distances (4.20 and 5.08 A), suggesting that N—Ag
interactions are also possible (see Figure S8B).

https://doi.org/10.1021/acsnano.6c03086
ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c03086/suppl_file/nn6c03086_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c03086/suppl_file/nn6c03086_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c03086/suppl_file/nn6c03086_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c03086/suppl_file/nn6c03086_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c03086/suppl_file/nn6c03086_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c03086/suppl_file/nn6c03086_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.6c03086?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.6c03086?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.6c03086?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.6c03086?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.6c03086?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.6c03086?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.6c03086?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.6c03086?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.6c03086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano Wwww.acshano.org
(A) (B)
-13 T T T T T T T T T T -1.3 T~ r - 1 - 1 T 1 T T 1
-1.4 4 -1.4 4 -
> >
45 2 154 7
a —_
E =
« —164 X 16 :
& &
o o0
& -1.7 4 E -1.7 4 .
-1.8 1 1 -1.8 g
—=— GFN 1 xTB
—e— charge-induced dipole + E, .
-1.8 T T T T T T T T T T -1.9 T T T T T T T T T

7 8 9 10 1 12 13
centroid distance r, / A

0 2 4 6 8 10 12 14 16 18

Figure 6. (A) Ligand binding energy from GFN1 xTB docking simulations as a function of the ligand centroid distance. The red line shows a
fit according to eq 2. The data point for n = 14 was excluded for the fit due to its unusual binding motif (see text). (B) GFN1 xTB ligand
binding energies as a function of the number of adsorbed ligands n. The red curve shows binding energies according to eq 2 calculated with
€,=1.9,E, = —1.34 eV and & = 39.7 X 107>° m? (at the centroid distances obtained from the xTB calculations for a specific n). Dotted lines

refer to E,. = —1.34 eV.

The centroid distance r,—from the ligand centroid to the
central icosahedral Ag atom—increases from ~7.5 A in the
first layer to ~11 A in the second layer (blue ligands in Figure
5), which begins to form at around n = 9, and reaches ~12.3 A
at n = 16. Ligands in the second shell are noncovalently bound
mainly via vdW interactions (as shown in Figure S9) and form
stacked structures reminiscent of carbon soot particles.”””*

Ligand binding energies up to secondary ligand counts of n
= 16 in the gas phase were estimated using GFNI1-xTB,
without thermostatistical corrections due to computational
limitations. The binding energy per ligand was calculated as

E, = E([Agzg](RlSZHZ)i_) - (E([Agw](Rlssz 2:1)
+ E(R1S,H,)) (1)

The dependence of the ligand binding energy on the
centroid distance r, is shown in Figure 6A.

Electrostatic Modeling

The GFN1-xTB binding energy decreases with increasing r,,
consistent with a simplified model that combines a distance-
dependent ion-induced dipole energy and a distance-
independent energy E,, approximating noncovalent short-
range contributions, either between the ligand and the surface
of [Ag,,]*~ or between the ligand and other proximal ligands.
Accordingly, the red line in Figure 6A represents a fit to the
GFN1-xTB binding energy based on eq 2.
2
P (ze)4a 1B,
4rege, 2ry 2)

in eq 2, & is the vacuum permittivity (8.854 X 1072 F.m(V
(=F/m)), ze = =3 X 1.6022 X 107"’ C is the charge of the NC
(that we assume to be localized in its center), a is the
polarizability volume of the ligand (39.7 X 107 m® as
calculated with GFN2-xTB), and r is the centroid distance.
The permittivity &, approximates charge shielding effects and
was used as a fit parameter together with E,. In principle,
charge—dipole interactions are also possible, but as the dipole
moment of the ligand is oriented orthogonally to the electric

field, this contribution is expected to be negligible. The best fit
was achieved with €, = 1.9 and E,, = —1.34 eV. Figure 6B
shows the GFN1-xTB binding energies alongside the values
from eq 2, plotted as a function of the ligand number, n. The
centroid distances used in the calculation were obtained from
the GFN1xTB structures, with ¢, = 1.9 and E,, = —1.34 eV
taken from the fitted model. Despite the simplicity of the
model, it reproduces the trend of decreasing binding energy
with increasing centroid distance r; quite well. This trend
reflects the weakening of the ion-induced dipole interaction as
ligands are added further away from the NC center. The fitted
value of &, = 1.9 is reasonable, as similar values (&, = 2—3) have
been reported for self-assembled monolayers.”” The non-
covalent binding energy E, = —1.34 eV is also plausible as the
GFN1xTB binding energy between two neutral ligands
forming a (R1S,H,), dimer is —1.01 eV while the binding
energy between two such (R1S,H,), stacks is —0.88eV
(Figure S9). This energy range can be considered a lower limit
for the vdW binding energy of ligands in the outer shells, which
are stabilized by noncovalent interactions between aromatic
moieties, traditionally referred to as m—z stacking, though
more accurately described as electrostatic and dispersion—
driven interactions.”® However, dispersion interactions are
highly sensitive to ligand orientation within the shell. The
higher GFN1-xTB binding energy for ligand n = 14 may be
due to its location in a pocket-like structure (see Figure SD),
which enhances vdW interactions.

