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ABSTRACT: Heterometal doping is a promising avenue toward tailoring properties of
ligand-protected metal nanoclusters for specific applications. Though successful doping
has been demonstrated in several structures, the underlying reasons for the dopant
preference on occupying specific locations on the nanocluster with different
concentrations remain unclear. In this study we apply our thermodynamic stability
model, originally developed for ligand-protected monometallic nanoclusters, to rationalize
the synthetic accessibility, dopant location, and concentrations of various heterometals on
ligand-protected Au nanoclusters. Importantly, we demonstrate that the thermodynamic
stability theory is a significant step forward in accurately describing doping effects on
nanoclusters using first-principles calculations. With our computational predictions being
in excellent agreement with a series of experiments, we introduce the thermodynamic
stability theory as a new method for bimetallic nanocluster prediction.

Atomically precise metal nanoclusters (MNCs) have
recently garnered extensive study because of their
monodispersity and desirable physicochemical properties for
numerous applications, from chemical catalysis' to light-
emitting devices.””" Toward engineering MNCs for specific
applications, one approach is to dope or alloy heterometals in
existing monometallic MNC frameworks.”® Heterometal
doping and alloying of monometallic MNCs has been shown
to modulate the optical,” catalytic,” and stability” properties of
MNCs. The properties of doped MNCs are dictated by both
the precise dopant locations within the MNCs' along with
dopant concentrations.”'' Toward control of dopants,*~"” the
first prediction (via density functional theory (DFT)
calculations'®) of doped MNCs and their emergent properties
highlighted the potential of doping the [Au,sSR 5]~ MNC.
Since this initial seminal work, DFT has proven invaluable in
determining the feasibility of doping within a specific MNC
framework without inducing structural distortion'” and can
give reliable dopant position-dependent energetics for several
metals."'® For some dopants, however, the DFT-predicted
dopant locations (energetically most stable dopin§ positions)
do not match the experimental observations.''”*" Although
we cannot rule out kinetic effects in the stabilization of dopants
on specific locations of the MNCs, the fact that doping is a
thermodynamically controlled process'”'>?*' demonstrates a
potential discrepancy between theory and experiments. In
addition, dopant concentration is rarely theoretically addressed
(with few exceptions'®'®). This discrepancy between theory
and experiments currently hinders our ability to computation-
ally design metal-doped, ligand-protected MNCs and guide the
experimental synthesis. As a result, new models are needed for
understanding dopant positions and concentration effects
within bimetallic MNCs. Herein, we rationalize the exper-
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imentally observed dopant locations and concentration effects
in atomically precise MNCs, extending the applicability of our
recently developed thermodynamic stability model (TSM)>*
from monometallic to alloyed MNCs.

The TSM™” states that the remarkable stability of certain
MNCs with precise structure is due to a perfect balance
between the chemical potentials of the metal atoms in the core
region of the MNCs and the interfacial shell. The MNC core
region chemical potential is roughly equivalent to the metal
core cohesive energy (CE), while the interfacial shell chemical
potential is equivalent to the shell-to-core binding energy
(BE). When the shell-to-core BE equals the core CE, a MNC
should be synthetically accessible, according to the TSM. For
more details on the calculation of these energetic factors in the
TSM used, see the discussion in the Supporting Information.
Here, we first applied the TSM on monometallic fully ligated
systems, rationalizing the stability of the experimental
AulS(SC6H11)14123 Au24(SCH2PhC(CH3)3)20,24
[Au,s(SC,H,Ph) ¢]7,”° and Auyg(SC,H,Ph),, q—isomer26
MNCs as seen in Figure 1. These structures were selected
because they have been successfully doped with at least one
heterometal ®*’>* and represent DFT-tractable fully ligated
MNCs. The [Au,s(SC,H,Ph),s]” MNC, especially, has been
the focus of extensive study in doping.’® In Figure 2 we
highlight that these full-ligand structures are all well within the
previously defined”* 95% prediction interval (for Au,(SR),, R
= CH; MNCs) in a parity plot between shell-to-core BE and
core CE. As there is a nonzero energetic shift in the core CE
and shell-to-core BEs for methyl versus full ligands (Figure
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[Au,s(SC,H4Ph),s]° Ausg(SCoHAPh)24

