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Thiol functionalised supports for controlled metal nanoparticle
formation for improved C-C coupling
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Abstract: The myriad applications of metal nanoparticle systems
have individual demands on their size, shape and electronic states,
demanding novel synthetic methods to optimise these properties.
Herein we report our method of exploiting strong thiol-Pd binding as

a precursor for forming small, uniform Pd nanoparticles on activation.

We validate our approach with a range of characterisation
techniques and contrast our design strategy with an analogous
wetness impregnation method, showing the drastic improvements for
catalytic C-C coupling. The presence of the thiol groups offers
greater control over nanoparticle formation, particularly temperature
resolution on activation, potentially allowing more targeted
nanoparticle formation procedures.

Metal nanoparticles (NPs) are at the forefront of modern
technology in the fields of chemistry,! optics®? and medicine,®!
leading the way in applications such as drug delivery, imaging
and catalysis.!'® 2% The interest in metal NPs is due to their
small size, prompting a range of unique behaviours and
properties not seen in the bulk material.”! Principally, this is due
to the enhanced surface-to-volume ratio of nanoparticles,
maximising the exposed ‘frustrated surface’, resulting in defect
sites and different crystallographic planes.®! In catalysis this
maximises the surface coverage of active sites that can initiate
or propagate a vast range of chemical processes.®! Metal NPs
are widely used as catalysts due to the many controllable
parameters that can be tailored for specific functions, which
includes nanoparticle size, shape, phase and composition.[’]
One of the challenges of using NPs is preventing agglomeration
or sintering, as this typically leads to larger, less active species.
To prevent this, NPs are commonly deposited onto porous
supports with high surface areas, to both isolate and anchor the
NPs, extending their lifetime.®!

Because of the many tuneable NP parameters, a wide range of
distinct synthetic techniques have been developed to deposit
metal NPs onto solid supports, with varying complexity and
efficacy.l® 9 Wetness impregnation is still among the most
widely used methods, due to its simplicity. However more
precise methods of creating NPs have been developed,

including anchoring pre-formed metal clusters.®® Organic
moieties are increasingly being used to control the size and
modify the electronic properties of metal NPs. Thiols, in
particular, have been widely used due to their ability to form
strong bonds with heavy metal atoms, making them excellent
candidates for metal adsorption systems.!% Thiols have
previously been used as capping agents, as the thiol-metal
bonds hinder nanoparticle growth, limiting the NP size, where
the metal-thiol bonds are typically much stronger than those
seen in non-thiol based surfactants.** This has been used to
great effect in forming atomically precise metal clusters, such as
Auis or Agas, and for tethering pre-made metal nanoparticles
onto thiol-functionalised supports.t%* 1081 However there are
scarce few reports where thiol-functionalised supports have
been used for nanoparticle formation.

In this work we exploit strong Pd-thiol interactions, by anchoring
Pd atoms onto thiol-modified mesoporous silica, forming isolated
Pd-thiol complexes. These systems can then be activated,
giving small defined nanoparticles with a narrow size distribution.
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Figure 1. Schematic showing the different synthetic routes in this work.



We show that these systems offer superior catalytic activity for
C-C bond formation through Suzuki Coupling (Figure S1),
compared to identically prepared systems, without a thiol-binder.
The benefit of the tethered thiol species is then explored by
comparing analogous samples both with and without thiols, in a
combined catalysis and characterisation study.

The parent material “Thiol-SiO,” was prepared by grafting 0.3
mmolg? 3-mercaptotrimethoxysilane onto mesoporous silica
(see ESI for details). The integrity of the grafted thiols was
confirmed using °C solid-state  NMR (Figure 2),2 with
elemental analysis showing the expected C/S molar ratio of 3
(Table S1). Low thiol loadings were purposefully used to
disperse the thiols within the non-passivated 150 A mesoporous
silica support (~150 A?thiol'), encouraging isolated metal
complexes to form. Grafting thiol onto silica maintained the
porosity (Figure S2 and Table S2), resulting in a 10 % reduction
in both pore volume and surface area, with a subtle increase in
the average pore size, on grafting the thiol groups. As expected,
there was little change in the visible region of the UV/Vis spectra
(Figure S3).

