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Elucidating the structural dynamics of ligand-stabilized noble

metal nanoclusters (NCs) is critical for understanding their properties and for A e B,
developing applications. Ligand rearrangement at NC surfaces is an important j B O
contributor to structural change. In this study, we investigate the dynamic ,\y;é)‘,gﬁs” 75 )§)
behavior of ligand-protected [Ag,o(L);,]>~ NC’s (L = 1,3-benzenedithiol)
interacting with secondary ligand 2,2’-[1,4-phenylenebis (methylidynenitrilo)] o 8
bis[benzenethiol] (referred to as L’). We specifically focus on the structural d \ \%

characteristics of NC-based adducts [Ag,,(L);,]L’,>” where n ranges from 1 to 4. e

) ) Initial Ag

This is probed experimentally by using a combination of ultraviolet—visible o ‘)) ‘/};;\) D s
(UV—vis) spectroscopy, high-resolution electrospray ionization mass spectrom- «ex 2, &0/ ; N aessen
etry (ESI MS), and ion mobility mass spectrometry (IM MS) coupled with Mg iy
collision-induced dissociation (MS> IMS). Density functional theory (DFT) 20 24 28 32

Drift time (ms)

calculations infer comparatively weak noncovalent interactions between the NCs

and attached secondary ligands consistent with the fragmentation behavior and experimentally determined collision cross-
sections (CCSs), which show a monotonic CCS increase of [Ag,,(L);,]L’,>” with an increasing number of L’ (n = 1—4). From
a detailed analysis of the predicted structures, we infer progressive expansion of the Ag—S staple framework of the precursor
NC as secondary ligands are added. Interestingly, detachment of L’ from gas-phase [Ag,o(L);,]L',>~ by collisional heating
yields structures which retain “footprints” of the detached secondary ligands on a millisecond time scale.

atomically precise noble metal nanoclusters, Ag,o nanocluster, structural isomerism, supramolecular interactions,
secondary ligand interaction, ion mobility mass spectrometry, DFT calculation

solved.”'*™** Although SCXRD is a proven technique to
determine the structure of monolayer-protected coinage metal
NCs in the solid state, it is still challenging to characterize NC
structures in solution and gas phases.”””* NCs can become

Atomically precise, ligand-protected, noble metal nanoclusters
(NCs) are an exceptional class of ultrasmall nanoparticles that
are composed of metal atoms and organic ligands.' > These

metallic nanostructures have potential applications as cata-
lysts,”> agents for biological imaging and sensing,®’ and
tunable nanomaterials for diagnostics and therapeutics.® The
properties of these materials depend strongly on their size due
to their distinct molecular electronic levels.”” "'
Determination of the molecular structures of NCs by single-
crystal X-ray diffraction (SCXRD) has been a major driver of
progress in this area.'”
resolved since the first reported crystal structure of a thiolate-
protected gold NC, Au,u,(pMBA),, (where pMBA = p-
mercaptobenzoic acid).'* Later, structures of Au and Ag NCs
and, to a limited extent, Cu and other metal alloy NCs
protected by various ligands such as thiolates, phosphines,
alkynyls, or N-heterocyclic carbenes and carboranes have been

13
Numerous structures have been
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quite dynamic when freed from their crystalline lattice. For
example, it has been shown that [Au,s(PET),s] NC ions can
exist in dimeric and trimeric aggregate states in the gas phase,
whereas a chiral NC, such as Ausg(PET),, (PET =
phenylethanethiolate), can even invert its handedness in
*52% Such dynamic phenomena are known to depend
strongly on the nature of the surface layer of NC. In thiolate-

solution.
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Figure 1. Partial ESI MS of (A) precursor [Ag,,]>” NC solution and (B) precursor NC solution with L’ added (in the DMF solvent). (C)
Schematic of the proposed reaction sequence generating [Agy,]L’,>~ NCs by sequential addition of L’. Color code: Ag, purple, pink, and
cyan blue; S, yellow; C, dark magenta; H, light gray; and N, dark green.

protected coinage metal NCs, for example, the ligands are
covalently attached to metal—thiolate staples, which together
constrain the metallic cluster core. One of the conceptually
simplest solution reactions of such a system involves the
interaction of the NC thiolate surface layer with a secondary
ligand. Surprisingly though, the secondary ligand-induced
chemical properties of NCs have only been explored to a
limited extent.”’° Contributing effects include (i) host—
guest interactions with the primary ligands,” (ii) rearrange-
ment of the metal—thiolate interface,>”  (iii) modulation of
the primary ligand binding affinity by incoming mole-
cules,™** and (iv) flexibility of the metal(I)-thiolate
staples.”***? All of these processes are likely to involve
multiple intermediates, i.e., isomeric structures. However, there
are few experimental data on isomers formed during the
interaction of the metal—thiolate framework with foreign
molecules.