Figure 1. Density functional theory (DFT) relaxed structures of (a)
Au5(SCeH,,) 14;21 (b) Au24(SCH2PhC(CH3)3)20,22 (c)
[Au,s(SC,H,Ph) 5]7,** and (d) Auss(SC,H,Ph),,.>* Organic ligands
are shown as sticks, whereas Au and S atoms are shown as yellow and
brown balls, respectively.
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Figure 2. Thermodynamic stability parity plot between shell-to-core
BE and core CE on both monometallic and doped
[Auys M, (SC,H,Ph) ;5] MNCs (x = 1,2) (M = Ag (q = -1), Cd
(q=0), Cu(g=-1),Hg (¢4 =0),Pd(q=0),and Pt (q =0)).
Monometallic Au MNC structures are displayed in Figure 1. 95%
prediction and confidence intervals displayed were generated based
on previously tested”’ monometallic Au methyl-thiolate MNCs. The
inset image shows the 3 different dopant locations (icosahedron, I;
center, C; and shell, S) within the Au,; MNC. All data points with
metal labels correspond to doped [Au,s_,M,(SC,H,Ph);5]? MNCs
with subscripts corresponding to the location(s) doped within the
MNC. Energetics are shown only for MNCs that did not reconstruct
during DFT geometry relaxation.

S1), herein we treat the 95% prediction interval as an
approximate boundary for the synthetic accessibility of full-
ligand structures, serving more as a guide rather than as a strict
cutoff for MNC synthesis. For example, a structure within the
95% prediction interval should be considered synthesizable,
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while structures that fall within 0.7 kcal mol™" (see Figure SI
for justification of this number) of the 95% prediction interval
may also be considered synthesizable. With this definition of
synthetic accessibility for thiolate-protected MNCs within the
TSM, we turn to doped MNCs.

We started by doping the [Au,s(SC,H,Ph);s]” MNC
structure (hereafter termed the Au,; MNC) to form
[Au,s_ M, (SC,H,Ph)4]? with M = Ag (g = —1), Cd (q =
0),Cu(q=-1),Hg(q=0),Pd (q=0),and Pt (4 =0),x =1,
2. These metals have all been successfully doped into the Au,;
MNC with full —SC,H,Ph ligands but display distinct
concentration, dopant location, and doped MNC charge (q)
behavior as summarized in Table 1.° Although MNC charge

Table 1. Tabulated Experimental Doping Results and
Locations Tested for This Work within the Au,; MNC along
with Experimental Characterization Techniques of Doped

MNCs
locations  experimentally  experimental methods for dopant
dopant, ¢ tested observed? locations
Ag -1 1,S,C2l 1?82 212 1/21: XRD,” MALDI-MS;> S:
up to ~20Ag”’  XRD”' (in heavily doped
MNC)
Cy -1 1S, C, I/(C);S"“ §,%  1/21: MALDI-MS;* C: UV—vis/
28 21, TD-DFT,** S- EXAFS*®
34
up to SCu
Cd, 0 LS C2l L'*c* I: XRD;*® C: XRD'*
Hg 0 LsScC  s”c* S: XRD/MALDI-MS/TGA;'"’ C:
28 XRD/MALDI-MS'*
Pd, 0 LS c Cc7¥ C: MALDI-MS*”** XRD*
C/1
Pt, 0 LS c  cot C: EXAFS/XPS,"!
Cc/1 MALDI-MS/NMR*

