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ABSTRACT

A synthetic procedure was developed for the encapsulation of Au nanoparticles within titanium silicalite-
1 (TS-1). Encapsulation was achieved via crystallization of TS-1 synthesis gels containing ligated Au
cations, resulting in TS-1 framework assembly around Au coordination complexes. X-Ray diffraction
and micropore volume measurements indicated that TS-1 could be crystallized at much milder condi-
tions than previously reported, allowing the assembly of TS-1 without concomitant decomposition of
added Au complexes. Infrared (IR) and UV-vis spectroscopy showed that Ti was incorporated into the
frameworks as tetrahedrally coordinated atoms. Changes to established crystallization procedures for
TS-1 included lower temperature (393 K vs. 448 K) compensated by longer time (120 vs 48 h) and the
use of seed crystals. Post-synthetic thermal treatments led to the formation of small Au nanoparticles
(2.8-3.8 nm) visible in electron micrographs and free of organic debris, as indicated by IR spectroscopy.
Such nanoparticles are protected from bulky titrants, and thus reside within TS-1 crystallites (>96%
encapsulation). The Au particles were active for propene epoxidation with H,0/O, even without promo-
tion by alkali cations (e.g., Cs*), though alkali doping led to enhanced rates. These Au/TS-1 systems were
less active for epoxidation than Au/TS-1 prepared by deposition-precipitation, likely because the latter

contains a disproportionately active minority population of exceedingly small (<1 nm) Au clusters.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

Au nanoparticles have attracted considerable attention because
of their potential catalytic applications for a broad range of reac-
tions, including CO oxidation, alkanol oxidation, and selective
diene hydrogenation [1-3]. Highly-dispersed (<5 nm) Au nanopar-
ticles deposited on amorphous or crystalline oxides containing Ti
atoms (e.g., TiO, and titanium-containing silicalite-1 (TS-1)) also
catalyze alkene epoxidation using O, as the oxidant [3-6]. Au/Ti-
oxide catalysts for propylene epoxidation are of specific practical
interest because propylene oxide (PO) is an intermediate in the
synthesis of polyether polyols, propylene glycol, and several other
chemicals [7]. Propylene epoxidation occurs on Au/Ti-oxide com-
pounds in the presence of H,/O, mixtures, which have been pro-
posed to form H,0, on Au surfaces and then react with
propylene at Ti centers present within molecular distances via
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the formation of hydroperoxy (*OOH) [7,8] or bound hydrogen per-
oxide (*HOOH) species [9] and epoxidation events analogous to
those on TS-1 with propylene-H,0, co-reactants [3,4]. These
hydroperoxy species are also thought to form on Au surfaces from
H,0/0, reactant mixtures, albeit with much less favorable thermo-
dynamics [10-12]. For both H,/O, and H,0/0, reactants, epoxida-
tion rates and selectivities seem to depend sensitively on the
proximity between the Au and the Ti function [8-12], apparently
because highly-reactive intermediates must be shuttled between
Au and Ti domains. Such expected benefits of intimacy have led
to significant efforts to develop protocols for the synthesis of solids
with more proximate Au and Ti functions. These methods typically
seek to place small Au nanoparticles within (or at the external sur-
faces of) TS-1 crystals; TS-1 is the preferred epoxidation function
because it contains highly dispersed Ti centers with the tetrahedral
coordination shown to be most effective for alkene-H,0, reactions
[4,8,11,12].

Au nanoparticles 2-4 nm in diameter can be deposited at exter-
nal TS-1 surfaces via deposition-precipitation (DP) methods using
Na,COs5 [13-15], K»CO3 [16], or Cs,CO3 [16] as the precipitant of
HAuCl, precursors. These procedures lead to some of the most
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active and selective Au/TS-1 catalysts for propylene epoxidation
with both H,/0, and H,0/0, co-reactants [11,13-16], even though
the detectable Au-containing nanoparticles are predominantly
located at the external surfaces of TS-1 crystallites. Density func-
tional theory (DFT) [17] calculations have suggested that propy-
lene epoxidation with H,/O, is most favorable on Ti sites that
reside within atomic contact of very small (<1 nm) Au nanoparti-
cles [17], but the presence and involvement of such contact have
resisted direct experimental observation.

Catalysts prepared by deposition of Au nanoparticles on
silicalite-coated TS-1 (Au/S-1/TS-1) and on uncoated TS-1 (Au/TS-
1) showed similar activity for propylene epoxidation, suggesting
that a small fraction of highly dispersed (<1 nm) Au clusters, pre-
sent within TS-1 crystals instead of at external surfaces (where
Au-Ti contact is precluded in Au/S-1/TS-1) may account for most
of the observed epoxidation turnovers on Au/TS-1 [18]. DP meth-
ods that form Au nanoparticles with the small diameter required
for high reactivity (<5 nm [19]) are limited to very low Au contents
(<0.35% wt. [11]); they form only when a small fraction (<5%) of the
AU species in the aqueous solutions are precipitated and depos-
ited [11]. Mechanical grinding of solids [20] have also been used
to form small (<2 nm) Au clusters at external TS-1 surfaces, albeit
at very low Au contents (<0.30% wt.). AuPd particles (~2 nm) can
be dispersed within mesopores in hierarchical TS-1 samples (pre-
pared by crystallization of protozeolitic precursors) via post-
synthetic impregnation and thermal treatment of Au>* and Pd*
precursors [21]. Benzyl alcohol oxidation rates measured (per
mass) in the presence of H,/O, mixtures (to form H,O, in-situ)
on these AuPd catalysts were higher than on samples with larger
AuPd particles derived from DP protocols on hierarchical TS-1
[21]. To the best of our knowledge, these methods represent the
current state-of-the-art for the synthesis of H,0, or OOH-
generating Au functions within short distances (but larger than
atomic and molecular dimensions) of Ti centers within TS-1.

The present study reports a synthetic strategy for the direct
encapsulation of Au nanoparticles within TS-1 crystals during the
hydrothermal synthesis of such crystalline microporous solids.
These protocols place the Au and Ti functions within short inter-
vening distances. Such materials cannot be prepared by post-
synthetic exchange of solvated Au>* precursors followed by ther-
mal treatment [22] because TS-1 lacks cation exchange sites, and
also because its ten member-ring (10-MR) apertures obstruct the
diffusion of aqueous Au®* cations and their coordinating sphere
into intracrystalline regions [23]. The protocols reported here
involve the hydrothermal assembly of TS-1 zeotype frameworks
around ligand-protected Au®* cations to form coordination com-
plexes that are occluded within TS-1 voids during crystallization.
Subsequent thermal treatments then remove ligand species, lead-
ing to the formation of small and stable nanoparticles that pre-
dominantly reside within intracrystalline voids. These methods
represent a significant extension of protocols developed previously
for several other metals and zeotypes (LTA, MFI, FAU, GIS, ANA,
SOD, CHA; [24-28]) to the synthesis of Au nanoparticles for the
specific case of TS-1 and SIL structures that lack exchange sites
and require organic templates and higher temperatures than other
structures for their crystallization under hydrothermal conditions.

These encapsulation methods are singularly challenging for Au
cations, because of their propensity to reduce prematurely and
form large Au® colloids before the nucleation and growth of the
confining crystalline frameworks [23]. These challenges are for-
midable for TS-1, in particular, because the temperatures required
for TS-1 crystallization (~450 K; [29,30]) are higher than for the
aluminosilicates previously used in developing encapsulation pro-
tocols (e.g., LTA, MFI; 373-393 K; [23,24]). Such high temperatures
favor the deprotection of ligated precursors and cause their prema-
ture precipitation or reduction during the assembly of zeotype
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frameworks [23,31,32]. The challenges imposed by these high syn-
thesis temperatures and by the facile reduction of Au>* compared
with other noble metal cations [33], especially when alkanols
formed by the hydrolysis of Si and Ti alkoxides act as chemical
reductants [23], have prevented the synthesis of Au nanoparticles
selectively dispersed within TS-1 until the present work.