Understanding the structural dynamics of NC structures
therefore has also been greatly profited from computational
modeling, in addition to experiments.‘w’41 For example, Matus
et al. explored the possibilities of isomerism in the Au,; core of
[Au,5(SR) 5] NCs using MD and density functional theory
(DFT) studies. The MD-simulated Au,;; core was shown to
differ structurally from that known in the crystal by a low-
barrier collective rotation.*” This study revealed that
topological isomers of isolated [Au,s(SR);3]™ have distinctly
different collision cross-sections (CCS) as compared to the
known solid-state structures, emphasizing the need and
importance of gas-phase ion mobility-mass spectrometry (IM
MS) studies to better elucidate structural dynamics, which is
also relevant in the solution phase.

IM MS, in combination with theoretical calculations, has
been used extensively to assign gas-phase structures of large
biomolecular ions, NCs, proteins, etc.**™*° Also, the
combination of IM MS with collisional fragmentation (MS?
IMS) has become an indispensable tool for identifying
structural changes.**™>® This approach has been applied
recently to explore possible isomeric structures of coinage
metal NCs in the gas phase and to follow their structural
changes during chemical reactions.””**>*>> Often, the results
from high-resolution IM MS have been validated by SCXRD.
For NCs, the reliability of IM MS-based structural assignment
has been evidenced in the literature by comparing such results
with known X-ray structures.’® Soleilhac et al. used IM MS to
determine the CCSs of a series of gold NCs protected by
glutathione and demonstrated that the relative changes in
CCSs in the gas phase were consistent with the results from
powder XRD in the solid phase and time-resolved fluorescence
anisotropy in the liquid phase.*’ Advanced IM MS techniques,
such as high-resolution trapped ion mobility spectrometry
(TIMS) MS, in combination with DFT, were used to resolve
smaller changes in the CCS resulting from Cu doping in
different positions of the [Ag,o(L);,]>” NC (L = 1,3-benzene-
dithiol).”® Notably, structures of several NCs, such as
[Au,(PPh,),H ]** and [Aug(PPh;),]*>*, have even been
assigned purely based on the agreement between the
experimental and calculated CCS values.”

In this study, we use electrospray ionization MS (ESI MS)
and IM MS to explore structural dynamics and isomerism
associated with the interaction of the [Ag,o(L);,]*” silver-
thiolate NC model system (where L corresponds to 1,3-
benzene-dithiol) with the secondary ligand, 2,2'-[1,4-phenyl-
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Figure 2. (A) Mobilograms of individual [Ag,,]L’,3>” (n = 0—4) ions showing increasing CCS with an increasing number of L’-adducts to
[Ag,5]3~ NCs. (B) Table showing the "™SCCSy,, FWHM, and resolution (R) values corresponding to the number of L’-ligands (n) attached
to parent [Ag,o]>” NCs. (C) Linear correlation plot of "™SCCSy, versus n. Color code: Ag, purple, pink, and cyan blue; S, yellow; C, dark
magenta; H, light gray; and N, dark green. # marks that the ions of lower CCS than [Ag,,]L’,*” could be attributed to either fragmentation

or artifact during elution from the TIMS tunnel of timsTOF.

enebis (methylidynenitrilo) |bis[benzenethiol] (denoted as
L’). Mixing L’ with [Ag,s(L);,]*” NC solution leads to the
formation of weakly bound adduct ions [Ag,e(L),JL >~ (n =
1—4). This is associated with a monotonic increase in their
overall size as L’ is added. Collisional dissociation (CID) of
these adducts leads to the sequential detachment of (neutral)
L’ as the lowest-energy fragmentation channel. Surprisingly,
the resulting fragment ions have larger collision cross-sections
than the corresponding (unfragmented) equi-m/z ions directly
electrosprayed from solution. DFT calculations™ as well as
trajectory method simulations of CCS values for plausible
model structures’” provide insights into the underlying
structure changes and show that they reflect specific non-
covalent interactions between secondary ligands and NC.
These results are described in detail in the following where we
will abbreviate [Ag,o(L);,]*" as [Agye]*~ and [Ag,e(L);,]L" >~
as [Ag,,]L’,>", respectively.

