An Ultrastable Thiolate/Diglyme Ligated Cluster

lan D. Anderson,? Yuchen Wang,® Christine M. Aikens,® Christopher J. Ackerson™

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

The synthesis and characterization of an Auo(PET)15(DG)2 (PET=phenylethane thiol; DG=Diglyme) cluster is reported. Mass
spectrometry reveals this as the first diglyme ligated cluster where diglyme ligands survive ionization into the gas phase.
Thermal analysis shows the cluster degrades at 156C, whereas the similar Au2o(PET)16 cluster degrades at 125C, representing

markedly increased thermal stability. A combination of NMR spectroscopy and computational modeling suggests that the

diglyme molecules bind in a tridentate manner for this cluster, resulting in a binding energy of 35.2kcal/mol for diglyme,

which is comparable to the value of ~40kcal/mol for thiolates. IR and optical spectroscopies show no evidence of assembly

of this cluster, in contrast to Auxo(PET)15(DG), which readily assembles into dimeric species, which is consistent with a

tridentate binding motif. Evidence for stacking among Au-bound and non-bound diglyme molecules is inferred from thermal

and mass analysis.

1. Introduction

Atomically-precise thiolate passivated gold nanoclusters
represent a sub-set of metal cluster chemistry subject to intense
contemporary research.l The ease of handling these species
relative to other metal clusters enables downstream
applications that depend on their robustness. Most work on
thiolate protected gold nanoclusters follows the facile Brust-
Schiffrin synthesis and related derivatives.2 The strength of the
gold-sulfur bond (~40 kcal/mol) combined with the flexibility of
gold3 has successfully produced a wide array of cluster
nuclearities ranging from a few dozen to hundreds of gold
atoms.4-11

In addition to thiolates, a wide range of ligands such as
phosphines, N-heterocyclic carbenes (NHCs), acetylides, and
halides are also used to ligate gold clusters.12-15 Since the ligand
shell imparts solubility, stability and reactivity, the introduction
of non-thiolate ligands in Brust-type syntheses can produce
products with properties inaccessible with thiolate ligands
alone.16-18 Regiochemical control within the ligand shell is also
of interest for catalysis, optics, magnetic data storage,
bioimaging, theranostics, and sensing applications.1®21 In
particular, studies employing bidentate ligands (e.g. NHCs,
diphosphines, dithiolates) have demonstrated a number of
advantageous properties such as enhanced optical response,

surface rigidity, and self-assembly into larger nanoscale
materials.?2-27
Coordinating solvents can direct syntheses and

transformations, sometimes to surprising effect.28-33 Glycol

a-Department of Chemistry, Colorado State University, Fort Collins, CO 80523, USA.
b-Department of Chemistry, Kansas State University, Manhattan, KS 66506, USA.

* ackerson@colostate.edu

Electronic Supplementary Information (ESI) available: Details on synthetic methods,
computational results, hierarchical assembly testing, Figs. S1-S6, Tables S1-52, and
optimized coordinates for Auyo(SCH3)15sDG*. See DOI: 10.1039/x0xx00000x

ethers, more commonly referred to as glymes, are a class of
coordinating solvents comprised of saturated non-cyclic
polyethers.34-3¢ Glymes typically share a myriad of properties*
which make them attractive for both research and commercial
settings. There remains significant untapped potential in the
use of coordinating solvents towards development of simpler
formation pathways for mono-functional clusters, which are
commonly used in biolabeling.3” Recent works by Wilson and
Owen have demonstrated the size-focusing ability of glymes
when applied in the synthesis of lead chalcogenide
nanocrystals.3839 Incorporation of glymes into the final products
were not reported in these cases, however.