These synthetic hurdles are circumvented here by (i) using 3-
mercaptopropyl-trimethoxysilane (MPS) ligands that simultane-
ously protect Au®* cations and enforce metal incorporation into
proto-zeolitic moieties via their alkoxysilane groups; (ii) removing
the alkanol reductants formed by alkoxide hydrolysis before con-
tact between synthesis gels and ligated precursors; and (iii) crys-
tallizing synthesis gels at moderate temperatures that prevent
the premature reduction of Au3* cations without compromising
framework crystallization. These successful syntheses exploited
TS-1 crystallization temperatures that are significantly lower than
those in previous reports (393 K vs. 443-448 K; [29,30]), compen-
sated by longer synthesis times (120 h vs. 48 h) and by the pur-
poseful addition of small amounts of TS-1 seed crystals. These
procedures led to Au/TS-1 materials with high crystallinity and
solids yields and with Ti centers located within the silicate frame-
work for a broad range of relevant Au contents (0.2-0.9% wt.).

Post-synthetic pyrolytic, oxidative, and reductive treatments
successfully removed the ligands and organic templates and led
to formation of 2.8-3.8 nm Au nanoparticles uniform in diameter
and located within TS-1 crystals. Their formation required the par-
tial decomposition of ligand and template species in inert environ-
ments and the gradual oxidative removal of organic residues in
order to prevent local exotherms. The surface cleanliness of the
confined Au nanoparticles was confirmed by infrared spectra of
chemisorbed CO. Au particles were predominantly present within
TS-1 voids (>96% of exposed Au surfaces), as shown from ethanol
oxidative dehydrogenation (ODH) reaction rates on Au/TS-1 before
and after exposure to dibenzothiophene (DBT), which poisons Au
surfaces but cannot enter TS-1 voids.

Preliminary studies of propylene epoxidation with H0/O, indi-
cate that the Au/TS-1 catalysts containing encapsulated Au parti-
cles are active for the formation of PO, with acrolein and
propanal generated as the main byproducts. Au/TS-1 samples pre-
pared with relatively small Au nanoparticles (~2.8 nm) gave PO
formation rates about 10-fold higher than for samples with larger
particles (~3.8 nm). These Au/TS-1 catalysts were active for PO for-
mation despite the substantive absence (<1 ppm) of alkali (Cs*, K*)
promoters, which were previously deemed essential to form PO on
Au/TS-1 systems [11]. The deliberate post-synthesis addition of Cs
species to Au/TS-1 samples led to about a two-fold increase in PO
formation rates, but alkali-free samples were also competent in PO
synthesis. PO formation rates and selectivites on both neat and
alkali-promoted Au/TS-1 samples developed in this work, however,
were lower than previously reported for Au/TS-1 systems prepared
by DP methods with alkali promoters [11]. The presence of a pop-
ulation of exceedingly small (<1 nm) and difficult to detect Au clus-
ters present in the Au/TS-1 samples prepared by DP methods,
which utilize significantly lower treatment temperatures than
the synthetic techniques used in this study, may account for the
large observed discrepancy in PO formation rates on the two Au/
TS-1 samples given the substantial Au particle size effect on the
reaction rate.

2. Methods
2.1. Source and purity of reagents used

Distilled and deionized H,0 (17.9 Q cm resistivity) was used in
all syntheses. HAuCl4-3H,0 (99.99%, Sigma-Aldrich), 40% wt.
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tetrapropylammonium hydroxide (TPAOH) in H,O (99% purity;
Sigma-Aldrich), tetraethyl orthosilicate (TEOS; 98%, Sigma-
Aldrich), tetraethyl orthotitanate (TEOT; 98%, Sigma-Aldrich), 3-
mercaptopropyl-trimethoxysilane (95%, Sigma-Aldrich), Cs,CO3
(99.9%, Sigma-Aldrich), ethanol (99.9%, Sigma-Aldrich), dibenzoth-
iophene (DBT; 98%, Sigma-Aldrich), propylene oxide (99%, Sigma-
Aldrich), acetone (99.9%, Sigma-Aldrich), acrolein (99.9%, Sigma-
Aldrich), isopropanol (99.9%, Sigma-Aldrich), propanal (99.9%,
Sigma-Aldrich), fumed SiO, (Cab-0-Sil M5, >98.5%), quartz (Fluka,
acid purified, product #84880, >99%), BaSO, (>99%, Sigma-
Aldrich), 5-50% propylene/He (99.999%, Praxair), 20-25% O,/He
(99.999%, Praxair), air (extra dry; 99.999%, Praxair), H, (99.999%,
Praxair), 1% CO/He (99.999%, Praxair), and He (99.999%, Praxair)
were used as received.

2.2. Synthesis of TS-1 frameworks with ligated Au precursors in
product crystals

The synthesis of Au/TS-1 was carried out using a modified ver-
sion of the International Zeolite Association (IZA) recommended
procedure [29] for TS-1 synthesis (Ti;3Sigs70192) by introducing
Au*" cations (from HAuCl,) protected by 3-mercaptopropyl-trime
thoxysilane (MPS) ligands into TS-1 synthesis gels. The modifica-
tions were substantial and included not only the presence of the
ligated Au>* species, but also much longer synthesis times, lower
temperatures, the full removal of alkanol reductants formed by
the hydrolysis of Si and Ti precursors, and the use of seed crystals
to promote crystallization at the milder conditions required to
avoid the reduction of the ligated Au cations. These modified pro-
cedures lead to the successful crystallization of TS-1 frameworks at
temperatures (393 K) significantly below those required in previ-
ously reported protocols (448 K; [29]).

The Au/TS-1 synthesis gels were prepared by placing tetraethyl
orthosilicate (TEOS; 19.2 g) and tetraethyl orthotitanate (TEOT;
0.354 g) in a sealed polypropylene bottle and heating at 308 K
for 0.5 h under magnetic stirring (6.7 Hz). This TEOS/TEOT mixture
was cooled to 273 K in an ice bath and added dropwise (0.02 cm?
s~1) via graduated pipettes to 20 g of 40% wt. aqueous tetrapropyl
ammonium hydroxide (TPAOH) also kept at 273 K while magneti-
cally stirring at 6.7 Hz. The resulting mixture was heated to 358 K
(at 0.067 K s7!) for 4 h while stirring (6.7 Hz) in an open
polypropylene bottle to allow the partial evaporation of the liquid.
This step removes some water and most of the ethanol molecules
formed upon hydrolysis of TEOS and TEOT. Ethanol decreases the
solubility of silicate precursors during crystallization [29]; most
importantly in this case, it also acts as a reductant for Au cations
at synthesis temperatures [23]. One-half of the evaporated volume
(after heating at 358 K for 4 h) was replaced with an aqueous solu-
tion of the MPS ligand (0.077-0.387 g in ~12 cm? H,0). This mix-
ture was homogenized at ambient temperature by stirring (6.7 Hz)
and the remaining volume that was removed by evaporation
(~12 cm?) was replaced by dropwise addition of an aqueous solu-
tion of HAuCl,-3H,0 (0.02-0.11 g), followed by heating to 358 K (at
0.067 K s~1) for 4 h while stirring (6.7 Hz) in an open bottle. Deion-
ized H,0 was periodically added to the solution during this second
evaporation process in order to maintain a constant liquid volume.
These procedures led to homogeneous Au/TS-1 synthesis gels with
molar ratios of 1 TiO,:70 Si0,:1980 H,0:30 TPAOH:0.30-1.49
ligand:0.043-0.213 Au.

Batches of Au/TS-1 synthesis gels were crystallized within
Teflon-lined stainless steel autoclaves by heating them at
0.067 K s~! (while tumbling at 1.7 Hz) to a temperature between
393 and 448 K for periods between 48 and 120 h. Au/TS-1 solids
were isolated by centrifugation (Sorvall RC-6 plus, 133 Hz) and set-
tled and re-suspended with fresh deionized water (7-8 repetitions,
~50 cm® g ') several times until the suspending liquids in
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centrifuge tubes reached a pH of 7-8; isolated and washed samples
were treated for 8 h at 373 K in a pre-heated convection oven con-
taining ambient air. Different crystallization times and tempera-
tures were examined in order to identify synthesis conditions
that formed crystalline TS-1 without the premature reduction of
Au cations and the formation of colloidal Au, as determined by
the presence or absence of Au particles visible in the electron
micrographs of the as-synthesized samples.