The GEN1-xTB binding energy of the first R1S,H, ligand to
[Agyo ]’ is —1.71 eV, with a corresponding binding free energy
of —0.95 eV. While this relatively high thermodynamic stability
suggests that ligand addition to the [Ag,,]*” cluster should
drive substantial consumption of [Ag,,]*”, the largest peak in
the mass spectrum (Figure 2) belongs to [Ag,]’”. To
investigate this contradiction, we reoptimized [Ag,,]’” and
[Ag,o](R1S,H,),*” with the r’SCAN-3c composite DFT
method and computed free energies by including accurate
®B97X-V/def2-TZVP single-point energies (see Figure S10).
The resulting gas phase free binding energy of one R1S,H,
ligand in cis configuration is —0.64 eV, which qualitatively
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matches the GFN1-xTB values but still seemingly contradicts
the experiment.

However, considering that the ligand adsorption occurs in
solution, solvation contributions may play an important role.
To investigate this, we computed the association/adsorption
free energy in solution, obtaining a value of 0.32 eV. Although
some error is to be expected when applying implicit solvent
models for electronically complex and charged species such as
[Agyo]*”, the result suggests that association is less favorable in
solution than in the gas phase, possibly explaining the higher
mass spectral peak intensity of [Agy,]*” compared to
[Agy](R18,H,), "

For the experimental cluster concentration of S0 yuM and a
cluster-to-ligand ratio of 0.14, the ligand concentration is
approximately 357 uM. With AG® = 0.32 eV, this gives an
estimated [Ag,](R1S,H,),*:[Ag,o]>” ratio of only
~1.4%X107° in a simple mass—action equilibrium model.
Thus, while the positive solution-phase adsorption free energy
is qualitatively consistent with the dominance of the parent
[Agyo)*” peak and suggests that adsorption of the first isolated
ligand is endergonic in solution, the experimentally observed
adduct signals cannot be quantitatively explained by this
simplified first-step bulk-solution equilibrium alone. Possible
contributions include incomplete representation of counter-
ions and explicit solvent molecules, alternative adsorption sites,
adduct stabilization during desolvation or gas phase transfer,
differences in mass-spectrometric response or survival factors,
and possible aggregation or precipitation of higher adducts.
Therefore, the observed adduct intensities should be
interpreted as apparent abundances rather than direct
quantitative solution-phase equilibrium populations. The
DFT-optimized structure of [Ag,o](R1S,H,),*” is shown in
Figure S10A, with S—Ag bond lengths of 2.91 A and 3.11 4,
respectively.

Disulfide Bond Formation

To investigate whether disulfide bond formation-as indirectly
evidenced by H, loss-could be initiated by proton transfer,
involving the R1S,H, ligand and one [Ag,,]*” cluster, we
tested several proton placement sites. When a proton was
positioned near a free Ag site, geometry optimization using the
r’'SCAN-3c¢ method showed that the proton spontaneously
returned to the ligand, indicating an unstable configuration. In
contrast, protonation of a BDT moiety by the R1S,H, ligand
leads to a stable structure with S—Ag bond lengths of 2.91 A
(Ag-SH) and 2.46 A (Ag—S). However, this configuration was
energetically unfavorable (0.89 eV higher in acetonitrile and
1.53 eV in the gas phase) compared to the physisorption
R1S,H, ligand. While these results suggest that direct proton
transfer as a first step is unlikely to initiate disulfide bond
formation, other species present in solution-such as metal ions
or dissolved oxygen-may be responsible for oxidative disulfide
formation.”””® It also remains unclear whether disulfide bond
formation occurs at the ligand-[Agy]*” interface, within the
outer ligand shell, between the ligand shells of two clusters or
at all of these positions.