Our group has investigated the role of glymes in the
synthesis, assembly, and optical properties of gold
nanoclusters. We previously found that when diglyme is used as
a synthetic co-solvent, it both acts as a size-focusing facilitator
and is incorporated as a ligand in the resulting products. In the
case of Auyo(PET)15(DG)1, we previously reported a dynamic
equilibrium between this cluster monomer and its dimer
Auzo(PET)15-DG-Auyo(PET)15.4° A modified  Brust-Schiffrin
synthesis in a mixture of diglyme/tetrahydrofuran produced
this unique cluster, whose dimerization was mediated by the
weak gold-oxygen (~2 kcal/mol) interactions between the
cluster surfaces and DG. The dimer dissociation constant was
determined to be 20.4 uM. Subsequent femtosecond transient
absorption spectroscopic measurements of this dimer revealed
distance-dependent intercluster  electronic  coupling.4?
Increasing the n-glyme length (n = di, tri, tetra) resulted in
smaller time constants for electronic relaxation, indicative of
stabilization of the dimer-specific excited states.

Our group also synthesized a water-soluble cluster Auas(p-
MBA)17(DG)1 (p-MBA = para-mercaptobenzoic acid), which
exhibited diglyme-gold interactions strong enough to resist
ligand exchange by incoming thiolates.42  Unlike
Auyo(PET)15(DG)1, there was no evidence for cluster dimers or
larger diglyme-connected structures. This was attributed to the



enhanced pi-pi stacking ability of PET versus p-MBA, as well as
steric hindrance and charge repulsion from the carboxylic acid
groups on the latter.

One unexplained aspect of prior work using diglyme as a
ligand is the question of how exactly diglyme can compete with
thiolates in a thiolate-rich environment for ligating a gold
cluster surface. Energetically, thiolate binding is markedly
preferred. However, some recent work has begun to cast light
on oxygen / thiolate ligation competition on gold surfaces.
Detailed surface characterization of large (~40 nm) gold colloids
by Shumaker-Parry revealed that citrate ligands on gold, instead
of a monolayer, stack as chains. This results in a ligand network
strong enough to resist displacement by thiolates. Shumaker-
Parry concludes that a ligand exchange reaction previously
considered highly favorable due to the large difference in gold-
sulfur and gold-oxygen bond energies is, in fact, substantially
incomplete on citrate passivated gold nanoparticles. This
finding is notable because the reaction was widely assumed to
be facile and quantitative.4344 Similarly, we observe resistance
to diglyme for thiolate ligand exchange on Auzs(p-MBA)17(DG)1.

Building upon prior work with oxygen containing ligands and
diglyme as a size-focusing reagent, we report here a
heteroleptic diglyme-thiolate Au;o(PET)15(DG), cluster. The
cluster results from a change in our previously disclosed
synthesis for diglyme/thiolate ligated Au,o(PET)15(DG). Thermal
characterization shows this cluster to be remarkably thermally
stable. This stability is explained by an NMR spectrum
supported computational model that postulates tridentate
binding by diglyme to the gold cluster surface. A comparative
analysis to previous synthetic studies as well as Shumaker-
Parry’s findings provides insight into the formation
requirements and stability origin of diglyme/thiolate mixed-
monolayer clusters.

2. Experimental
2.1 Materials

Gold(lll) chloride trihydrate (Sigma-Aldrich, ACS reagent,
>49.0% Au basis), sodium borohydride (Sigma-Aldrich, 298.0%
purity), tetra-n-octylammonium bromide (Acros Organics, 98%
purity), 2-phenylethanethiol (Sigma-Aldrich, 299% purity),
diethylene glycol dimethyl ether (diglyme, anhydrous, Sigma-
Aldrich, 99.5%), tetrahydrofuran (Fisher Scientific, certified,
stabilized with 0.025% butylated hydroxytoluene),
dichloromethane (Sigma-Aldrich, ACS grade, 299.5%, stabilized
with 40-150 ppm amylene), dichloromethane-d, (Sigma-
Aldrich, 99.5 atom % D), methanol (Fisher Scientific, certified
ACS, 99.9% assay), chloroform (EMD Millipore, 299.8% assay,
stabilized with ethanol), ethanol (Pharmco-Aaper, 200 proof),
and DCTB (i.e. trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-
propenyliden]malononitrile, Sigma Aldrich, 299.0% [HPLC])
were all used without further purification. Water was obtained
using a Thermo Scientific Barnstead Nanopure set to 18.2
MQ-cm. The synthesis of [Au(PET)15(DG)2]-4[DG] was
performed based on an adaptation of the conditions from a
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previous report.4? Details on the synthetic conditions can be
found within the SI.