In some tests, TS-1 seeds (0.55 g) were added to Au/TS-1 syn-
thesis gels before heating and crystallization. The seed crystals
were prepared using the above procedures, but with crystallization
at 448 K for 48 h and without the presence of ligands or Au precur-
sors. The amount of seed crystals added (0.55 g) corresponds to
10% wt. of the solids that would have formed from the complete
crystallization of the starting gel at 448 K for 48 h and in the
absence of added Au>* or MPS ligands. The Au content in most tests
was chosen to form Au/TS-1 samples with about 1% wt. Au. Sam-
ples were also synthesized with lower Au loadings (~0.2% wt.
nominal Au).

Procedures that led to the assembly of crystalline TS-1 without
the premature reduction of Au>* species were determined based on
synthesis experiments conducted at a variety of conditions (Sec-
tion 3.1); such procedures entailed the crystallization of Au/TS-1
synthesis gels in the presence of 10% wt. seed crystals at 393 K
for 120 h. The temperature used (393 K) is about 50 K lower than
in previously reported TS-1 synthesis protocols; such temperatures
prevented the reduction and decomposition of ligated Au precur-
sors and the premature formation of Au colloids, which cannot
be encapsulated within TS-1 crystals because of their size, caused
by their extensive agglomeration before the nucleation of the crys-
talline frameworks.

2.3. Post-synthetic thermal treatments and alkali doping of as-
synthesized Au/TS-1

Post-synthetic thermal treatments were used in order to
remove organic templates and ligands from as-synthesized Au/
TS-1 and to form small encapsulated Au nanoparticles. The oxida-
tive removal of organic templates from zeotype crystals typically
leads to local exotherms that can sinter occluded Au species [23],
thus requiring staged thermal treatments to remove these organic
species in a controlled manner [23]. Organic compounds confined
within zeotype crystals can also be partially removed using ther-
mal treatments in an inert environment, which causes instead
their endothermic pyrolysis.

The size and surface cleanliness (Section 2.4) of the Au nanopar-
ticles formed after specific thermal treatment protocols were
examined in order to develop procedures that fully removed syn-
thetic residues from Au surfaces without concomitant formation
of large (>5 nm) Au aggregates. These systematic studies led to
thermal treatment procedures in which Au/TS-1 samples were
heated (at 0.017 K s~! in all cases) in either air or via sequential
treatments in He and then in air (at 1.67 cm® g~! s~! in all cases)
for periods of 2 h each at different temperatures between 448 K
and 723 K. Each procedure ended with a treatment in air at
773 K for 2 h and subsequent exposure to H, (1.67 cm® g7! s71)
at 723 K for 2 h. Detailed diagrams of these thermal treatment pro-
tocols are shown in Section S1 (air treatment alone) and S2 (se-
quential He and air treatment) of the Supporting Information (SI).

A portion of the thermally treated Au/TS-1 samples were doped
with Cs species, via incipient-wetness impregnation by aqueous
Cs,CO3, prior to their use in propene epoxidation experiments
(Section 2.5.2). Impregnation was carried out at ambient
conditions using liquid solutions containing dissolved Cs,COs in
quantities leading to nominal Cs/Au molar ratios of either 7 or
12. Alkali-impregnated samples were additionally treated in ambi-
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ent air for 12 h at 373 K prior to their use in any reaction
experiments.

2.4. Characterization of TS-1 phase purity and Ti speciation and of Au
nanoparticle size and surface cleanliness

X-Ray diffractograms (XRD) were used to measure TS-1 crys-
tallinity using a D8 Discover GADDS Powder Diffractometer with
Cu-Koo radiation (A = 0.15418 nm, 40 kV, 40 mA; 26 = 5-50°
0.00625°s~! scan rate) and finely-ground solids dispersed onto
quartz slides. The diffractogram for metal-free TS-1 (prepared via
the IZA method [29]; Section 2.2) was used as a standard to deter-
mine the crystallinity of all Au/TS-1 samples, based on the inte-
grated intensities of the three strongest diffraction lines in TS-1
(26: 23.2°, 23.9°, 24.4°).

Transmission electron microscopy (TEM) was used to deter-
mine the diameter of Au nanoparticles in each Au/TS-1 sample.
Samples were prepared for TEM analysis by grinding them into a
fine powder, suspending the solids in liquid acetone, and spreading
the suspension onto holey carbon films mounted on 400 mesh cop-
per grids (Ted Pella Inc.). A Philips/FEI Technai 12 microscope oper-
ating at 120 kV was used to collect the electron micrographs. Au
particle sizes were measured based on the micrograph images
and then used to calculate surface-averaged diameters ({dtem))
[25]:

> nid;
> md;

where n; is the number of particles with diameter d;. The Au disper-
sion (defined as the fraction of Au atoms that reside at particle sur-
faces; D) was estimated from (drgy) values [34]:

Vi /Am
<dTEM >

where ay, is the area occupied by an Au atom (8.75 x 102 nm?) on a
polycrystalline Au surface and vy, is the bulk atomic volume of Au
(16.49 x 10> nm?) [35]. Au particle diameters were also used to
calculate number-averaged diameters ((d,)) and dispersity indices
(DI) [25]:

(drem) = (1)

D=6 (2)

(drem) <§ 232)

(dn> (Z ”idi>
Q.M

These DI values represent the accepted IUPAC metric of size
uniformity, with samples having values smaller than 1.5 consid-
ered to be essentially monodisperse [34].

The micropore volume of TS-1 and Au/TS-1 samples was esti-
mated via CO, adsorption measurements (0-107 kPa CO,) at
273 K using a Micromeritics 3Flex Surface Characterization Ana-
lyzer; micropore volumes were calculated from CO, uptakes using
the Dubinin-Astakhov method [36]. Samples (~0.5 g) were heated
at arate of 0.17 K s~! to 623 K under vacuum and held for a period
of 4 h before CO, uptake measurements. CO, was used as the
adsorbed probe molecule at 273 K (instead of N, at 77 K) because
N, diffusion is very slow at 77 K (to achieve equivalent relative
pressures), often leading to incomplete equilibration during uptake
measurements in small-pore and medium-pore pore zeotypes [37].

Diffuse reflectance UV-visible spectra were used to probe the Ti
species present in TS-1 and Au/TS-1 samples and to detect plasmon
resonance bands that are characteristic of Au particles>2 nm in
diameter. Spectra were acquired on powders (<100 pm diameter)
using a Varian-Cary 6000i spectrometer and a Harrick scientific
diffuse reflectance accessory (DRP-XXX) with a reaction chamber
(DRA-2CR). Powders were held on a steel fritted disc that allowed

DI = 3)
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uniform gas flow through the samples. A temperature controller
(Watlow Series 982) connected to a heating element and a thermo-
couple (type K) embedded in the sample holder were used to main-
tain constant temperatures. The samples were treated within the
cell in flowing He (1.67 cm® g ' s7!) at 623 K for 1 h in order to
remove adsorbed water; the spectra were measured (200-
800 nm) after cooling samples to ambient temperature in flowing
He. Silicalite-1, synthesized as described in Section 2.2 but without
the addition of Au, ligands, or Ti, or a white reflector (BaSO,4) were
used to provide the background spectra required to convert reflec-
tance data into pseudo-absorption intensities using the Kubelka-
Munk formalism [38].

Infrared (IR) spectra were used to measure the extent of incor-
poration of Ti into the framework for TS-1 and Au/TS-1 samples;
they were also used to determine the cleanliness of Au surfaces
from the intensity and vibrational frequency of the infrared bands
for chemisorbed CO. Transmission spectra were acquired using a
Thermo Nicolet 8700 spectrometer on samples consisting of wafers
(40 mg cm™2) prepared from finely ground samples. The wafers
were held in a controlled atmosphere cell equipped with CaF, win-
dows, cartridge heaters, and liquid N, as a coolant. All samples
were heated to 523 K at a rate of 0.033 K s~! in flowing He
(40 cm® g ' s71) and held for 1 h; they were then cooled to
263 K or ambient temperature before spectra were acquired
(400-2200 cm™!). IR spectra at ambient temperature were used
to examine vibrations resulting from the presence of framework
Ti species and were conducted in a He atmosphere. IR spectra at
sub-ambient temperatures were used to determine the cleanliness
of Au nanoparticles from the intensity of the IR bands for CO che-
misorbed on Au metal surfaces. In these experiments, samples
were cooled to 263 K in He flow and then exposed to a 0.1-1.0%
CO/He stream (40 cm® g~ ! s~1) for 0.25 h before collecting spectra.
IR absorption features derived from CO(g) were subtracted from all
collected spectra.