RESULTS AND DISCUSSION

The [Agy](TPP),>~ NC solid with counterions (TPP is
triphenylphosphine) and secondary ligand, L', were synthe-
sized using reported protocols (see the Experimental Section in
the Supporting Information) and characterized by high-
resolution ESI MS (Figure S1), ultraviolet—visible (UV—vis)
absorption spectroscopy, and photoluminescence spectroscopy
(Figure $2).°° The negative ion ESI mass spectrum of a
[Agy,](TPP),*" solution displays two NC-derived ion signals
in two different charge states, predominantly 3- (as [Agy]*")
and also some 2- (as [Agyo]H*"). Each forms after losing four
weakly bound neutral TPP ligands (Figure S1). Under our ESI
MS conditions, the relative dianionic intensity was less than 5%
of the total ion count. The expanded isotopic distribution of
the major peak (i.e., trianionic) in the mass spectrum is in
agreement with the calculated isotopic distribution, as shown

in Figure S1C, thus demonstrating sample purity. Upon
introduction of L’ (0.026 mM) into a ~ 50 uM DMF—
methanol solution of [Ag,,]*” at room temperature (~298 K),
[Agy]L’,*" adducts (n = 1—10) were observed to form faster
than 30 s after mixing (corresponding to the apparatus dead
time before ESI MS detection) as shown in Figure 1B(i—ii).
The concentrations of L’ and [Ag,e]*” NC were fixed at an
optimal concentration, which was arrived at by concentration-
dependent measurements. At higher concentrations of L,
larger aggregates were formed and a study of the same will be
reported in the future.

Many other studies have shown that ESI MS can yield a
good relative measure of the composition of solutions of
charged, atomically precise NCs. On the basis of the ratio of
mass spectral peak intensity for [Ag,]*” to the sum of [Ag,,]
L’ signals, we infer that roughly 15% of the parent ions form
adducts in solution (or during ESI). Accurate mass measure-
ments confirmed that adduct ions were separated by ~ m/z
116, corresponding to the addition of L’ (mass of L' is 348,
ie, 116 X 3). Therefore, structural integrity of L’ appears
maintained upon binding to the NC (i.e, no loss of small
fragments such as H or H,). This is consistent with a
comparison of the UV—vis spectrum of the mixed solution
with that of pure [Ag,,](TPP),*” NC and the pure secondary
ligand, L’. The spectrum changes additively upon mixing.
Similar changes were observed during photoluminescence
studies upon luminating the solution at 445 nm. Upon
increasing the concentration of L’ to the NC solution, no
apparent shift in the photoluminescence spectrum of [Ag,,]-
(TPP),*>" (at 660 nm) was observed.

Under the ESI conditions used to study the mixed solutions
(after adding L"), the relative dianionic intensity was below the
detection limit (peak intensity of [Agy]H*™ (m/z 2405) was
masked by the isotopic distribution of [Ag,,]L';*", m/z 2415).
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Figure 3. (A) (i—vi) Drift time measurements of mass-selected NC (complex) ions, [Ag,,]L’,>” (n = 0—5) as sprayed from a solution of
[Ag,o]*~ and L’; (vii) reference drift time measurement for [Ag,,]>~ sprayed from a pure [Agzg] NC solution. Dotted lines indicate the
shift in drift time from [Ag,,]*” toward a higher value for [Ag,,']>” (see text and Figure S4). (B) Extracted MS for individual peaks in the
ATDs of [Ag,,]L’,>” allowing the indicated assignment of the corresponding f, values to specific parents and fragments (as also checked by

comparing experimental and simulated isotopic distributions).

We therefore confine further discussion below to the trianions.
The mass spectrum is consistent with the sequential addition
of L' to [Agye]*” NC as schematically depicted in Figure 1C.
While signals of [AgyJL',*", n < 4, were quite stable, the
intensity of ions with n > 5 decreased over time, suggesting a
secondary process leading to a shift in solution equilibrium
favoring smaller complexes. Therefore, only [Ag,,]L’ >~
complexes with n values from 1 to 4 are considered here
(see Figure 1B(ii)).

IM MS was next employed to characterize the structure of
the [Agy,]L’,>~ complexes as well as to examine the influence
of complexation on the NC precursor by using both timsTOF
and Synapt IMS mass spectrometers.

Experimental CCS of [Ag,,]>~ and [Ag,.lL’,>~ lons.
TimsTOF Measurements. [Ag,,]>~ and [Ag,y]L’,>” NC ions
were monitored with high-resolution trapped ion mobility
spectrometry in nitrogen collision gas (IMS MS) using
procedures which we have described previously.”'~®* This
results in calibrated collision cross-sections, which we denote
as ™SCCSy,. Figure 2A shows typical mobilograms (detected
ion intensity versus "™MSCCSy,). The small peak labeled with #
could be attributed to either fragmentation or artifact due to
the nature of these weak adducts. "™SCCSyy,, full width at half
maximum (FWHM, A?), and resolution (R) of individual ions
are listed in Figure 2B and plotted versus n in Figure 2C. From
this, we see that (i) within the CCS resolution obtainable,
there is only one peak in each case (i.e., only one resolvable

[AgyJL' > isomer) and (ii) ™SCCSy, values increase
linearly with the number of L’ added. The relative deviation
n ™SCCSy, values of the NCs was <0.2% upon repeated
measurements with the same instrumental conditions.®”
Synapt Measurements. To further explore the dynamics of
structural transformations upon reaction with secondary
ligands, we performed systematic MS> IMS experiments on
all isolated [Ag, L',

instrumental platform.