behavior is an important aspect in predicting doped MNC
stability,”" here we have run only the experimentally observed
charge states of each MNC for the purpose of directly
comparing our calculations and the TSM to all experiments.
We note that the TSM may also readily be applied to MNCs
with different charge states.”” To test the ability of the TSM in
rationalizing the synthetic accessibility of doped MNCs, we
first focus on doped MNCs that have not been experimentally
observed (utilizing information from Table 1 and Figure 2). In
Figure 2 the core (C), shell (S), and icosahedron (I) distinct
dopant locations within the Au,; MNC are shown, and all
metals were doped (one at a time) into each location. On the
basis of the observed doping locations in Figure 2, we also
tested one double-doped configuration for each metal in the
Au,s MNC. We note that the only doped MNCs that do not
fall near the 95% prediction interval on Figure 2 are the Ptc;
Hgc and Cuc MNCs. Experimentally, Pt"' has been shown to
be only monodoped to the C location in the Au,; MNC, so
deviation from parity for the double-doped Ptc,; MNCs aligns
with the experimental observation of dopant concentration.
Additionally, Cuc falling away from parity in the TSM appears
to largely align with experimental observations where either the
$** or I*? sites are preferred for Cu incorporation into this
MNC. The Cuc MNC has been predicted only by comparison
of time-dependent DFT (TD-DFT) calculations with ultra-
violet—visible (UV—vis) spectra, representing relatively weak
evidence compared to that of the Cug or Cu; MNCs (see Table
1).® Thus, all doped MNCs that deviate from the TSM in
Figure 2 either have not been experimentally synthesized or
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show weak experimental evidence compared to other MNC
isomers.

Apart from the TSM shown in Figure 2, previous work has
indicated geometric reconstruction can serve as a metric for
lack of stability for doped MNCs."> Here, we quantify
reconstruction by comparing the relaxed structures of the
cores of the doped MNC structures to that of the core of the
Au,s MNC in a displacement (5) metric (see the Supporting
Information for methods). The structures and § values of the
cores of the doped MNCs are shown in Figure S2 and Table
S1. From Figure S2 we highlight that the doped MNCs
showing reconstruction under geometry relaxation included
the Cd,;, Hgyg, Pd;, Pdg, Pdcy, Pt;, and Ptg MNCs. We note in
Figure S3 that although some of these reconstructed MNCs
follow the TSM, they are not likely to be experimentally
isolated because of further reconstruction and possible
transformation to other MNCs.”' Given Cd,*° Hg,19 and
Pd’® have been successfully only monodoped into Au,s MNCs
in experiments, § here appears to capture the lack of stability of
the double-doped Cd,;, Hgys, and Pd,; MNCs. Additionally,
both Pd* and Pt"' have been shown to occupy only the C
position within the MNC, indicating that 6 further rationalizes
why the Pt;, Ptg, Pd;, and Pdg MNCs are not observed in
experiments. We therefore show the combination of the TSM
with core 6 during geometry relaxation to be effective for
screening the potentially nonsynthesizable doped MNCs.

Beyond synthetic accessibility, the TSM can also be applied
to rationalize dopant location-dependent preference trends.
For MNCs, such as the Pd- and Pt-doped Au,, where only one
doping event does not induce MNC reconstruction and the
doping location energetically follows the TSM, then, the
location preference assignment is trivial. For other dopants it is
not as simple, and several dopant locations remain under
debate in the literature (in the absence of definitive single-
crystal X-ray diffraction (XRD) results) as highlighted in Table
1. For Ag, we note in Figure 2 that all Ag-doped Au,; MNCs
tested did not reconstruct and fall well within the 95%
prediction interval. For cases such as Ag, we propose that the
distance from parity in the TSM for these MNCs can serve as a
metric for dopant location preference. Thus, the Agy MNC is
favored (XRD results) at lower doping32 concentrations and
falls closest to the parity line in Figure 2. The Ag,; MNC also
falls close to the parity line in Figure 2, suggesting further
doping is achievable, in line with experimental observations.”
Additionally, heavily Ag-doped MNCs showed the S-locations
being occupied following the filling of the I-locations,”’ and
our TSM shows (with single doping) the Aggs MNC being the
next closest to the parity line (vs Ag;) in Figure 2. Finally, the
C- location doping with Ag is predicted to be accessible by the
TSM, where in Figure 2 the Ag. falls within the 95%
prediction interval. However, the Agc MNC falls much further
away from the parity line than either the Ag; or Agg MNCs,
which helps explain the experimental inaccessibility of this Auc
MNC as two other doping locations are more thermodynami-
cally favored.