2.2 Characterization

MALDI-MS. 2 mg DCTB was dissolved in 200 uL dichloromethane. To
this solution was added 2.0 uL of a 10 mg/mL nanocluster sample
dissolved in dichloromethane. 0.2 pL of the combined solution was
spotted on a stainless steel plate for MALDI-MS and allowed to dry
for one hour. Data was collected using a Bruker Microflex LFR MALDI-
TOF. Mass spectra were collected in the positive ionization mode, as
this consistently gave the best signal-to-noise ratios (versus those
collected in negative ionization mode).

NMR. For nanocluster samples, 10 mg was dissolved in 1.0 mL
dichloromethane-d,. For free ligand samples, 100 pL was dissolved in
1.0 mL dichloromethane-d,. Data was collected using a Bruker
Neo400.

TGA. A TA TGA Q500 was used for data collection. Powdered
nanocluster (2.0310 mg) was placed in a platinum pan. Under
constant N; flow (55 mL/min), the temperature was increased at 10
°C/min to 00 °C.

FT-IR. 14.0 mg of nanocluster sample was dissolved in 1.0 mL
chloroform, which was measured on a Thermo Nicolet iS-50 FT-IR
spectrometer using ATR on a ZnSe crystal.

UV/Vis. 1.0 mL of a 10 mg/mL nanocluster sample dissolved in
chloroform was taken and diluted until the absorbance output was
within a reasonable range with good signal-to-noise ratio. Data was
collected on a NanoDrop 2000c spectrophotometer.

2.3 Computational Details

All calculations were performed at the BP86/TZP6162 |evel of
theory with the Grimme3 dispersion correction® using the
Amsterdam Modeling Suite (AMS) 2021.102 software.5* After
geometry optimization, NMR shielding calculations were
performed. IH NMR calculations were performed on hydrogen
atoms respect to TMS
(tetramethyl silane) to be consistent with the experimental

in the diglyme molecule with

results. Further details on these calculations can be found
within the SI.

3. Results and Discussion
3.1 Molecular Formula & Diglyme Coordination

Fig. 1 shows the MALDI-MS spectrum of the obtained synthetic
product. Full details regarding the synthesis can be found within
the SI. In comparison to our previous dimer-monomer synthesis
involving Auo(PET)15(DG)1, the major difference is that in this
current work reduction with NaBH, is initiated before dilution
with a gross excess of diglyme. The parent peak at 6266 m/z is
in excellent agreement with the formula Aux(PET)1s5(DG):
(calculated mass: 6266.2 Da). The inset of Fig. 1 shows possible
alternative assignments, as well as expected fragments. None
of the observed fragments can be associated with the loss of
units containing diglyme. This is in notable contrast to the
Auzo(PET)15(DG)1 monomer-dimer system, wherein the single

This journal is © The Royal Society of Chemistry 20xx
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i) Formula Mass (Da) | Observed?
Al(PET), 5997.9 X
Au,lPET),5(DG), 6132.0 X
Auso(PET) 5(DG), 6400.4 X
AUy (PET) 5(DG), 6534.6 X

i) Fragment Mass & (Da) | Observed?
- Auy(PET), 5932.0 v
- Au,(PET), 5597.8 v
-DG 6132.0 X
- Auy (DG), 5935.1 X
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Fig. 1 Positive ion MALDI mass spectrum of the Auy, synthetic product, with its
parent peak indicated by the green dashed line. Inset table i) lists alternative
formulae close in mass to the best match (highlighted in green). Inset table ii) lists
potential fragments of primary interest. The label * refers to a combination
fragment/adduct peak related to Auy(PET)15(DG),.