(n = 0-5) using the Synapt

The Synapt platform ensures that ions can be m/z-selected
before the IMS measurement, thus also allowing for IMS
studies of fragment ions. Fragments can be controllably formed
during injection of m/z-selected species into the traveling wave
ion mobility (TWIMS) cell with a selected collision energy
(CE).°** A TOF MS subsequently (re)analyzes the ions
transmitted through the TWIMS, and as a result, tandem MS
measurements combined with IMS analysis can be carried out:
MS? IMS. Specifically, we applied a CE setting of 10 V to the
trap cell, which leads only to the sequential loss of neutral
secondary ligands from mass-selected [Ag,,]L’,>” without
causing additional fragmentation of the component NC,

reaction 1.
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Table 1. ™WCCSy, of Parent Ions ([Ag,o]*” and [Ag,,]L’,>") and Fragment Ions Corresponding to Loss of m L’ Secondary
Ligands ([Agy]L ...~ )—as Generated by Collisions Upon Injection of Parent Ions into the Triwave Sector of the Synapt IMS

MS (See Text for Details)

Se]ected
Gas lons == [Agae]* [Agaell’s> [Agaglln> [Agagl’s> [Agagll s> [Agagll’s>
phase TWCCSy, TWCCSy, TWCCSy, TWCCSy, TWCCSy, TWCCSy,
iragment *2) A?) (A2) (A?) *2) A2
| |
1
[Agse T 480.9 488.6 492.8 4947 494.8 495.4
[Agze]L’+* - 536.6 540.5 542.4 542.9 542.6
[Agaell’2> - - 597.2 598.3 598.1 598.3
[AgaglL's™ . - - 652.9 651.8 652.5
[Agall’s> S - - - 704.7 705.0
[Agze]L’s* - - - - - 748.7
A y 3- _ B
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Figure 4. (A) Trend of ACCS values, calculated as the difference between the ™ CCSy, of parent ions and the ™ CCSy, of equi-m/z
fragment species generated from higher adducts. (B) Theoretical (“CCSy,) and experimental CCSy, ("™5CCSy, and ™ CCSy,) of the
parent and ligand added NC ions ([Ag,]*7, [Agy']*”, and [Agy,]L',>", n = 1—4) at ~300 K. Note that while there is a linear dependence of
CCS on n for both ™CCSy, and ™SCCSy,, slopes differ because of different calibration procedures.

[Ag, L}~ = [Ag,IL, _*” + L

3

- [Ag, L, " + L... so on (*represents

the energetically excited [Ag 5 9]L’n3 Tions)
(1)

Figure 3A, (i)—(vii), shows the resulting stacked mobilograms.
This plot (overall injected ion signal intensity versus drift
times, t;) for all mass-selected [Ag,,]L’,*” was obtained after
spraying from solution mixtures of [Ag,y]*” + L’ in
comparison to the mobilogram of [Agy]*” recorded for a
pure NC solution under the same instrumental settings. Drift
times of features resolved in the heatmaps were correlated with
the subsequent TOF mass analysis to yield “extracted MS”.
This allows to distinguish parent from fragment ions formed
upon injection into the TWIMS cell. Figure 3B documents
these extracted MS, which allowed us to assign the t; features

as labeled in (i)—(vi). From these, we have inferred that in the
CE range probing all [Ag),]L’ >~ (n > 0) fragments according
to reaction 1, i.e., there is no retention of thiol H atoms on the
fragment multianions.

Interestingly, significant shifts in t; between equi-m/z
fragments (resulting from [Agy]L’,_,>~ where m ranges up
to 4) and unfragmented [Ag,,]L’,>" species indicate that the
fragment ions have changed their structure. They are on
average larger. This effect is further highlighted in the
“heatmaps” shown in Figure S4A,B (ion signals versus t, in
milliseconds (ms), recorded for an m/z range around 1603
corresponding to [Ag,,]*” before and after introducing L’ to
the solution). The peaks labeled with [Ag,,]*~ in Figure S4A,B
have essentially the same #; value and can be attributed to the
(unchanged) [Agy,]*” parent ion. Introducing L’ into the
solution leads to an additional peak in the heat map. This we
interpret as a structural isomer of [Agy,]*~ generated through
some gas-phase fragmentation of [Ag,,]L’,*” (n > 0) adducts
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Binding
energy (eV)
[Agze]l’+*> -0.75
[Agasll’2* -0.78
[Agasll’s* -0.85
[Agagl’s> -0.77
[Agasll’s* -0.62

Figure 5. (A) DFT-optimized structures of [Ag,,]*” NC (i) and its L’ complex ions [Ag,o]L’,>” ions (n = 1-5; (ii) — (v)). (B) Table showing
the calculated binding energy (per L’ attachment, in eV) of Color code: Ag, purple, pink, and cyan blue; S, yellow; C, dark magenta; H, light

gray; and N, dark green.

by way of L’ loss already prior to the initial mass selection.
Again, this peak appears at a higher t; (~2.9 ms) than the
parent, suggesting significantly expanded structural isomers
which we denote as [Agy,']*” for further discussion below.