Looking to dopant metals other than Ag, we note Cu was
shown to likely be doped into the S site of the MNC by
extended X-ray absorption fine structure (EXAFS) analysis,™
and it falls closest to the parity line in Figure 2. The next
closest MNC laying within the 95% prediction interval in
Figure 2 is the Cuyg MNC, and experimental doping has been
observed up to 5 Cu atoms within the MNC.** Next, while still
within the 95% prediction interval in Figure 2, the Cuy has
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been inferred from experiments by matrix-assisted laser
desorption/ionization mass spectroscopy (MALDI-MS) frag-
ment analysis (though less definitive than EXAFS results).”” A
potential experimental verification of these results would be
using electrospray ionization mass spectroscopy (ESI-MS), as
this analytical technique has proven more effective in
rationalizing dopant positions than MALDI-MS.**** Finally,
the Cuc MNC is shown to fall outside the 95% prediction
interval in Figure 2 and, as discussed above, shows relatively
weaker experimental evidence.”* Following a similar analysis as
for Ag and Cu, for Hg we note that the MNC most
conclusively observed in single-crystal XRD was the Hgg
MNC," which falls closest to the parity line of any Hg-
doped Au,s MNC:s in Figure 2. We note that the doping of Hg
into the Au,5 MNC gives conflicting results in the experimental
literature where reports of both the Hgs'” and Hgc'" exist. The
study reporting Hg. indicates difficulty in properly assigning
doping location based on the XRD patterns and relies on
MALDI-MS fragmentation analysis to suggest the Hgc
position.'* However, the study reporting the Hgs MNC
appears conclusive as to the dopant location, combining XRD
with MALDI-MS and thermogravimetric analysis (TGA)
results. We therefore highlight the Hgg as more prominently
observed in experiments and further note that the Hgc MNC
deviates significantly from the parity in Figure 2. Although the
Hg; MNC is also near the 95% prediction interval (ie.,
potentially synthesizable) in Figure 2 (unlike Hgc that
deviates), the relative proximity of the Hgg to the parity
compared to the Hgy MNC seems to indicate stronger
preference for the Hgg MNC over the Hg; MNCs, providing
the first theoretical rationalization for the experimental
observation of the Hgg MNC. Thus, the Ag, Cu, and Hg
doping results shown in Figure 2 (ranked by distance from the
parity line) qualitatively agree with a series of experimental
observations of both concentration and dopant location
preference.