Coulomb Repulsion and Dimer Stability

In the mass spectra, dimeric species of [Ag,,](R1S,H,),>” are
only observed for ligand counts n > 17. This threshold likely
reflects a critical ligand shell thickness that increases the
center-to-center distance between [Agyo](R1S,H,),>” mono-
mers, thereby reducing the Coulombic repulsion to a level
where dimer stabilization becomes feasible. At lower ligand

coverage, the electrostatic repulsion dominates, likely causing
dimers made up of smaller (trianionic) monomers to dissociate
in the gas phase, even if formed in solution. Similar aspects
were recently discussed in a photoelectron spectroscopy study
of [MAu,,(SC,H,,.,1)15]” (M = Au, Pt; n = 6, 8, 10, 12) cluster
dimers.”'

To estimate the electrostatic Coulomb repulsion between
two [Ag,] (R1S,H,),*” monomers, we again apply a simplified
electrostatic model and calculate the repulsion energy as

2

B = 1 (=3¢

C dmeg, 1, 3)

here, &, = 1.9 is taken from the earlier fit and r, is the center-
to-center distance between two monomers, i.e. r,, = 2 r; + Ty
where 1, is the centroid distance of the outermost ligand as
defined above and r, & 3.6 A is the typical separation between
the ligand layers. The Coulomb repulsion energy E,, is shown
in Figure 7 as a function of r,, with values at n = 4, 8,12, and 16

4.5

4.04

2.0 1

15 . : — . ; . ; .
15 20 25 30 35 40

ol A

Figure 7. Centre-to-center distance vs calculated repulsive
Coulomb energy in a hypothetical NC dimer hexaanion according
to eq 3. The highlighted numerical values denote the number of
RI1S,H, present in the [Ag,,](R1S,H,),>” NC monomers at the
corresponding separation.

highlighted. At n = 16-the range where dimers tend to be stable
in the gas phase-the repulsion energy reaches ~2.4 eV. For
dimer formation to occur at this stage, this repulsive energy
must be compensated by the attractive interaction between
ligands in the outer shells of each NC. Most likely this arises
from vdW and/or disulfide bonds between two ligands, each
bound to a different [Ag,,](R1S,H,),>” monomer. The
balance between these attractive and repulsive forces
determines the feasibility of dimer formation at high ligand
coverage.”’

To further assess the feasibility of dimer formation, we
discuss the relative energetic contributions of vdW interactions
and disulfide bond formation between ligands in the outer
shells of two interacting adsorbate covered NCs. To first
approximation, the vdW binding energy between two adjacent
R1S,H, ligands in the respective outer shells can be modeled
as the energy required to cleave a stacked (R1S,H,), aggregate
(Figure S9). At the GFN1-xTB level this energy ranges
somewhere between —0.88 eV (for cleavage of (R1S,H,), into
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two (R1S,H,), dimers) and —1.01 eV (for cleavage of
(R1S,H,),)—i.e. much less than the Coulomb repulsion
energy. Consequently, more secondary ligand interactions
including also cooperative effects, (e.g., interlocking to
maximize contact area) would have to be postulated.
Alternatively, additional stabilization through (intercluster)
disulfide bond formation-as indirectly supported by the
observation of H atom loss-might become a critical factor in
increasing the binding energy beyond the Coulombic repulsion
between adjacent monomers. Typical disulfide bond energies
of multisubstituted diphenyldisulfides are 250 kcal/mol (~2.2
eV) which together with one R1S,H,-R1S,H, vdW interaction
would raise the total attractive interaction energy to
approximately 3 eV, making NC dimer formation energetically
favorable even in the presence of significant electrostatic
repulsion.®”*!

B CONCLUSIONS

We have used experiment and theory to explore the
supramolecular adsorption of secondary dithiol ligands,
R1S,H,, onto monolayer protected atomically precise
[Agy0]*” NC in acetonitrile solution under ambient conditions.
High resolution anion electrospray mass spectrometry shows
rapid adduct formation upon introduction of the dithiol into
the NC solution (within 60 s after mixing). Systematic
variation of reagent molar ratios indicates that under optimum
conditions (for a [Ag,,]*":R1S,H, molar ratio of 0.14)
individual NC can bind up to x28 secondary ligands. These
conditions also lead to rapid intercluster dimerization.
Corresponding dimers are observed (by mass spectrometry)
between NC monomers having more than 16 secondary ligand
adsorbates. Increasing the relative R1S,H, concentration
further induces degradation/fragmentation of the monomeric
NCs.