Thus, we infer an overall three-step process: (i) L’
attachment to [Ag,o]*” in solution (or during ESI) to form
[Agy]L’,*” (n > 0) adducts, (ii) isolation of these adducts in
the gas phase, and then (iii) soft collision-induced detachment
of secondary ligands L’ upon initiating the ion mobility
measurement. Each ion mobility measurement was multiply
repeated to confirm the reproducibility of the measured t4
values, and from these, the corresponding (calibrated)
TWCCSy, values were determined, which will be discussed
next.

Table 1 shows the experimental "™WCCSy, values of the
parent and fragment ions as determined by MS* IMS
measurements (calibrated using reported methods).’”®” The
TWCCSy, values were found to be stable across a range of
activation conditions, indicating the structural stability of the
ions (which are rapidly thermalized back down to room
temperature at the beginning of their passage through the
TWIMS cell). Specifically, the ™CCSy, value for parent
[Agyo]®~ was 480.9 A% aligning closely with recently reported
values.**°>®” Table 1 reveals a progressive increase in
TWCCSy, from left to right for the m/z ratio corresponding
to [Agy]’™ and [Ag,y']*~ ("WCCSy, (A?): 480.9 < 488.6 <
492.8 < 4947 < 494.8 < 495.4), indicating progressive
structural changes in [Agy,]*” isomers formed by fragmenta-
tion of [Ag,o]L’,>” (n = 1-5).

The detachment of L’ ligands due to collisional excitation of
[Agy]L',*” (n > 0) ions generally resulted in increased

CCSy;, values relative to the unfragmented reference mass,
independent of the [Ag,o]L’,_..>” species formed as Figure 4A
illustrates. This shows the extent of "WCCSy, changes for

fragment masses [Agy']*”, [Agyp]L'\*", and [Agy]L'y*,
compared to the number of secondary ligands previously
detached to generate them, e.g,, a deviation of 1.7% is observed
for [Agy,y']’” resulting from [Agy]L’;* (relative to the
TWCCSy, of the parent [Ag,,]*7). Deviations become larger
as more secondary ligands are lost to generate the fragment in
question. Analogous but smaller effects are seen when
analyzing the [Agy,]L' >~ or [Agy]L’,’ fragment formation.

To put the impact of secondary L’ ligands on the structural
dynamics of the [Ag,,]*” NC into a wider context, analogous
IMS MS experiments were also attempted with two other
foreign ligands, namely 2-pyreneiminethiol (referred to as L")
and 1,6-hexanedithiol (denoted as L"), separately. These two
ligands (for structures, see Figure S5) were chosen because L”
has a terminal group similar to L, and L" is a dithiol similar to
L. L” and L” ligands were introduced separately into the
[Agy](TPP),>~ NC solution, followed by ESI MS and
subsequent IMS MS measurements (see Figure S6). No
additional peaks related to foreign ligand incorporation were
observed in ESI MS for either case. Furthermore, IMS MS
results showed no significant changes in the drift time (t;) of
the parent NC, indicating minimal impact on its structure (see
Figure S6).

Density Functional Theory (DFT) and CCS Calculations by
the Trajectory Method (TM). The interaction of secondary L’
ligands with the [Agyy]*” NC was studied computationally
using DFT. First, structural optimization of the isolated
[Agy]®” NC was performed starting from the previously
reported crystal structure.”’ The calculated CCS for [Agy]*™
NC was found to be 476.04 A which is comparable with our
experimentally determined ™SCCSy, and ™ CCSy, values
(those are 476.3 and 480.9 A% respectively). The small
difference can be rationalized by Ag not being specifically
parametrized in IMoS (a general default setting is used
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Figure 6. (A) DFT-optimized lowest-energy structure of [Ag,o]L’*~

site. (B) Enlarged view of the staples around the crown Ag atom and peripheral tetrahedral Ag-L showing how three proximal L ligands (and
associated Ag—S bonds) of the [Ag,,]>” NC are influenced by ionic, 7'z, and CH*x interactions with the attached L’ ligand. The partial
ionic character associated with [Ag,,]>"-L’ complexation is denoted by §+ / §-. Color code: Ag, purple, pink, and cyan blue; S, yellow; C,
dark magenta, H, light gray; and N, dark green.