The doping location preferences for Cd within the MNC,
however, first appear to slightly deviate from those in Table 1.
For the Cd-doped Au,; MNC, all the dopant locations appear
to fall within or near the 95% prediction interval and therefore
would all be predicted as synthetically accessible by the TSM.
However, in XRD crystal structures of the isolated Cd-doped
MNCs, only the I'> and C*° locations have been replaced by
Cd. We also note that the Cd falls closer to the parity line in
Figure 2 and therefore suggest that Cd; could potentially be
transformed to the Cdc MNC under appropriate experimental
conditions. Additionally, although the Cdg is not observed in
these experiments, it appears closest to the parity line in Figure
2 and does not undergo reconstruction during relaxation. This
deviation of TSM from experiments, specific to Cd doping, is
likely due to the high reactivity of the Cd dopant and its
relative oxidation state in the Cdg MNC. In metal exchange
experiments, the Cd-doped MNC was observed to rapidly
react with Hg*" ions to form the Hgg MNC, while the reverse
reaction to form Cd; from Hgg was unfavorable. This indicates
that the Hgg MNC is more stable and the doped Cd is likely
more reactive than the doped Hg.*® When the doped Cd atom
occupies either the C or I locations within the Au,y MNC
framework, it is likely shielded from further reactions with Au
salts in solution, while the S-doped Cd atoms react with
surrounding Au salts and are destroyed. Additionally, our
previous work on doping within Au MNCs showed that
difference in the charge of dopant and the Au atom replaced in
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a MNC (delta charge) can be tied to the relative dopant
oxidation state and trends directly with the Gibbs free energy
of formation of the doped MNC.'® In Table S2 we highlight
the delta charges of all the monodoped Au,s MNCs, showing
that the Cd delta charge in Cdg (charge compared to the
equivalent Au atom in the Au,; MNC) shows the largest
positive charge transfer. This seems to indicate the Cd in the
Cdg is closer to an oxidized form of dopant metal than in any
of the other doped MNCs, in seeming agreement with the
conclusion that the Cdg is highly reactive and likely chemically
unstable relative to either the Cd; or Cdc MNCs. Taking these
special considerations for Cd into account, the TSM captures
the experimental observations of Cd doping location within the
Au,s MNC as well.

Apart from the special case of the Cdg MNC, the TSM
captures both doping locations and concentration behavior
within the Au,; MNC for a wide variety of metals and
experimental observations. Importantly, we note that simple
DFT energetics to a large extent do not capture these same
trends and offer little to no insights into synthetic accessibility
of doped MNCs. In Table S3 we show the relative DFT
energies of the three isomers of the monodoped Au,; MNCs
with each metal. By utilizing only the total DFT energies
shown in Table S3, we would predict Ag to occupy the I
location, Cu to occupy the C and I locations, Cd and Hg to
occupy only the I location, and Pd and Pt to occupy only the C
location (due to the high energy difference, ~10—18 kcal
mol ™!, between the ground state and other dopant positions).
While Ag, Pd, and Pt doping locations are quite accurately
captured by this method in comparison to experiments, the
Hg, Cu, and Cd doping locations and energetics are not. Hg,
for instance is predicted to be most stable at the I location by
10 kcal mol™ and is not observed at this position in
experiments. We therefore highlight the power of the TSM
over simple DFT energetics for predicting and screening
heterometal doping within a MNC framework. Doped MNCs
which show low total energetics but do not follow the TSM,
can be viewed as intermediate structures of MNCs that will
either grow in size, or change composition in a way to alter the
core/shell energetics and fulfill the perfect energy balance of
the TSM. We note that while experimental attempts to dope
other metals (such as Ni** and Zn'* in the Au,; MNC) have
proven unsuccessful thus far, we focused here on metals that
have been successfully doped into the Au,; MNCs and
rationalize the preference on doping positions. Additionally,
ligands can play a role in determining the preference of
doping,”" and our results with —CH,CH,Ph ligands may not
be straightforwardly transferable to doped Au,; MNCs
stabilized by other ligands.

Beyond the ubiquitous Au,; MNC, we also tested doping
within the Ausg_ M, (SR),, (g-isomer) MNC with M = Pd (x
=12)(q=0)and Pt (x =1 (q=-1),2 (g =-2)) in the
locations seen in Table 2 and Figure 3. Because of the larger
computational cost of the Ausy_M,(SR),; system (herein
termed the Augg, MNC), we did not exhaustively test all
doping locations but focused on the ones that were shown to
remain rigid in previous theoretical work.”” Focusing first on
the Pd-doped MNCs, we see that only one of the MNCs falls
outside the “synthesizable regime”, which is the Pd,c MNC. In
Table 2 we see that DET”** has previously predicted the Pd,¢
to be the most stable structure. However, another experimental
work showed evidence of Pd—S bonds in EXAFS analysis,”’
leading them to conclude the actual structure was largely
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Table 2. Tabulated Experimental Doping Results and
Locations Tested for This Work within the Au;s, MNC
along with Experimental Characterization Techniques of
Doped MNCs