diglyme is bound too weakly to remain bound to the intact
cluster under MALDI conditions.4°

NMR spectroscopy is a powerful analytical tool for clusters
in providing evidence of purity, structure, dynamic surface
interactions, and magnetism at high spectral resolution.4>-50 Fig.
2 shows the IH NMR spectrum of the cluster sample versus that
of unbound PET and DG. The broadening of peaks is
characteristic of ligands closely associated with a gold cluster
surface. This suggests a ligation-type interaction for both PET
and DG.#>

The cluster preparation was washed extensively with excess
methanol. Because diglyme is miscible in methanol, we expect
any diglyme that is not cluster-associated will be removed.
Despite this, peak magnitudes for DG are similar to those for the
ethylene linker of PET. Furthermore, the ethylene linker protons
are shifted downfield by approximately 0.3 ppm from the
chemical shift observed for a comparable fully-thiolated gold
cluster, Auys(PET)1s (Fig. S1). We attribute this de-shielding
effect to the surface-bound DG causing a lowering of the overall
electron density on the ethylene linker through the shared gold
surface. Intriguingly, the PET phenyl ring protons remain in the
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same relative position as those on the surface of Auxs(PET)s.
Combined, these data suggest that the ligated DG is interacting
more closely with the ethylene linker than the phenyl ring.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 The fully optimized BP86/TZP structure for Au20(SCH3)15DG+. The left figure
shows a top view, and the right figure shows a side view. Atoms 117 and 118 are
the two hydrogen atoms with the most upfield and most downfield chemical shifts,
respectively. Hydrogen atom 111 is the hydrogen atom which is connected to the
same carbon atom as atom 118. Gold = orange, carbon = gray, sulfur = yellow,
oxygen = red and hydrogen = white. Coordinates provided in SI.

Because the cluster product fails to crystallize (facilitating
total structure determination), we computationally modelled
several possible structures of a Au,0(SCH3)1sDG model system.
Models were based initially on the Auxo(PET)16 crystal structure
(J. Am. Chem. Soc. 2014, 136 (34), 11922-11925.
https://doi.org/10.1021/ja506802n). Ligands were simplified
from -PET to -SCHs. The simplification is justified because the
primary goal of the model is to understand the Au-O binding.
Calculations considering the full PET ligand require significantly
more computational time, and are not expected to add further
insight.

To create ligation space for diglyme, one methanethiol
ligand was removed from the structure, creating Auzo(SCHs)1s*.
Because there are 8 symmetrically unique ligand sites, 8 isomers
of the cationic Auyo(SCH3)1sDG systems were considered. For
each starting structure, 3 different orientations of diglyme were
considered. Overall, 24 different isomers were optimized; the

hydrogen atom chemical shifts (ppm)
105 5.06
106 3.83
107 4.95
108 4.11
109 4,97
110 3.92
111 4.43
112 4.02
113 3.88
114 5.55
115 4.43
116 4.10
117 3.79
118 6.81
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lowest energy structure is shown in Fig. 3, and was used for
subsequent analysis / interpretation. Due to the large
configurational space, this structure is likely not a global
minimum. However, many of the higher energy isomers exhibit
similar diglyme bonding, suggesting that Fig 3 is a
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Fig. 4 'H-'H COSY spectrum of the Au, synthetic product in CD,Cl,. Off-diagonal
signal is indicative of spin-spin coupling between different ligand environments.

representative structure.
Overall, the diglyme displays a crown-like structure bound to
the surface of the gold cluster. Table 1 displays the TH NMR
shielding calculations performed for all hydrogen atoms within
the diglyme molecule. Interaction with the Au,0(SCHs)1s cluster
increases the chemical shifts of several hydrogen atoms in the
diglyme molecule. We observe that hydrogen atom 117 has the
most upfield chemical shift at 3.79 ppm; this atom is oriented
away from the gold nanocluster. Hydrogen atom 118 has the
highest chemical shift, which is very downfield (6.81 ppm); this
hydrogen atom is oriented towards the Au atoms. Hydrogen
atom 111 is connected to the same carbon atom as hydrogen
atom 118, but this atom is not oriented towards the gold core.
Atom 111 has a calculated chemical shift of 4.43 ppm.
Therefore, unlike pure diglyme (Table S1), the chemical shift is
not dominated by the proximity to neighbouring oxygen and
carbon atoms; these atoms do not dominate the chemical shifts
nearly as much as the proximity to the Au atoms.