High resolution mass spectrometry confirms that the
secondary dithiols attached to [Ag,,]*~ are mostly physisorbed.
Over the course of up to 270 min, however, they progressively
convert into chemisorptive species, accompanied by the loss of
multiple H atoms. We speculate that this involves R1S,H,
deprotonation in solution via redox reactions of adsorbate
covered NC multianions with adventitious oxidants (such as
dissolved O,).

Computational modeling was performed to understand the
details of secondary ligand adsorption. This indicates that
adsorption is associated with stepwise growth of a soot-
particle-like dithiol shell around the individual NCs. In turn,
this makes plausible the formation of dimeric structures above
a specific adsorbate coverage beyond which Coulomb
repulsion is compensated by interligand cohesion. Moreover,
DLS studies and HRTEM imaging imply that continued
solution interaction of RI1S,H, adsorbates on different
[Agy]’” clusters leads to further aggregation of soot-like
particles beyond the dimer stage (at the mass detection limit of
electrospray MS).

Our observation of a mechanistic separation between fast
supramolecular adsorption/dimerization and slower chemi-
sorptive cross-linking processes as induced by tangentially
binding “rigid” R1S,H, secondary ligands of length com-
parable to the [Ag,,]*” diameter suggests a new general
framework for controlling the assembly of cluster materials.
Correspondingly, exploiting tunable secondary ligand design
concepts, redox control, and external stimuli will allow

improved access to cluster-to-material transformations of
interest for nanoarchitectonics applications.

B METHODS

Instrumentation

High-resolution ESI MS measurements were performed using two
different high-resolution mass spectrometers, namely—a Synapt G2 Si
(Waters, Manchester, U.K.) at IIT Madras, and a timsTOF (Bruker
Daltonics, Bremen, Germany) at KIT. These two mass spectrometers
were utilized as they complement each other. The high resolution
timsTOF instrument was utilized to study the time dependence of
ligand adsorptions in solution and to detect slight changes in m/z
during H-loss. Conversely, the Synapt G2-Si mass spectrometer was
employed under soft-ionization conditions to detect weakly bound
dimers.

The following parameters were applied for the Synapt G2-Si mass
spectrometer—capillary voltage: 2—2.5 kV, sample cone: 10 V, source
offset: 10 V, trap gas flow: 3 mL/min, desolvation gas flow: 500 L/h,
desolvation gas temperature: 150° C, source temperature: 100° C and
the sample concentration was 1 ug/mL in acetonitrile solvent and
infused at a flow rate of 20 yL/min. In timsTOF, the electrosprayed
ions were generated by applying the following parameters—capillary
voltage: 5 kV, nebulizer gas flow: 0.3 bar, dry gas flow: 3 L/min, dry
gas temperature: 200° C. ESI flow rate was set at 100 uL/h. All
parameters were systematically optimized to minimize ion loss and in-
source fragmentation.

Theoretical Calculation

For the calculations involving [Ag,,]*~ we used the X-ray structure of
[Agys(BDT),,(PPh,),] (without the PPhy units) as a starting point."
The docking simulation studies—in which we docked up to 16
neutral R1S,H, ligands in a sequential manner to [Ag,,]* -were
performed with the aISS docking algorithm as implemented in xtb
(version 6.6.0)> combined with GENI1-xTB® for final geometry
optimizations. To generate different conformers of the R1S,H, ligand,
we used the Conformer-Rotamer Ensemble Sampling Tool CREST
version 2.12,* employing GFN2-xTB® and for the solvated structures
the ALPB® implicit solvation model was used additionally. Subsequent
DFT refinement was done with CENSO 12.07 employing the
?SCAN-3c® method. For modeling solvation during the refinement,
the implicit solvent model CPCM was used during the geometry
optimizations and COSMO-RS’ with the BP TZVP C30 1601
parametrization for computing the solvation free energies. The input
for the COSMOtherm program package was thereby generated from
two TURBOMOLE' 7.5.1 single-point calculations with BP86'"'>/
def-TZVP" (one in the gas phase and one in an ideal conductor).
The ideal conductor is modeled by applying the COSMO model with
a dielectric constant set to infinity.

The information from gas phase and ideal conductor calculations is
then combined to compute the COSMO-RS solvation free energy.
Also, structures of [Ag,,](R1S,H,),>” with n = 0—1 were refined by
DFT optimizations using ?SCAN-3c.® Free energies of these
structures and the ligand conformers were calculated with @B97X-
V*/def2-TZVP"® electronic energies, and thermal contributions were
computed with *SCAN-3c.® The DFT calculations were carried out
with ORCA 5.0.4'® with default settings.
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