experimentally methods for dopant
dopant, ¢ locations tested observed? locations determination
Pd, 0 LS, C, 2L 28, 2C,”" C/S*  2C: DFT suggested;”**
2C, C/S C/S: EXAFS™
P, -1 LS, C, - -
Pt, —2  21,25,2C,C/S 2Cc* 2C: Xps*
1 Center (C
shells)  Center(©)
P
3
—~
5 45 [
= ‘
©
O
X
~ 21
W ]
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Figure 3. Thermodynamic stability parity plot between Shell-to-core
BE and core CE on both monometallic and doped
[Augg M, (SC,H,Ph),,]* MNCs (x = 1, 2) (M = Pd (g = 0) and
Pt (g = —1, —2)). Monometallic Au MNC structures are displayed in
Figure 1. 95% prediction and confidence intervals displayed were
generated based on previous”® monometallic Au methyl-thiolate NCs.
The inset image shows the 3 different dopant locations (icosahedron,
I; center, C; and shell, S) within the Augzg MNC. All data points with
metal labels beginning with 38 correspond to doped
[Auss_ M, (SC,H,Ph),,]9 MNCs with subscripts corresponding to
the location(s) doped within the MNC. None of these MNCs showed
reconstruction during relaxation with DFT.

composed of either the Pd,g or Pdc,s MNCs. Pd,s and Pdc/s
both also match the results suggested by the TSM in Figure 3,
where the Pd,; MNC falls closest to the parity line and the
Pd¢,; MNC is next closest of the double-doped MNCs. On the
basis of the results from the TSM, we suggest, along with
previous authors,”® that the Pd is located at the S site of the
Pd-doped Auyg, MNC, distinct from the Pd-doped Au,s MNC,
where the heterometal Pd is definitively doped in the C
location. Finally, we turn to the Pt-doped Auys, MNC. This
MNC was recently reported** to have a q = —2 charge and the
authors utilized DFT and X-ray photoelectron spectroscopy
(XPS) analysis to conclude that the only Pt dopant location
within the Au;, MNC would be the Pt,c MNC. In the
absence of a more conclusive experimental method such as
XRD for Pt-location determination, we cannot rule out the
stabilization of Pt at other locations of the MNC. Analysis with
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TSM in Figure 3 again reveals that the S location is highly
preferred in this structure, with the Pty and Pt,g being the only
two Pt-doped MNC:s to fall within the 95% prediction interval.
On the basis of the doping observations in the Pd-doped Auss,
MNC and the demonstrated ability of the TSM to capture
experimental dopant locations in the Au,s MNCs, we suggest
that at least some of the Pt dopants are located at the S
position within the Aujgq MNC. In analyzing the Auysy MNC
for doping with different metals, we have found the TSM to
agree with at least one report of the Pd-doped MNC and
suggest dopant locations not currently reported in literature for
the Pt-doping within the Auyg MNC. We have also shown that
the TSM works for doping in MNCs beyond the Au, and have
used the TSM to make predictions surrounding doping
location within an already experimentally synthesized MNCs.

In summary, we have applied our recently published TSM
for understanding doping effects and stability of ligand
protected MNCs. We have shown the TSM to be a valuable
extension to the current knowledge surrounding doping within
MNCs, capturing a wide range of experimental observations
from dopant locations to concentrations. The application of
the TSM to doped MNCs represents a novel way for
rationalizing doping within MNCs, moving away from
simplified total-energy (DFT) calculations and significantly
increasing the agreement between theory and experimental
observations of doping on MNCs. We therefore view the
application of the TSM to the doped MNCs as a new way to
revisit doping energetics on ligand-protected MNCs. As such,
it has the potential to open new avenues for accelerating
bimetallic MNC discovery.
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