NC, highlighting the interaction of L’ ligand at the Ag atom at crown

instead). This optimized [Ag,,]*~ structure was then used as a
starting point to model the secondary ligand addition (Figure
SA(i)). To rationally correlate plausible DFT-derived struc-
tural models, their corresponding GlCCSy, values were then
calculated by using the trajectory method (TM) and compared
to experimentally observed TWCCSy, values of [Ag,,]L’ >
Due to the large size of the system, we have not considered
zero-point energy corrections for structural optimization.

Before the results are described, it is useful at this stage to
further familiarize the reader with the structure of [Agy]*™.
The DFT-derived-optimized structure is very similar to the
crystal structure, which manifests four distinct types of Ag
atoms. These types encompass (see Figure S3) the central Ag
atom positioned within the replete icosahedral core, the
residual set of 12 Ag atoms constituting the icosahedral
framework (icosahedral Ag), another 12 atoms directly bonded
to the S atoms of the L ligands forming the NC thiolate shell
(tetrahedral Ag (4 X 3)), and 4 undercoordinated Ag atoms
(crown Ag) to each of which a PPh; ligand is bound in the
solid (these are lost in the gas phase).60 The 12 L ligands
coordinate to 12 tetrahedral Ag atoms as bidentate thiols
constituting the shell of the NC. Pairs of L ligands coexist on
the surface of the NC due to the 77 interactions between
parallel phenyl rings of Ls.

Both the regular ESI MS pattern of [Agy,]L’ >~ adducts and
the low CE threshold for L’ detachment are consistent with
comparatively weak supramolecular interactions between the
secondary ligands and [Ag,,]*~ NC. We therefore explored
many possible noncovalent adducts of L’. We optimized the L’
ligand in both its cis and trans forms using DFT in
TURBOMOLE® with the B3-LYP functional”®™" and the
def2-TZVP’* (valence triple-{ polarization) basis set and
accounting for dispersion at the D3(BJ)”>”° level. We found a
negligible relative energy difference between cis-L” and trans-L’
of 0.000S eV in favor of the trans-isomer (see Figure S7).
Preliminary DFT calculations indicate a low rotational barrier
(~0.08 eV) and an easy interconversion between the two
isomers at room temperature using the wB97X-V/def2-TZVP
basis set with the r’SCAN-3c method and the conductor-like
polarizable continuum model (CPCM)-like implicit solvation
model, which will be discussed in more detail in a future
publication. Note that the ligand contains both nitrogen (N)
and sulfur (S) atoms. Interestingly, both show enhanced
interactions with specific silver (Ag) atoms on the [Ag,y]*” NC

when L’ is positioned to allow this (see Figure S8). The
strongest interaction found (ca. 0.75 eV overall binding energy,
see Figure 5) occurs when the secondary ligand is oriented
tangentially to the ligand shell of [Ag,,]*~ NC such that an S
atom in the terminal SH group of the L’ ligand can optimally
interact with a tetrahedral Ag site on the NC (by contrast,
radial attachment or partial radial insertion into the preexisting
L ligand shell is found to be highly unfavorable; see Figure S8).
This configuration is schematically shown in Figure SA(ii) and
depicted in more detail in Figures S7 and S8. Note that
tangential binding of L’ to undercoordinated Ag atoms at
crown sites was found to be less favorable than to tetrahedral
sites. Binding of L' to tetrahedral Ag sites allows the additional
7+ stacking interaction between L’ and L ligands (see Figure
6). A related noncovalent interaction between a fullerene
secondary ligand and [Ag,,]*~ was observed in a previous
report.”” Based on the optimal L’ bonding orientation found
for [Agy]L"*", we also constructed structural models for
[Agy]L’;_, *~ (addition of further L’ ligands tangentially and
keeping them as far apart as possible). CCSy;, values simulated
on the basis of these models (using DFT + TM; Figure SA(ii—
v),5B) show a linear increase with the number of L’ added as
plotted in Figure 4B—in good qualitative agreement with the
experiment. Predicted “/CCSy, values were however found to
depend quite sensitively on the (relative) orientations of L'.
Furthergoing studies (also including systematic docking
simulations of higher numbers of secondary ligands onto
[Agy,]*~ NC) will be reported elsewhere.