Fig. 4 shows the 1H-1H COSY NMR spectrum of the cluster.
We observe no interaction between the phenyl ring protons of

Table 1 Calculated *H NMR chemical shifts for the hydrogen atoms of diglyme in
Auy(SCH3);5DG*.

PET and the DG protons. However, we observe strong
correlation between the PET ethylene linker and DG protons.
This suggests that the DG ligands are in a closer vicinity to the
ethylene linker than the phenyl ring. Due to the dynamic
behaviour of cluster ligand layers in solution,>1-53 we would
expect some observable degree of spin-spin coupling between
DG and the phenyl ring if DG were ligated in a monodentate
fashion. A multidentate arrangement would enhance the
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overall strength of the gold-diglyme interaction, and the
chelating ability of DG and other glymes is well documented.28:34

Based on the high signal strength of the DG protons relative
to the PET protons from NMR analysis, we hypothesized that
more than two diglyme molecules were present per formula
unit. In order to test this hypothesis, we performed Thermal
Gravimetric Analysis (TGA) on the cluster monomer in dry
powdered form. Fig. 5 shows the TGA curve of the powdered
cluster. Differential thermal analysis revealed the precise onset
of the two weight loss events (Fig. S2). The final weight % is
representative of the proportion of the cluster consisting of
gold. Conversely, the total weight % loss should match closely

100 i —
8.0 % (0.163 mg)
04 T
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P}— 80 4
£
& 100 136°C 37.8% (0.767 mg)
2 704 | g5
=
90 138 °C
60 A 85
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25 50 75 100 125 150 175 200 225 250 275 300 325 350

Temperature (°C)

with the proportion consisting of the ligands. Assuming a cluster
of formula Aux(PET)15(DG); the ligand loss is equivalent to
37.1%, which is significantly different from the observed total
loss of 45.8%. Furthermore, this formula does not account for
the initial weight loss event of 8%.

A significantly better match to the TGA data is obtained by
considering the full [Au0(PET)15(DG)2]-4[DG]
(calculated mass: 6803 Da). We propose that this ‘excess’

formula:

diglyme is not directly bound to the gold surface and is
therefore easier to remove. The loss of 4 DG molecules is
equivalent to a 7.8% loss and the subsequent loss of
(PET)15(DG); is equivalent to 34.2% (total = 42%). It is possible
that this ‘excess’ diglyme is unevenly distributed within the
powdered sample, which could help explain the discrepancy
between observed and calculated weight loss values.

The onset of decomposition for the all-thiolate Auyo(PET)16
cluster comparable
approximately 125 °C.54 This is considerably lower than
[Au20(PET)15(DG);]-4[DG], whose inner ligand shell does not
desorb until approximately 156 °C. Similarly, Auzo(PET)15-DG-
Auyo(PET)15s does not begin to shed its ligand shell until
approximately 150 °C.40 It is therefore evident from both our
previous and current work that the coordination of diglyme to

under thermal conditions is at

thiolate-protected gold nanoclusters results in a significant
enhancement of surface stability. The calculated binding
energies between Auzo(SCHs)1s* and the first diglyme is around
35.2 kJ/mol (Table S2),
experimental observation for the
interaction.

consistent with the
strong diglyme-gold

which is

Fig. 5 TGA curve of powdered [Auy(PET);5(DG),]-4[DG]. Inset provides a clearer
view of the onset temperatures for the two weight loss events.