2.5. Catalytic assessment of reactivity and selectivity of confined Au
nanoparticles in TS-1

2.5.1. Assessment of encapsulation selectivity of Au nanoparticles
within TS-1 using large organosulfur molecules as titrants

The encapsulation selectivity of Au particles within TS-1 was
determined by measuring ethanol (EtOH) oxidative dehydrogena-
tion (ODH) turnover rates (per surface Au atom; Eq. (2)) on Au/
TS-1 and Au/SiO, (prepared by deposition-precipitation, as
described elsewhere [23]) before and after exposure to dibenzoth-
iophene (DBT). DBT (0.9 nm kinetic diameter [39]) binds irre-
versibly to Au surfaces [23], but cannot diffuse through the small
apertures in MFI (0.55 nm [40]) or other 10-MR zeotypes with sim-
ilar frameworks, such as TS-1; it is thus prevented from contact
with any Au nanoparticles located within TS-1 crystals. These titra-
tion procedures can be used to calculate the fraction of Au surface
area in each sample that resides within the protected environment
of TS-1 voids from the decrease in rate upon DBT titration for Au/
TS-1 and Au/SiO, samples.

Au/TS-1 and Au/SiO, were exposed to DBT before rate measure-
ments by agitating (with a magnetic bar at 6.7 Hz) an ethanol sus-
pension of the powders at ambient temperature (300 cm?® g~') that
also contained DBT at a DBT:Au molar ratio of 6:1. Samples were
exposed to the DBT solutions for a period of 4 h, a period that
allows sufficient time for DBT to attach to accessible extracrys-
talline Au surfaces but not to substantially diffuse into 10-MR
MFI apertures [23]. The treated samples were isolated by filtration,
heated at 343 K for 12 h in a pre-heated convection oven contain-
ing ambient air, diluted ten-fold (by mass) with SiO,, pelleted into
180-250 um aggregates, and used in EtOH ODH reactions without
further pretreatment (to minimize DBT desorption or decomposi-
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tion). EtOH ODH rates were also measured on samples treated
using identical protocols but without any DBT present in the con-
tacting EtOH liquid media.

These catalyst aggregates were packed onto a porous quartz
disk held within a quartz tube (10 mm OD) and heated to 393 K
(at 0.017 K s~ ') using a resistively-heated tube furnace, a temper-
ature controller (Watlow, 96 Series), and a type K thermocouple.
The molar flow rates and composition of the inlet stream (9 kPa
0,, 4 kPa EtOH, 0.5 kPa H,0, 87.5 kPa He) were metered using
gas flow controllers (for He, O,; Porter Instrument) or a liquid syr-
inge pump (for H,0, EtOH; Cole Parmer, 60,061 Series); all transfer
lines before and after the reactor were kept above 343 K in order to
vaporize EtOH and to prevent its condensation. The concentrations
of EtOH and acetaldehyde (the only detected product) were mea-
sured using gas chromatography (Shimadzu GC-2014) with a
methyl-phenyl-silicone capillary column (HP-5; 50 m x 0.32 mm,
1.05 pm film thickness) and a flame ionization detector. EtOH turn-
over rates are normalized here by the number of surface Au atoms
present in each sample (estimated from their respective Au con-
tents and TEM-derived size distributions; Eq. (2)). Reported EtOH
turnover rates represent their values at <5% conversions during
the initial stages of contacts with EtOH-O, co-reactants.

2.5.2. Assessment of Au/TS-1 reactivity and selectivity in propylene
epoxidation using H,0/O, reactants

Au/TS-1 samples (1.0% wt. nominal Au) with different mean Au
nanoparticle sizes (3.8 + 0.9 and 2.8 + 0.5 nm; estimated by TEM,
Section 3.2), prepared by post-synthetic thermal treatment (Sec-
tion 2.3) in air alone (to give 3.8 nm Au particles with 0.9 nm stan-
dard deviation) or sequentially in He and air (2.8 + 0.5 nm Au),
were examined for use as propylene epoxidation catalysts using
0,/H,0 mixtures as co-reactants. Rates and selectivities to propy-
lene oxide (PO) and other products (acrolein, propanal, iso-
propanol, CO,) were measured on Au/TS-1 aggregates (180-
250 pm) with and without mixing them physically with 180-
250 pwm quartz granules (1:1 by mass) in order to rule out any
effects of bed temperature gradients caused by exothermic epoxi-
dation reactions on measured rates. Reactions were examined on
Au/TS-1 samples prepared both with and without the post-
synthetic addition of alkali cations (Cs™; Section 2.3), which have
been suggested to be essential as enablers of propylene epoxida-
tion reactivity with O,/H,0 co-reactants on Au nanoparticles dis-
persed on TS-1 [11,12]. Elemental analysis using inductively-
coupled plasma optical emission spectroscopy (ICP-OES) con-
firmed the absence of detectable K and Cs concentrations (<1
ppm) in all Au/TS-1 samples that were not deliberately post-
synthetically doped with such species.

The apparatus, protocols, and molecular speciation methods
used were the same as those described in Section 2.5.1, except
for differences in the temperature (473 K), the inlet stream compo-
sition (3.7 kPa O,, 3.7 kPa propylene; 6 kPa H,0; 87.6 kPa He;
20,000-90,000 cm? gl;h™1), and the capillary chromatographic
column used (methyl silicone HP-1; 50 m x 0.32 mm, 1.05 pm film
thickness). A packed column (Porapak-Q, 4.8 m, 80-100 mesh)
connected to a thermal conductivity detector was used in parallel
to detect and measure any CO or CO, molecules formed. Samples
were heated in 20% O,/He (1.67 cm> g~!' s71) to the reaction tem-
perature (473 K) and then immediately exposed to the reactant gas
mixture without any further pretreatment. Turnover rates are
reported as the molar rate of PO formation per Au surface atom (es-
timated by TEM; Section 2.4); rates are also reported on a catalyst
mass basis. All rates were measured at < 0.2% propylene conver-
sion. No reactivity was detected on quartz granules or in empty
reactors. All products formed (PO, acrolein, propanal, isopropanol)
were identified from their elution times by the injection of certified

210

Journal of Catalysis 410 (2022) 206-220

pure standards using chromatographic protocols (Section S3, S4;
SI) identical to those used for analysis of the reactor effluent.

3. Results and discussion

3.1. Effects of crystallization conditions on the stability of ligated Au
precursors, solid product yield, and TS-1 phase purity

X-Ray diffractograms of as-synthesized TS-1 and Au/TS-1 (1%
wt. nominal Au loading) crystallized using the IZA procedures
(448 K; 48 h; Section 2.2; [29]) are shown in Fig. 1. Au/TS-1 gels
held at 448 K for 48 h led to crystalline TS-1 (96% crystallinity, Sec-
tion 2.4; Table 1), but also to the premature reduction and exten-
sive agglomeration of Au-derived species into large Au metal
crystallites (5-50 nm), as evident from transmission electron
micrographs (Fig. 2). At these conditions (448 K; 48 h), the pres-
ence of Au* and MPS ligands within the synthesis gel did not sub-
stantially interfere with the assembly of titanosilicate oligomers as
TS-1 crystallites, apparently because Au®>*-MPS coordination com-
pounds are present as minority species (T-atom:MPS molar ratio
of 48:1, where T = Si, Ti for MPS:Au molar ratio of 6:1 in this sam-
ple) and form large Au crystallites at extracrystalline locations
where they cannot obstruct crystal growth. Au/TS-1 gels crystal-
lized at slightly lower temperatures (438 K) for 48 h also showed
sharp TS-1 diffraction lines (Fig. 1) and large Au nanoparticles
(Fig. 2). Even lower temperatures (423 K, 48 h) also led to prema-
ture deprotection of ligated Au precursors (Fig. 2), but also to less
crystalline solids than for TS-1 samples prepared using standard
procedures (73%; Table 1) and to the formation of an amorphous
phase (evident from a weak broad background in diffractograms;
Fig. 1). The weak effects of Au>* coordination complexes on the
crystallinity of Au/TS-1 gels treated at 438-448 K suggest that
the formation of amorphous phases in Au/TS-1 crystallized at
423 K largely reflects the lower synthesis temperature, which
sought, but appears to have failed, to prevent the premature depro-
tection of Au®* complexes. The high temperatures typically
required to crystallize Ti-containing zeotypes (>443 K) reflect, in
part, a proposed inhibitory effect of Ti precursors, even at very
low Ti/Si ratios, on the rates of crystallization of silicate frame-
works [41].