Beyond the predicted linear increase in “CCSy, with the
number of secondary ligands added, it is also instructive to
examine the changes to the precursor [Ag,,]>” NC structure
upon L’ attachment. Figures 6, S9, and S10 provide the
corresponding details of the DFT-optimized structures
(including calculated root-mean-square displacement
(RMSD) values). The Ag.... — Ag;, bond length of ~2.83 A
in the [Ag,,]’” NC remains essentially the same at ~2.81 A in
[Agy]L’,>". By contrast, the average Ag.,.. — Aguown bond
length in [Ag,,]>” NC is significantly increased during L’-
attachments (~4.64 A), compared to the [Ag,]*~ (~4.52 A).
Changes in Ag—Ag atomic distances (A) in [Agy]L',*" as a
function of bond index (i.e., variation of individual Ag;.,/crown —
Ag.... bond lengths of the NC before and after the L’
incorporation) and the distances between L ligands are shown
in Figure S10 and Figure 7, respectively.
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Figure 7. Reduced representations of DFT-derived minimum energy structures for [Ag,,JL',>” NC, n = 0—4 (i—v) depicted in Figure 5
(here, the Ag,, core and the L’ ligands have been removed from the [Ag,,]L’,>” structures for clarity). This representation highlights
changes to the Ag—S staple and ligand L orientation upon incorporation of L’ into the parent [Ag,,]>”. Shown are (A) distances between
different L ligands attached to Ag—S staples in the DFT-optimized structure of [Ag,,]L’, *” NC, n = 0—4 (i—v). Color codes: light blue
denotes the distance measured between two pairs of parallel Ls; dark blue denotes the distance between terminal Hs of two parallel Ls. All
distances are given in A. (B) Root-mean-square displacement (RMSD) of silver atoms in L’-[Ag,,]>” adduct ions from the parent [Ag,,]*~
ion calculated as indicated in the text. Color code: S, yellow; C, dark magenta; and H, light gray. Overall, L’ complexation leads to the
expansion of Ag—S staples and to associated changes in positions/extensions of the 12 L ligands.
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Figure 8. Schematic structures of (A) L', (B) L”, and (C) L”. Color code: S, yellow; C, dark magenta; and H, light gray.

We infer that upon attachment of L', the proximal Ag—S
staple framework of the NC precursor expands, and
correspondingly, the distance between adjacent L-pairs
increases (see Figure 6 for further details). Compared to the
parent [Ag,,]>~ NC, [Agy]L’,>” ions not only have larger
CCCSy, because of the added secondary ligands, they are also
larger because L’ complexation causes the [Agy]*~ NC
precursor to noticeably expand. This ultimately reflects an
enhanced 7---7 stacking77 interaction between L’ and L ligands
as well an ionic contribution resulting from charge transfer
between terminal SH and axial Ag atoms on the NC as the
detail in Figure 6 shows.

In analogous calculations of adducts of the [Agy]*~ NC
with the other two structurally similar secondary ligands
screened in this study (L” and L", see Figure 8), we found no
significant structural changes of the central [Ag,,]*~ NC
consistent with no detectable adduct formation in the
experiment (see Figure S11). The calculated binding energies
of L” and L” ligands on [Ag,,]*” NC were —0.58 and —0.71
eV, respectively. This observation highlights the highly specific

interaction of L’ with the [Ag,,]*” NC, which leads to a
significant restructuring of its surface.

CONCLUSIONS

We have studied the interaction between the secondary dithiol
ligand L’ = 2,2'-[1,4-phenylenebis(methylidynenitrilo)] bis-
[benzenethiol] and the atomically precise silver cluster
[Agy(L)1,]>” (L = 1,3-benzene-dithiol). Our results imply a
specific interaction between the secondary ligand and [Ag,,]*~
NC, leading to facile formation of a series of noncovalently
bound adducts [Ag,,]L’,>". DFT calculations indicate that this
is also associated with a progressive volume expansion of the
[Agy ]~ precursor as secondary ligands are added. Our ion
mobility measurements (IMS MS and MS®> IMS) provide
further support for this interpretation. Upon electrospray
ionization, [Ag,,]L’,*", can be transferred intactly into the gas
phase and subsequently collisionally dissociated. In the studies
of adducts with n < 4, we found loss of neutral L’ to be the
primary (and lowest energy) fragmentation channel, consistent
with DFT-computed secondary ligand binding energies of < 1
eV (see Figure 7B). In all cases, [Ag,o]L’, >~ fragments
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(thermalized to room temperature after having lost m L’
secondary ligands) were found to have larger "WCCS than
equi-mass ions, which had not undergone fragmentation.
Apparently, these “footprints” of previously bound L’ can
survive in the gas phase on the time scale of the ion mobility
measurement (ca. 1 ms). Perhaps, this time is too short to
allow these isomers to return to their parent structure.

Although our study was centered around secondary ligand-
induced structural distortion of [Agy]*~ NCs, our methods
and results are applicable to extremely fast ligand interactions
of metal NCs in general. In this system, we have recently
looked at higher L’ coverages and interlinked dimers and will
report the results in a separate contribution.