This journal is © The Royal Society of Chemistry 20xx



3.2 Optical & Assembly Behaviour

The linear absorption spectrum of [Auao(PET)15(DG)2]-4[DG] is
comprised of a single broad peak centered at 512 nm (Fig. S3).
This is less complex than the absorption spectra of Auyo(PET)16
and  Auyo(PET)15-DG-Auyo(PET)1s, but is  similar to
Auy0(PET)15(DG)1.4%>4 Based on the presence of multiple diglyme
per formula unit and their novel arrangement, we expect
electron relaxation dynamics unique from that of the single-
diglyme monomer.

Solution-phase FT-IR analysis of the cluster shows a lack of
vibrations in the region of 2000-1750 cm-! (Fig. S4). This set of
vibrations is observable within the dimer Aux(PET)1s5-DG-
Auy0(PET)1s, arising from strong ligand-layer vibrational coupling
between the two Auo monomer units.?® We can therefore
confirm that such interactions are absent within this new
cluster, establishing it as a purely monomeric species.

[Au20(PET)15(DG);]-4[DG] can be repeatedly dried and re-
suspended up to three times without any indication of
decomposition. The low vapor pressure and wide liquid range
of diglyme appears to help facilitate this degradative resistance.
Furthermore, the solution-phase shelf life is remarkable, with
no significant decomposition following storage in chloroform at
0 °C for wup to 18 months. To test whether
[Au20(PET)15(DG),]-4[DG] is capable of hierarchical assembly, we
performed a series of heating experiments. Highly-
concentrated chloroform solutions of the cluster monomer
were set in water baths ranging from 30-60 °C and allowed to
equilibrate at each temperature for up to one hour; additional
experiments involving a gross excess of diglyme were also
conducted (Fig. S5). Overall, we observed no change in the
absorption profile of [Au2o(PET)15(DG)2]-4[DG] over the course
of these experiments, demonstrating that it is highly resistant
to dimerization/polymerization.

3.3 Glyme-Directed Formation Pathway

Modification of the reducing agent addition step is known to
greatly influence the product distribution in Brust-type gold
nanocluster syntheses.>>56 |t is also well-known that clusters
only begin to form once a significant electron reservoir (i.e. the
reducing agent) is introduced. The synthetic conditions to
obtain [Auxo(PET)15(DG)2]-4[DG] are nearly identical to that for
the dimer-monomer system, with the exception of this step. As
mentioned previously, the dimer-monomer synthesis
introduces the reducing agent after diluting the reaction
solution with a gross excess of diglyme (523.7 eq relative to
HAuUCl4-3H20).40 Our modified synthesis reverses the order,
instead adding the reducing agent prior to the dilution step.
Cluster formation therefore begins with a significantly lower
diglyme content: 87.3 eq for [Auzo(PET)15(DG),]-4[DG] versus
611 eq in the case of the dimer-monomer system. Notably,
Auys(p-MBA)17(DG)1 also formed using a lower diglyme content
(74.2 eq).*2 Combined, our results indicate that modification of
the diglyme content directly influences the final cluster product
identity.

This journal is © The Royal Society of Chemistry 20xx

It is interesting that gold-thiolate nanocluster syntheses
have a propensity for incorporation of glymes within the final
products, unlike in the case of lead chalcogenide nanocrystals
where they appear to only control the size.37.38 We posit that
the different predominant formation pathways for lead
chalcogenide nanocrystals (nucleation and growth) and gold-
thiolate nanoclusters (etching) play a significant role in this
difference of outcome. Further mechanistic studies in both of
these areas need to be performed in order to fully appreciate
the directing role of glymes in synthesis.

3.4 Diglyme Configuration & Apparent Ligand Cross-Linking

Even at the minimum laser intensity, the high energy conditions
of MALDI-MS are more than sufficient to ablate weakly-
interacting ligands from the surfaces of gold nanoclusters.4257 |t
is remarkable that two molecules of diglyme are strongly bound
enough to remain on the intact cluster. The only other example
of such a phenomenon to date is from our own report on
Auys(p-MBA)17(DG)1.42  In  addition, the diglyme-diglyme
interactions of [Aux(PET)15(DG),]-4[DG] are notably stronger
than the gold-sulfur interactions of the all-thiolate analogue
within a thermal decomposition context (desorption at 138 °C
versus 125 °C).54

As Park and Shumaker-Parry’s studies initially revealed,
oxygen-containing coordinating ligands can exhibit remarkably
strong surface chemistry due to inter-ligand stacking
networks.4344 In the case of citrates, one of the prominent
intermolecular forces was identified as van der Waal attractions
between neighbouring chains via proximal CH, moieties. Our
work extends this unique surface chemistry to atomically-
precise clusters with glymes.