Au/TS-1 synthesis gels were crystallized at lower temperatures
(393-413 K) for longer times (up to 120 h) than in previously
reported syntheses (448 K; 48 h) in an attempt to: (i) prevent
deprotection of ligated Au®* precursors and (ii) compensate for
the effects of low temperatures on TS-1 crystallinity through
longer crystallization times. Fig. 3 shows the diffractograms of
as-synthesized Au/TS-1 samples crystallized at 413 K for 48, 72,
96, and 120 h. The phase purity of TS-1 frameworks increased
monotonically from 73% to 92% with longer synthesis times
(48 h to 120 h); these trends confirm the intended compensation
for lower temperatures by longer times in enabling crystallization.
Hydrothermal synthesis of Au/TS-1, even at 413 K, however, led to
the formation of large Au metal agglomerates, as evident from
electron micrographs (Fig. 2; Table 1), indicating that Au com-
plexes reduce and form Au® colloids at 413 K before these ligated
precursors can be occluded within TS-1 crystals as they form.

Au/TS-1 samples prepared by hydrothermal crystallization at
393 K for 120 h, however, showed no detectable Au particles in
micrographs (Fig. 2), suggesting that MPS ligands can protect
Au?* cations from reduction and precipitation at 393 K. The high
crystallinity of this sample (93%; Table 1) also indicates that TS-1
frameworks can be formed at much lower temperatures than pre-
scribed in accepted synthesis protocols (448 K). The solids yield for
this Au/TS-1 sample was lower (65%; Table 1) than in the TS-1
sample prepared via standard procedures (448 K, 48 h), indicating
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Fig. 1. X-Ray diffractograms of as-synthesized TS-1 crystallized at 448 K for 48 h,
and Au/TS-1 (0.2-1% wt. nominal Au loading) crystallized at 448 K for 48 h, 438 K
for 48 h, 423 K for 48 h, and 393 K for 120 h. The Au/TS-1 sample with 0.2% wt. Au
loading was crystallized in the presence of 10% wt. TS-1 seed crystals. Framework
crystallinities (%) relative to the TS-1 standard are shown in brackets.

that a larger fraction of the Si and Ti precursors were removed with
the supernatant liquids during filtration (Section 2.2).

The addition of as-synthesized TS-1 seeds that were post-
synthetically rinsed but not heated in air (10% wt. based on
expected solid yields of TS-1 using standard synthesis protocols;
Section 2.2; 48 h at 448 K) to Au/TS-1 synthesis gels before crystal-
lization for 120 h at 393 K substantially increased solids yields
(85%; Table 1), even after accounting for the contribution of the
added seeds to the final product. Seed crystals may provide silicate
and titanosilicate oligomers that promote crystal growth through
their addition to growing proto-zeolitic moieties or via spalling
of small nuclei during hydrothermal treatments to initiate crystal
growth [42,43].

These synthesis procedures (Section 2.2) and crystallization
conditions (393 K for 120 h with 10% wt. seeds) were also used

Table 1
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to prepare an Au/TS-1 synthesis gel with 0.2% wt. nominal loading;
this sample also showed TS-1 frameworks with high crystallinity
(96%; Fig. 1) and yields (89%) without any microscopy evidence
for large Au nanoparticles (Section S5, SI). The similar framework
crystallinities and product yields for 0.2% wt. and 1.0% wt. Au/TS-
1 samples (crystallinity: 96%, 94%; yield with 10% wt. seeds: 89%,
85%; for 0.2% and 1.0% wt. nominal Au loading, respectively) indi-
cate that the crystallization conditions used for Au/TS-1 synthesis
gels have a controlling effect on the assembly of TS-1 crystals over
the range of metal contents examined. Such weak effects of the
amount of metal-ligand complexes reflect their sparse presence
within the TS-1 synthesis gels (T-atom:MPS molar ratios of 48:1
and 240:1; 0.27 and 0.06 metal complexes per unit cell for 1.0
and 0.2% wt. Au loading samples, respectively).

In the next section, X-ray diffraction, infrared spectroscopy,
UV-visible spectroscopy, and electron microscopy data are shown
for these samples after the post-synthetic oxidative and reductive
treatments required to remove synthetic residues (Section 2.3) in
order to assess the size and surface cleanliness of Au particles
and the structural stability of the TS-1 crystals.

3.2. Characterization of Au/TS-1 samples after thermal treatments

The ultimate use of Au/TS-1 as a catalyst requires post-
synthetic treatments that are able to remove bound ligands and
occluded organic structure-directing agent (OSDA) species and to
form small Au nanoparticles. The oxidative removal of OSDA com-
pounds is exothermic and prone to cause high local temperatures
that would promote Au particle growth [23]. Thermal treatment
protocols that preserve small monodisperse Au particles, while
fully removing synthetic residues, are therefore essential; they
were developed as part of this study by assessing the effects of
temperature ramping sequences and treatment gases on the size
and surface cleanliness of Au nanoparticles. Such studies also
examined the impact of such protocols on framework pore vol-
umes, which provide a measure of the fraction of the solid that is
present as crystalline zeotypes and of the accessibility of their void
structures to reactant molecules.

Thermal treatments in air with intermediate holding periods at
six different temperatures between 448 and 773 K (498, 548, 573,
623, 673, and 723 K; Section S1, SI) and a final hold at 773 K led in
all cases to the formation of small (<5 nm) Au nanoparticles in Au/
TS-1 (1.0% wt. nominal Au loading). The use of He (instead of air)
during an initial period of sustained heating at 648 K, followed
by subsequent treatment in air up to 773 K (Section S2, SI), led
to smaller Au particles (2.8 nm) than those obtained after treat-
ments in air alone. The stability conferred by the initial use of He
appears to reflect the partial pyrolysis and removal of organic

Crystallization temperature, crystallization time, presence of TS-1 seed crystals, stability of ligand-protected Au>* cations, solid yields, and crystallinity of solid products for Au/

TS-1 syntheses with 1% wt. nominal Au loading.

Crystallization Temperature (K)* Crystallization Time (h)® % Wt. Added Seed Crystals® Au Precursor Stability? % Solid % Product Crystallinity"
Yield®
448 48 0 Unstable 97 96
438 48 0 Unstable 98 97
423 48 0 Unstable 90 73
413 48 0 Unstable 44 73
413 120 0 Unstable 75 92
393 120 0 Stable 65 93
393 120 10 Stable 85 94

aTemperature of synthesis gel during hydrothermal assembly. "Duration of hydrothermal assembly. “Seed crystals consist of as-synthesized TS-1 crystallized at 448 K for
48 h; % wt. added seeds is based on the yield of TS-1 synthesized at 448 K for 48 h (5.48 g; Section 2.2). “The presence of Au agglomerates visible in electron micrographs of as-
synthesized Au/TS-1 indicates that Au>*-MPS precursors are unstable at the crystallization conditions. ®Solid product yields are normalized by the yield of TS-1 synthesized at
established conditions (448 K; 48 h; 5.48 g; Section 2.2) plus the additional weight of any added seed crystals. fCalculated from XRD using the integrated intensities of the
three most intense diffraction lines, with TS-1 crystallized at 448 K for 48 h as a standard (Section 2.2).
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Fig. 2. Transmission electron micrographs of as-synthesized Au/TS-1 crystallized with 1% wt. nominal Au loading and without seed crystals at (a) 448 K for 48 h, (b) 438 K for

48 h, (c) 423 K for 48 h, (d) 413 K for 120 h, and (e) 393 K for 120 h.