Pd (K2PdCls) was mixed in solution with “Thiol-SiO,” at room
temperature, forming Pd-S bonds, making the “Pd-Thiol-SiO;
AS” system. Adding Pd did not affect the porosity, with pore
volume, width and surface area matching the parent “Thiol-SiO,”
system (Figure S2 and Table S2). The UV/Vis spectra
dramatically changed on adding Pd, as the powder changed
colour from white to orange (Figure S3). TEM images showed
no evidence of metallic particles or clustering (Figure S4),
supporting the formation of isolated, single atom Pd complexes
throughout the system. 3C NMR (Figure 2) confirms the binding
behaviour further, with the “Thiol-SiO,” **C NMR showing two
signals, with the dominant signal at 28 ppm (both SiCH;-CH,-
CH,SH and SiC,H4-CH,-SH) and a smaller signal at 10 ppm (Si-
CH,-C,HsSH), as expected.*? On binding to the Pd?* (Pd-Thiol-
SiO,; AS) the SiCHyHs;-CH2-SH signal moved to a higher
chemical shift (49 ppm), with the other two carbons largely
unchanged. This mirrors behaviour seen with grafted thiols
binding to mercury atoms.? It is noted the “Pd-Thiol-SiO, AS”
system required 10 times more scans to reach an equivalent
signal to noise ratio as the “Thiol-SiO,” system, likely due to the
electron spin from the unpaired electrons in the Pd?* present.
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Figure 2. Showing the influence of Pd binding to grafted-thiols with 13C solid
state NMR.
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“Pd-Thiol-SiO, AS” was reduced under a hydrogen flow forming
“Pd-Thiol-SiO, Red”, prompting a further colour change from
orange to brown, with further changes in the UV/Vis spectra.
Most notably a broad feature between 375 — 485 nm is present,
matching previous assignments of a combination of LMCT and
d-d transitions for square planar Pd%* species.'] Reduction
caused minimal changes in porosity, again the surface area,
pore volume and width were in good agreement with the parent
systems (Figure S2 and Table S2). Elemental analysis showed
that 29 % of the thiol species had been removed on reduction,
though the C/S ratio was largely maintained (Table S1). The 3C
NMR of “Pd-Thiol-SiO, Red” shows that the 49 ppm signal from
the “Pd-Thiol-SiO, AS” remains, but there is now a dominant
signal at 16 ppm (Figure S5). This confirms the thiol group has
also been affected by the reduction process, and this new signal
is possibly the result of H,S removal, leaving an alkyl chain, or
thiol-ether formation.*4
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Figure 3. TEM image (A) showing the small, uniform Pd nanoparticles of the
“Pd-Thiol-SiO2 Red” system, and the corresponding XPS spectra (B) showing
the total fit (blue, thick), experimental data (black, thin), background (grey,
thin), Pd2?* (green, dashed) and Pd° (red, dots) contributions.




ICP analysis showed the Pd content was 0.76 wit%,
corresponding to a distribution of 642 A2Pd-t. TEM confirmed the
formation of small, uniform Pd nanoparticles, with an average
diameter of 4 £ 1 nm (Figures 3A and S6). XPS shows the
influence of reducing the materials, with the “Pd-Thiol-SiO, AS”
spectra shows just two signals at 342.6 and 337.1 eV,
corresponding to Pd?* 3ds, and 3ds, transitions, confirming Pd
primarily exists as Pd?*, bound to the thiol species (Figure
3B).%1 Post-reduction, the XPS signals of “Pd-Thiol-SiO, Red”
have both shifted to lower binding energies (341.2 and 366.0
eV), which are due to a combination of Pd?* and Pd°®
contributions.® Therefore this data has been fit using roughly
even quantities of Pd?* (3ds and 3ds; at 342.1 and 336.9 eV)
and Pd® (3ds, and 3ds, at 340.7 and 335.5 eV), suggesting
some Pd is still existing as Pd?* and has not fully extruded from
the thiol groups (Figure 3B), due to the strong binding
interactions.