EXPERIMENTAL SECTION

ESI MS and IM MS Measurements. High-resolution ESI MS,
IMS MS, and MS* IMS measurements were performed using two
different ion mobility mass spectrometers, namely, a Synapt G2-Si
HDMS (Waters, Manchester, UK.) at IIT Madras and a timsTOF
(Bruker Daltonics, Bremen, Germany) at KIT. The timsTOF was
used to obtain high-resolution mobility data for the parent ions
directly sprayed from solution (IMS MS), whereas the Synapt allowed
us to also study charged fragments but at somewhat reduced mobility
resolution (MS? IMS). The Synapt instrumental platform comprises a
combination of quadrupole mass filter, TWIMS, and time-of-flight
mass spectrometer, which allow separation of ions according to their
CCS ("WCCSy,; with a resolution of ~40 (TWCCSy,/A ™CCSy,) in
terms of full width at half maximum, FWHM) and mass-to-charge
ratio, m/z. The trap and transfer were filled with argon (Ar) with a
flow rate of 3 mL/min (p = ~0.006 mbar),”® whereas the TWIMS cell
was filled with N, (40 mL/min).”” All samples were measured in
negative electrospray ionization mode. The mass scale of the
instrument was calibrated by using Nal cluster ions. Typical
experimental parameters were as follows: desolvation gas temperature:
150 °C, source temperature: 100 °C, desolvation gas flow: 400 L/h,
capillary voltage: 3 kV, sample cone: 10—20 V, source offset: 0—20 V,
trap collision energy: 2—30 V, trap gas flow: 2 mL/min, helium cell
gas flow: 90—150 mL/min, IMS gas flow: 60—80 mL/min, trap DC
bias: 28—45 V; IMS wave height: 38 V, and IMS wave velocity: 550
m/s. The collision voltage in the trap cell was raised until
fragmentation of the selected ion was initiated (typically CE = 2—
30 V). The sample concentration was 1 pyg/mL (in DMF—methanol
solvent mixture) and infused at a flow rate of 20 uL/min. Polyalanine
ions were used for calibrating the ™WCCSy, values (correcting for
charge state) and were measured under the same experimental
conditions as [Ag,,]*~ ions. The ™WCCSy, value of the [Ag,,]>~ NC
was consistent with the previous literature determination (see also
below).> Data processing was conducted by using Waters Masslynx
4.1 and DriftScope 2.1.

The timsTOF platform was used to determine ion mobilities with a
particularly high accuracy and resolution. In timsTOF, electrosprayed
ions are separated according to their "™SCCSy, in a trapped ion
mobility cell (typical resolution: ~200 ("™SCCSy, /AT™*CCSy,))
followed by mass separation in a time-of-flight mass spectrometer
(i.e,, no mass selection prior to the IMS separation). ESI MS and IMS
MS measurements in timsTOF were recorded in negative ion mode
under the following experimental conditions. ESI flow rate: 100 uL/h,
capillary voltage: 5 kV, end plate offset: 2200 V, nebulizer gas flow:
0.3 bar, dry gas: 3 L/min, dry temperature: 200 °C, and TIMS delta
values (Al — A6): 100, 100, —80, —50, S, and —100 V. Other
parameters and CCSy, calibration procedures were as described
previously.*’

Despite the different ESI sources and spray conditions used, mass
spectra were in qualitative agreement across the two different
instrumental platforms.

Computational Details. All DFT-based calculations were carried
out using the projector augmented wave (PAW) method as
implemented in the Vienna Ab initio Simulation Package (vASP).*!

The electronic exchange and correlation interactions have been
integrated utilizing the generalized gradient agproximation of
Perdew—Burke—Ernzerhof (GGA-PBE) functional.”” The conjugate
gradient algorithm has been considered for ionic relaxation with
electronic energy and force criteria set to 107 eV and 0.05 eV/A
(Hellmann—Feynman forces on atoms), respectively. The plane wave
cutoft energy has been set to 470 eV to enlarge the electronic wave
function. A ~ 8 A vacuum was set along all directions to avoid
possible interactions between periodic images. As the unit cells of the
compounds were rather large, we sampled the Brillouin zone at the 1
X 1 X 1T k-point mesh.

CCS Calculations. The CCS was calculated for DFT-derived
structural models using the trajectory method (TM) as implemented
in IMoS 1.10.>*** For each structure considered, we typically ran
4,500,000 trajectories.” In order to investigate changes in Ag—Ag
bond distances as a result of L’ addition to [Ag,,]*~ NC, the resulting
RMSD of the 16 staple Ag atoms from the central Ag atom of NC
ions was calculated following the equation®*

— 1 2
RMSD = \/ﬁ > (da; — db)

j=1m

where da; and db; are the distances between the staple Ag atom (j =

m) and central Ag atom (j = 1) in [Ag,]*~ and [Ag,,]L’,>~ NC ions,
respectively.
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