Au/TS-1
(1% wt. Au, 413 K, 120 h)
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Fig. 3. X-Ray diffractograms of as-synthesized Au/TS-1 (1% wt. nominal Au loading)
crystallized without seed crystals at 448 K for 48 h, and at 413 K for 48 h, 72 h, 96 h,
and 120 h. TS-1 framework crystallinities (%) relative to an Au-free TS-1 standard
are shown in brackets.

species in He, which moderates exotherms during subsequent
oxidative treatments, thus preventing sintering of the Au nanopar-
ticles. Direct heating to 773 K in air resulted in large (>5 nm) Au
domains, a likely consequence of localized heating from the com-
bustion of the organic templates. A final treatment in H, at 723 K
led to higher CO chemisorption uptakes than air and He treatments
alone, plausibly as a result of the removal of bound sulfur species
derived from MPS ligands by Hj, but not by O, or inert gas. Detailed
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descriptions of the sequential pyrolytic, oxidative, and reductive
treatments developed and used for Au/TS-1 (0.2-1.0% wt. nominal
Au loading; crystallized with 10% wt. TS-1 seeds at 393 K for 120 h)
are included in Section 2.3 and shown diagrammatically in Sec-
tions S1 and S2 (SI).

3.2.1. Framework crystallinity, micropore volume, and Au nanoparticle
size after post-synthetic treatments of Au/TS-1

The diffractograms (Fig. 4) of Au/TS-1 samples prepared by
staged thermal treatments in air alone (Section 2.3) show that
TS-1 frameworks maintain the same crystallinity after post-
synthetic treatments (96% and 93% for Au/TS-1 with 0.2% wt. and
1.0% wt. nominal Au loading, respectively) as before such treat-
ments (96% and 94%). The Au contents in Au/TS-1 samples (0.2%
wt. and 0.9% wt. Au; ICP-OES) are consistent with the nearly quan-
titative incorporation of all Au precursors present in gels within
crystalline solids (0.2-1.1% wt. Au, respectively). These high Au
uptake yields seem to reflect the preferential formation of siloxane
linkages between the MPS ligands and protozeolitic precursors,
which encourage the embedding of ligated precursors within zeo-
type crystals as the latter form [23,26]. Post-synthetic treatment of
0.9% wt. Au/TS-1 with air or by combined air and pyrolysis treat-
ments led to the formation of relatively small Au particles ({drgm):
3.8 nm and 2.8 nm, respectively; Eq. (1); Fig. 5) uniformly dis-
tributed in size (DI: 1.11 and 1.10; Eq. (3)). Such particles are sub-
stantially larger than the largest voids present within TS-1
frameworks (channel intersections; 0.64 nm [40]). The evidence
shown in Section 3.2.4 indicates that these Au nanoparticles are
protected from contact with bulky organosulfur titrants, even
though their size must have required local disruptions of the zeo-
type frameworks. The small size and selective intracrystalline con-
finement of these Au nanoparticles are consistent with the uniform
distribution of ligated Au precursors throughout TS-1 crystals dur-
ing the nucleation and growth of the crystalline framework. This,
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Fig. 4. X-Ray diffractograms of TS-1 crystallized at 448 K for 48 h and post-
synthetically treated in flowing dry air (1.67 cm® g~' s~!) at 823 K for 4 h, and Au/
TS-1 crystallized at 393 K for 120 h in the presence of 10% wt. seed crystals with
0.2-1% wt. nominal Au loading, and post-synthetically treated in air and H, with
staged thermal ramping procedures (Section 2.3). TS-1 framework crystallinities (%)
relative to the TS-1 standard are shown in brackets.

combined with the energetic penalties imposed by the need to dis-
rupt the confining crystalline framework in order to accommodate
even larger Au particles, mitigate the growth of nanoparticles upon
ligand removal [23,26] at conditions where unconfined nanoparti-
cles become much larger [23-27]. Post-synthetic treatments of Au/
TS-1 with lower Au contents (0.2% wt. Au, nominal and measured)
led to Au nanoparticles ({drgm)=3.6 nm; DI = 1.12) nearly identical
in size and uniformity to those in the Au/TS-1 sample with 0.9% wt.
measured Au loading ((dtgm)=3.8 nm; DI = 1.11).

These limiting nanoparticle sizes are essentially independent of
Au content, an observation that appears to reflect the requirement
for local disruptions of the TS-1 frameworks to accommodate
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further growth; this imposes a thermodynamic barrier to growth
as particles reach a specific size for which their decrease in surface
energy can no longer compensate for the energy required to locally
disrupt the surrounding crystalline frameworks [23,24,26]. Such
thermodynamic barriers also account for the thermal stability of
Au nanoparticles in Au/TS-1, which are relatively small and
monodisperse in size, in spite of the high temperature treatments
in air (773 K) and H; (723 K) used in the post-synthetic treatment
procedures (Section 2.3). The disruptions required to accommo-
date 2.8-3.8 nm Au particles within TS-1 voids (0.64 nm) do not
measurably influence framework crystallinity (Fig. 4), because
such Au nanoparticles occupy<0.3% of the microporous void vol-
ume of TS-1, even for the sample with the higher Au content
(0.9% wt.).

The complete removal of the organic template and the ligands
by these thermal treatments (Section 2.3) was confirmed from
micropore volumes determined from CO, uptakes at 273 K (1-
107 kPa; Section S6, SI) and from elemental sulfur analysis (ICP-
OES). The CO,-derived micropore volume of Au/TS-1 with 0.9%
wt. Au (0.17 cm?® g~ !; Section S6, SI) matched that of the metal-
free TS-1 standard treated in air at 823 K for4 h (0.16 cm® g~ ; Sec-
tion S6, SI) and that of a silicalite-1 standard (0.20 cm? g~1; [37]).
The ligands added to the TS-1 synthesis gels could occupy, at most,
0.08 cm® g~ ! of micropore volume in the crystallized Au/TS-1 (1.0%
wt. nominal Au loading), even if post-synthetic treatments were
completely ineffective at removing such ligands. The sulfur content
was not detectable by ICP-OES (<1 ppm) in Au/TS-1 with 0.9 wt%
Au after post-synthetic sequential treatments in air and then H,
(Section S1, SI), indicative of the full removal of at least the S-
moiety in these ligands.

3.2.2. Assessment of Au surface cleanliness and accessibility using
infrared spectra of chemisorbed CO

Infrared spectra of chemisorbed CO were used to confirm the
absence of S-containing ligands and the cleanliness and accessibil-
ity of exposed Au nanoparticle surfaces. CO was used as the titrant
of Au surface atoms, instead of O, or H,, because the latter dissoci-
ate very slowly at the low temperatures required to achieve detect-
able coverages [44] and neither one provides a spectroscopic
signature that reflects the binding properties of Au nanoparticle
surfaces.

Fig. 6 shows infrared spectra for chemisorbed CO (at 263 K,
1 kPa CO) on Au/TS-1 ({drgm)=3.8 nm; 0.9% wt. Au; DI 1.11) and
Au/SiO; ((drgm)=2.7 nm; 2.2% wt; DI 1.06; prepared by
deposition-precipitation). CO infrared band intensities were

<dygy>=3.8 nm 0.2% wt. Au

DI=1.11 nm

=
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Fig. 5. Transmission electron micrographs, surface-averaged nanoparticle diameters ((drem), Eq. (1)), particle dispersity indexes (DI, Eq. (3)), and nanoparticle diameter
distributions for post-synthetically treated Au/TS-1 (0.2-1.0% wt. nominal Au loading) crystallized at 393 K for 120 h with 10% wt. seed crystals. Micrographs in (a) and (b)
corresponds to Au/TS-1 treated via staged thermal ramping first in air alone and then in Hy; the sample in micrograph (c) was treated via staged thermal ramping first in He,

followed by air, and then in H, (Section 2.3).
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normalized by the number of surface Au atoms in each sample,
estimated from measured Au metal loadings and nanoparticle dis-
persion values (Eq. (2)). Previous studies have shown that the
deposition—-precipitation method used to prepare Au/SiO, forms
Au surfaces devoid of any synthetic debris and that Au surfaces
bind CO at near saturation coverages at the conditions used to
obtain these infrared spectra (263 K, 1 kPa CO; [23]).