The strong hydrogen-bond acceptor ability of diglyme is
well-documented.>8 Attraction between CH, moieties within
PET and diglyme is evident from our H-'H NMR spectral data.
Furthermore, the difference in formulation between mass
spectrometry and TGA suggests that at least two configurations
of diglyme with significantly different binding strengths are at
play. Our current working hypothesis is that the ‘excess’ 4[DG]
is stacked in a similar fashion to what is observed in Park and
Shumaker-Parry’s citrate-capped the
observed lack of correlation with the PET phenyl ring, the
specific diglyme stacking arrangement must be ‘buried’
alongside the ethylene linkers of PET. To our knowledge, this is
the first example of such a protecting motif in gold
nanoclusters. Assuming an even distribution between the two
directly surface-bound diglyme, [Auo(PET)15(DG).]-4[DG]
should therefore have two groups of three-diglyme long stacks.

Thus far, [Auzo(PET)15(DG)2]-4[DG] has proven resistant to
hierarchical assembly. This may be due to suboptimal
positioning of the outermost diglyme, although the presence of
a gross excess of diglyme in our thermal activation study should
be able to serve as ‘bridges’ between adjacent clusters.?® We
posit that the strength of the diglyme-diglyme interaction
decreases the further it gets from the cluster surface, eventually
reaching a point of diminishing returns which make longer
diglyme stacks energetically unfavourable.

colloids. Based on
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One open question which remains is the precise orientation
of both the inner DG ligands and the outer excess DG. We have
some insight from theory and the 'H and H-1H spectra with
regard to the former, but this has yet to be unambiguously
confirmed through crystallography. Simulated structures of gas-
phase bare Auz as well as empirical data on phosphine-
protected Auyo arrange all gold atoms within a highly stable
tetrahedral structure (i.e. all gold is exposed to the surface).>9.60
If true, this would create a scenario wherein up to five gold
atoms are not directly coordinated to one of the 15 thiolate
ligands, freeing them up for potential chelation with glymes.

Conclusions

The use of coordinating cosolvents such as glymes in Brust-type
syntheses is relatively unexplored, and represents a handle for
modification of cluster surface chemistry. It is likely that
through careful tuning of reaction conditions, a series of
diglyme-ligated gold nanoclusters can be produced. Whether all
nuclearities would have enhanced surface stability remains a
point of conjecture, as the curvature of the cluster surface
necessarily plays a significant role in the orientation of diglyme.
For [Auzo(PET)15(DG)2]-4[DG], post-synthetic modification
studies on traditional ligand exchange and
metal/ligand exchange are of immediate interest. If the ligated
DG exhibit resistance to exchange by incoming thiolates, a 100%
diglyme-protected gold nanocluster may be completely
shielded from intercluster exchange (typically a facile process).
We anticipate that excited state absorption measurements of
this cluster monomer will provide a detailed view of its
electronic energy landscape, which may help to explain its
resistance to hierarchical assembly. X-ray absorption
experiments could offer more insight into the various
coordination environments unique to this cluster, if a crystal
structure is not forthcoming. The strong stabilizing effect of
diglyme, in addition to the myriad existing research and
commercial applications of glymes, makes heteroleptic clusters
such as [Auzo(PET)15(DG)2]-4[DG] exceptional models with which
to probe glyme-cluster interactions with atomic precision.

intercluster
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toxicity (versus common organic solvents). Cleaning products,
inks, adhesives, coatings, batteries, and pharmaceutical
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