To explore the influence of the anchoring thiol species, an
analogous synthesis procedure was used with bare SiO; instead
of “Thiol-SiO,”, doping equivalent amounts of Pd “Pd-SiO2 AS”,
and reduced under the same conditions “Pd-SiO, Red”.
Introducing Pd directly onto the mesoporous SiO, support (0.96
wt%) subtly reduced the pore volume and surface area, though
prompted a noticeable change in pore width from 188 to 227 A,
which was maintained on reduction (Figure S7 and Table S3). It
is noted that the porosity of the “Pd-Thiol-SiO, Red” and “Pd-
SiO; Red” is near identical (Tables S2 & S3), thus any
differences in behaviour are not due to porosity. The Pd metal
loadings are also similar, with “Pd-SiO, Red” having slightly
more Pd (0.96 wt%) than “Pd-Thiol-SiO, Red” (0.76 wt%). The
two systems are similar in colour, reflected in the agreement in
their UV/Vis spectra (Figure S8), both showing a sharp peak at
237 nm, shifting the bare SiO, signal. The Pd-SiO, AS also
shows features at 285 and 426 nm, again attributed to a
combination of LMCT and d-d transitions.*® TEM images of “Pd-
SiO; Red” show significantly larger Pd particles, with much
larger variation in particle size, with diameters of 23 £ 12 nm
(Figures 4 and S9).

Particle size
23 +£12 nm
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Figure 4. TEM image (A) showing large Pd nanoparticles in the “Pd-SiO2 Red”
system, and the corresponding XPS spectra (B) showing the total fit (blue,
thick), experimental data (black, thin), background (grey, thin), Pd2* (green,
dashed) and Pd° (red, dots) contributions. Contrasted with Figure 3, this
shows the influence of the thiol groups.

The significant difference in Pd nanoparticle size is unlikely to be
due to difference in Pd loadings (0.76 wt% v 0.96 wt%), instead
the thiol-groups likely had the intended effect of separating
individual Pd atoms, increasing dispersion, which lead to smaller
more active sites. This, combined with improved Pd distribution
throughout the sample, made the metal atoms less mobile
during activation, leading to smaller metallic nanoparticles. XPS
confirms that “Pd-SiO, AS” contains mostly Pd?*, with a small
contribution from Pd° as expected.*® On reduction this is
quantitively reduced to Pd® (Figure 4B). Therefore, the inclusion
of thiol groups allows more control over the reduction process,
by giving access to a much wider temperature range to form
nanoparticles.

Figure 5. Suzuki Coupling catalytic data, showing the catalytic benefits of

350 4

?H
B“OH ! oo
o OO0

B Pd-Thiol-5i02 Red

[
N
(=]

O Pd-5i02 Red

h

thiol-group grafting. Reaction conditions: 40 °C, 50 mg of catalyst, 0.94 mmol
of phenylboronic acid, 0.86 mmol of naphthalene (internal standard), 0.87

g

TON (molgg,molpy™t)
g

g

Time (hrs)

mmol of anhydrous K2COs, 1.22 mmol of iodobenzene and 15 mL of ethanol.



The influence of the thiol group was examined by comparing the
catalytic turnover numbers (TONs) of the two reduced Pd
species, for the Suzuki coupling of iodobenzene and
phenylboronic acid (Figures 5 and S10). After 2 hours the
turnover frequency (TOF), and rate of reaction, for the “Pd-Thiol-
SiO, Red” species (92 hr') was over twice that of the “Pd-SiO,
Red” species (38 hrt), due to the superior catalytic performance
(yield of 70 mol% v 39 mol% respectively) of the “Pd-Thiol-SiO,
Red” catalyst. This improved activity was maintained over a
sustained time period, further vindicating the stability of the
catalyst and it's catalytic resilience. It is likely that the thiols still
present in the activated system, help anchor the metal
nanoparticles, preventing leaching and agglomeration, or
possibly also enabling ‘catch-and-release’ chemistry. We note
that the activity in this reaction is purely due to the Pd species,
as the control “Thiol-SiO,” system showed no activity after 8
hours. The improved activity and efficiency of the thiol system is
primarily attributed to the smaller Pd nanoparticles in the thiol-
based system. This has two benefits; as smaller nanoparticles
geometrically provide a greater fraction of exposed Pd sites,
available for reaction, leading to a higher proportion of reaction
sites. Similarly, for particles less than 3 nm, the electronic
properties are notably different to ‘bulk’ metals. It is also possible
that the Pd-S bonding may increase the systems activity, though
this will depend on what the prevailing mechanism of this
reaction is. However, the organic nature of the thiol-group
makes them open to subtle modifications to probe these theories
in future.