Au/TS-1 and Au/SiO, show infrared absorption bands
(at ~2110 cm™!) corresponding to the carbonyl stretch in CO
bound on Au® surfaces [45]. The ratio of accessible Au atoms in
these two samples (Q) is defined as:

Q- IAu/TS—l (4)

Inusio,

where jAu/qu and YAL. ssio, are the integrated Au-CO band intensities
(normalized by the number of surface Au atoms) for Au/TS-1 and

Au/SiO,, respectively, at each CO pressure. The Iaysio, value is used
as a reference because Au surfaces in Au/SiO, are known to be
accessible and free of contaminants [23]. A Q value of about unity
would indicate that Au surfaces in Au/TS-1 are also accessible and
free of any synthetic debris derived from MPS ligands or OSDA spe-
cies. The calculated values of Q (0.84-0.97) are near unity at all
pressures (0.1-1.0 kPa CO), indicating that the post-synthetic ther-
mal treatments used here for Au/TS-1 samples (Section 2.3) are able
to remove essentially all organic and sulfur species from Au
nanoparticle surfaces. The Au nanoparticles in Au/TS-1 shown in
electron micrographs (Fig. 5) are therefore accessible and free of
surface contaminants.

3.2.3. Characterization of Ti species using infrared and UV-visible
spectra

Highly dispersed and tetrahedrally coordinated Ti atoms in TS-1
frameworks are the most active structures for alkene epoxidation
[8,11,12]. The predominant presence of Ti species as
tetrahedrally-coordinated atoms within the silicate framework of
the Au/TS-1 samples prepared by the methods reported here
would indicate that these synthetic and post-synthetic treatment
procedures (Section 2.2-2.3) did not adversely influence the extent
of Ti incorporation [29]. Ti species within the silicate framework
exhibit spectral features that are distinct from those in extra-
framework Ti structures in the infrared and UV-visible spectral
range.

The predominant presence of tetrahedrally-coordinated Ti
centers within TS-1 frameworks was confirmed from framework
vibrations at 960 cm~! and 800 cm! in their infrared spectra
[46]. The band at 960 cm~! corresponds to Si-O vibrations asso-
ciated with Si atoms near framework Ti [46]; it is the accepted
metric of the extent of incorporation of Ti atoms into silicate
frameworks. The intensity of this band relative to the reference
absorption band at 800 cm~! (characteristic of pentasil frame-
works [46]) reflects the amount of Ti present within the silicate
framework in TS-1. The ratios of intensities for the 960 cm~! and
800 cm~! bands in the standard TS-1 sample (crystallized at
448 K for 48 h; Si/Ti = 78, measured by ICP-OES) and in the
Au/TS-1 samples crystallized at 393 K (for 0.2% wt. Au sample:
Si/Ti = 74; 0.9% wt. Au sample: Si/Ti = 76) are expected to be
similar if the extent of Ti incorporation in Au/TS-1 is unaffected
by its lower synthesis temperature (393 K vs. 448 K) or by the
presence of seed crystals or ligated Au®* during synthesis
(Section 2.2).

The infrared spectra of the TS-1 standard and of two Au/TS-1
samples are shown in Fig. 7. The ratio of the absorption bands at
960 cm~! and 800 cm~! was similar for TS-1 (1.17) and Au/TS-1
(1.08 and 1.06 for 0.2% wt. and 0.9% wt. Au samples, respectively),
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consistent with the predominant presence of Ti atoms within the
silicate framework in all samples. These intensity ratios (TS-1:
1.17; Au/TS-1: 1.06-1.08) are those expected based on previous
reports for TS-1 frameworks with slightly higher Ti contents (ab-
sorption band ratio of 1.50 for Si/Ti ratio of 53.5) [46].

UV-visible spectra were collected for TS-1 and Au/TS-1 samples
after post-synthetic oxidative and reductive treatments (Sec-
tion 2.3) in order to probe the coordination environment of Ti spe-
cies. TS-1 and Au/TS-1 samples were treated in He (1.67 cm?® g~!
s~ 1) at 623 K for 1 h within the diffuse reflectance UV-visible cell
before acquiring spectra at ambient temperature in flowing He
(Section 2.4). These treatments sought to remove bound water,
which interacts with tetrahedrally-coordinated (framework) Ti
centers to form complexes with spectral features in the same
wavelength range (250-300 nm; [7]) as extra-framework Ti oxides
(~270 nm; [47]). H,0, or hydroperoxy species can form on Au sur-
faces in the presence of H,0 and O, [10] and can also interact with
nearby framework Ti sites to form Ti-OOH complexes that give a
broad absorption band in a wavelength range (~340 nm; [7])
where anatase TiO; also absorbs (320 nm; [47]). Such extraneous
effects thus require the removal of water for unambiguous inter-
pretations of the UV-vis spectra for TS-1 and Au/TS-1; these spec-
tra are shown in Fig. 8 after subjecting samples to these
dehydration protocols.

The spectra of the TS-1 standard and the Au/TS-1 (0.2% wt. Au)
sample were corrected by subtracting the silicalite-1 spectrum
(SIL-1 is the same crystal structure as TS-1 but without any Ti
atoms). Both samples show a sharp absorption band at 220-
230 nm after background subtraction. This absorption feature cor-
responds to tetrahedral Ti centers within the silicate framework
[15]. The spectra do not exhibit detectable features in the 270-
330 nm range, which are typically attributed to extra-framework
Ti species [18,47]. The spectrum for Au/TS-1 with 0.2% wt. Au
showed an additional absorption feature of moderate intensity at
about 520 nm, corresponding to the surface plasmon resonance
feature for Au nanoparticles [48]. The spectrum of the Au/TS-1
sample with higher Au content (0.9% wt. Au; with silicalite-1 or
BaSO, as the subtracted background) is dominated by an intense
plasmon absorption band at ~520 nm and an accompanying broad
background absorbance between 250 and 600 nm, which would
interfere with any of the bands for Ti species in the relevant wave-
length range (220-330 nm). The prominence of these absorbance
features reflects significant plasmon-induced enhancements of
the extinction coefficients for nearby Si and Ti species [49]. The
absorption bands for Ti species in 0.9% wt. Au/TS-1 were extracted
from their spectrum by subtracting the spectrum for Au/silicalite-1
with similar Au content, synthesized and post-synthetically trea-
ted using identical procedures (but without the presence of the
Ti precursors; Section 2.2). Such a reference spectra accounts for
most of the features in Au/TS-1; the difference spectrum clearly
shows the absorption feature at 220-230 nm, which corresponds
to tetrahedral framework Ti centers (Fig. 8).

The Au/TS-1 samples with 0.2% and 0.9% wt. Au contents (but
not the Au-free TS-1 sample) showed a weak absorption feature
near 270 nm, indicative of traces of extra-framework Ti [47]. Such
species may consist of Ti defect sites within the TS-1 framework,
possibly arising from interruptions in the framework periodicity
imposed by the attachment of MPS ligands to nucleating titanosil-
icates; they could also result from the disruptions of the void struc-
ture required to confine any Au nanoparticles that are larger than
the TS-1 intersections or channels. The concentration of these
defects or extra-framework Ti species, however, is very small com-
pared to tetrahedrally-coordinated Ti incorporated into TS-1, as
indicated by the relative magnitude of the bands at about 225
and 270 nm and confirmed by independent evidence from the
infrared data (Fig. 7).
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Fig. 7. IR spectra of post-synthetically treated (Section 2.3) TS-1 and Au/TS-1 (with
1.0% wt. and 0.2% wt. nominal Au loading) in a He atmosphere at ambient
temperature.

3.2.4. Au encapsulation selectivities measured from dibenzothiophene
titration effects on ethanol oxidation rates

Metal nanoparticles confined within microporous zeotypes are
protected from contact with reactants or titrants that cannot dif-
fuse through the apertures created by their crystalline frameworks
[22-27]. Such sieving effects depend sensitively on the size and
shape of the apertures and the molecules [22-27]; they are used
here to determine the extent to which exposed surfaces of Au
nanoparticles reside within the protective void structure of TS-1
crystallites.