To determine the stability of the system the “Pd-Thiol-SiO,-Red”
catalyst was recovered after 8 hours of a Suzuki coupling
reaction between iodobenzene and phenyl boronic acid. The
used catalyst was filtered from the reaction mixture, dried and
reactivated and retested under identical reaction conditions
(Figure S11). Very little deviation was observed between the
TON'’s of the “Fresh” and “Recycled” systems after 4 hours, but
a slight dip was seen after 8 hours. Overall though the activity is
largely the same, showing the stability of our system.

To confirm the superior activity of our thiol-based system; “Pd-
Thiol-SiO,-Red” over the standard “Pd-SiO,-Red” system we
explored a wider range of substrates, varying the nature of the
halogenated benzene system for coupling to phenyl boronic acid
(Table 1).

Table 1. Suzuki Coupling catalytic data, showing the benefit of thiol-group
grafting with a range of substrates. Reaction conditions: 40 °C, 50 mg of
catalyst, 0.94 mmol of phenylboronic acid, 0.86 mmol of naphthalene (internal
standard), 0.87 mmol of anhydrous K2COgs, 1.22 mmol of halogenated
benzene and 15 mL of ethanol.

(l)H
O s
e OO
Y
Entry | X Y Time TON of Pd- TON for Pd-
(hrs) | Thiol-SiOz-Red SiOz-Red
(m0|convm0|Pd—l) (m0|convm0|Pd—l)
1 | H 2 183 75
2 | NO, 2 202 178
3 Br H 4 145 135
4 Cl H 8 37 <5
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In all four cases (Table 1) the thiol-based system (“Pd-Thiol-
SiO,-Red”) outperformed the more traditional system (“Pd-SiO,-
Red”), showing the versatility of our system. The performance of
our system mimics previous findings. in the literature,* with the
1-iodo-4-nitro-benzene substrate (Entry 2), being more active
that the iodobenzene analogue (Entry 1). Similarly, the
bromobenzene (Entry 3) and chlorobenzene (Entry 4) were
found to be successively less active than iodobenzene substrate,
as seen by the lower TONs, even over longer time periods,
again as previously seen in the literature. Despite this the thiol-
based system consistently showed better activity than the
traditional system, verifying our approach.

Contrasting the efficacy of our systems with other recent
systems in the literature (Table S4) shows that we can achieve
comparable TOF values with our “Pd-Thiol-SiO,-Red” system.
While some systems have achieved TOFs that are an order of
magnitude larger than ours, these are typically done at elevated
temperatures, and the result of a catalytic studies to optimise
reaction conditions. As such our current values should be taken
as a lower-limit of what these systems are able to achieve.

In this work we have shown that thiol groups, anchored onto
silica are effective binding sites for Pd atoms, which when
reduced, trigger the formation of small nanoparticles with a
narrow size distribution. This approach led to catalysts with
superior activity over analogous systems prepared using
conventional techniques, attributed to the smaller metal
nanoparticles. Our approach of forming the nanoparticles on the
support, instead of anchoring them post-synthetically, has the
benefit that there are many controllable variables that could be
modulated to improve the activity of the system. This includes
the distribution of the initial binding sites, reduction temperature
and the precise nature of the thiol groups. As such this approach
has the potential to be applied to a wide range of metal-doped
porous catalysts for mechanistic studies and optimising catalytic
reactivity.
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Entry for the Table of Contents

Isolated thiol-Pd complexes, grafted to mesoporous silica, serve as precursors for nanoparticle formation. This approach has several
benefits over analogous impregnation methods, as we show that the thiol-groups, lead to smaller nanoparticles. This unique method
to synthesise Pd-catalysts offers improved activity over analogous non-thiol systems, offering new opportunities to modulate and
tailoring metal nanoparticles systems.