Oxidative dehydrogenation (ODH) rates of ethanol (EtOH;
0.40 nm kinetic diameter [23]) were measured on Au/TS-1 and
Au/SiO, catalysts before and after contacting these samples with
a bulky organosulfur molecule (dibenzothiophene; DBT; 0.9 nm
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Fig. 8. UV-vis spectra of post-synthetically treated TS-1, Au/TS-1 (with 0.2% wt.
and 1.0% wt. nominal Au loading), and Au/silicalite-1 (1.0% wt. nominal Au loading)
in a He atmosphere at ambient temperature. Also shown is the difference spectra
resulting from the background correction of the absorbance spectrum of Au/TS-1
with the spectrum of Au/silicalite-1 (both with 1.0% wt. nominal Au loading). BaSO4
is the reference spectrum used for Au/TS-1 and Au/Silicalite-1 with 1.0% wt.
nominal Au loading. The spectra of TS-1 and Au/TS-1 with 0.2% wt. nominal Au
loading were background corrected using silicalite-1. Samples were treated in He
(1.67 cm® g~' s7') at 623 K for 1 h prior to spectral acquisition.

kinetic diameter [39]). DBT strongly binds onto any Au surfaces
that it is able to contact [23], in this case any Au nanoparticles sup-
ported on mesoporous SiO, or present at external TS-1 crystal sur-
faces; such bulky titrants cannot reach Au surfaces protected by
the small apertures in TS-1 frameworks (0.55 nm [40]). Conse-
quently, ethanol ODH rates represent accurate reporters of the
extent to which Au surfaces reside within TS-1 voids, because such
surfaces would remain active even after samples are exposed to
the bulky DBT titrants.
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EtOH ODH rates (Section 2.5.1) were measured on DBT-treated
samples (ropyppr) and on control samples (ropy). These rates were
used to calculate an inhibition factor (Apgr;), defined as:

T'oDH,DBT

()

The value Apgraysioz reflects the residual EtOH turnover rates
(expressed as a fraction) on Au/SiO, after DBT titration. A fraction
of DBT-accessible Au surfaces in Au/SiO, and Au/TS-1 can retain
some low rates after DBT treatment because these bulky DBT
titrants may leave interstices accessible to EtOH and dioxygen
[23]. As a result, the value of Appraurs-1 does not directly reflect
the fraction of encapsulated Au surfaces, because extra-
crystalline Au nanoparticles in Au/TS-1 would also retain some
ODH activity even after DBT exposure. The encapsulation selectiv-
ity of Au nanoparticles within Au/TS-1 (F) is given by:

ApBTi =
T'obH

(1 — ApBrAuTs-1)
F = hpprauyts-1 — XDBT,Au/Sioz(—

1- kDBT,Au/SiOZ) (6)

The second term in Equation (6) rigorously corrects for residual
EtOH ODH rates on titrated extracrystalline Au surfaces. EEOH ODH
rates (ropp), inhibition factors (1), and the Au encapsulation selec-
tivity (F) for Au/TS-1 (0.9% wt. Au; (drgm)=3.8 nm) are shown in
Table 2.

The measured encapsulation selectivity for Au/TS-1 with 0.9%
wt. Au (0.96; Table 2) confirms that most of the Au nanoparticles
in this sample reside within the protected confines of TS-1 crystals.
The values of Appray/rs-1 and F (0.96) were identical because of the
negligible impact of correcting for inhibition factors using Equation
(6), a reflection of the small contributions from the residual reac-
tivity of unprotected Au surfaces after titration with DBT. EtOH
ODH rates on untitrated Au/TS-1 (10 x 102 s™!) were slightly
lower than on Au/SiO, (12 x 107 s~ 1), a likely consequence of
intracrystalline EtOH concentration gradients within TS-1 crystals.
Such diffusional constraints cause Equation (6) to underestimate
the actual encapsulation selectivity, because of a concomitant
underestimation of the true kinetic reactivity of intracrystalline
Au surfaces.

These data, taken together with XRD, TEM, micropore volume,
and spectroscopic characterization data (Sections 3.2.1-3.2.3), indi-
cate that the synthetic strategies described in Section 3.1 indeed
formed stable and clean Au nanoparticles that reside within TS-1
crystallites. TEM (Fig. 5) and infrared (Fig. 6) evidence show that
Au nanoparticles are small, uniformly dispersed, and free of syn-
thetic debris after the post-synthetic treatments developed in this
study. Such nanoparticles are larger (2.8-3.8 nm) than the TS-1
channel intersections (0.55 nm [40]); yet, they reside predomi-
nantly (>96% of their exposed surfaces) within regions protected
by the channels within these zeotype frameworks from contact
with bulky organosulfur poisons. The low synthesis temperatures
(393 K), long crystallization times (120 h), and the use of seed crys-
tals (10% wt.), required to assemble Au/TS-1 without decomposing
Au-MPS precursors, did not adversely affect framework crys-
tallinity (Fig. 4; XRD), micropore volume (Section S6, SI), or Ti
incorporation into the framework (IR, Fig. 7), which were essen-
tially the same as on samples crystallized at the standard condi-
tions of previous work (448 K; 48 h).

The potential of these Au/TS-1 systems for use as epoxidation
catalysts provided much of the impetus for developing novel tech-
niques to synthesize them, but the synthetic strategies developed
are broadly applicable well beyond this specific application and
original intent. In the next section, we present evidence for the
propylene epoxidation reactivity of these samples using H,0-0,
reactants.
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Table 2
Ethanol ODH turnover rates, inhibition factors, and encapsulation selectivities of Au/
TS-1 and Au/SiO, samples.

Sample ToDH Inhibition Encapsulation
(10 57" molghrau) * Factor ()" Selectivity (F)

Au/TS-1 10 0.96 0.96

Au/SiO, 12 0.11 o¢

2 EtOH ODH turnover rates of samples agitated in liquid EtOH (300 cm?® g~ ') at
ambient temperature for 4 h and then used in reaction (9 kPa O,, 4 kPa EtOH, and
0.5 kPa H,0) at 393 K. Turnover rates are defined as the moles of EtOH converted
per unit time normalized by the number of exposed metal surface atoms estimated
from particle dispersions (Eq. (2)).

® ropnper/Topn (EQ. (5)), where ropy per are EtOH ODH rates measured on samples
treated similarly but with DBT dissolved in the EtOH to achieve a 6:1 M ratio of DBT
to Au.

€ Encapsulation selectivity, defined as the fraction of active Au surface area
encapsulated within zeotype crystallites, as estimated from A values (Eq. (6)).

4" Au surfaces fully accessible to DBT titrants.

3.3. Propylene epoxidation rates and selectivities on Au/TS-1 catalysts

Propylene epoxidation reactions are catalyzed by Au/Ti-oxide
catalysts using either H,/O, or H,O/O, co-reactants, plausibly via
the in-situ formation of highly-reactive HOOH or OOH intermedi-
ates on small Au nanoparticles; these molecular sources of elec-
trophilic O-atoms then reach, through migration or atomic
contact, Ti centers where epoxidation events occur [7,8,10]. H,O/
0, reactants give propylene oxide (PO) formation rates about
ten-fold lower than H,/O, mixtures [9,10,11], but fast parasitic
reactions consume H, to form H,0, often with high selectivity
[14,20], thus making H,0/O, mixtures a potential alternative, in
spite of their lower reaction rates. Au nanoparticles confined
within the microporous regions of TS-1 reside, on average, much
closer to Ti centers than when deposited at extracrystalline sur-
faces or dispersed on mesoporous structures. The premise that
HOOH (with H,/O, reactants) or surface-bound *OOH (with H,0/
0,) species must migrate to Ti centers within TS-1 before their
intervening decomposition [ 10] would then lead to the expectation
of kinetic benefits from such shorter Ti-Au distances or from more
frequent atomic contact prevalent in encapsulated Au/TS-1 cata-
lysts prepared by the methods reported here.

Au/TS-1 catalysts used previously for propylene epoxidation
with H,0/0, co-reactants contain Au nanoparticles (1.8-4.1 nm)
deposited at very low loadings (0.19-0.34% wt. Au) at external
TS-1 surfaces (Si/Ti = 50-105); they also contain K*, Rb*, or Cs*
cations (1.0-3.0% wt. alkali cation) and their charge-balancing
anions (CO3~, OH-, PO37) [11,12,50]. Alkali cations in atomic contact
with Au nanoparticles were proposed to be required to stabilize
the O3 species that react with H* species formed via heterolytic
H,0 activation to form *OOH intermediates [11,12,50]. These
cations are thought to enhance PO selectivities by titrating Ti-OH
species that can act as Brgnsted acid sites at external TS-1 crystal
surfaces; such acid sites can catalyze PO isomerization to propanal
via hydrolysis-dehydration-keto/enol isomerization sequences
[11]. O* species formed via *OOH decomposition on Au surfaces
may insert into the allylic C-H bond in propylene to form an enol,
which in turn dehydrogenates to form acrolein as the predominant
side product [11].

Propylene epoxidation rates and selectivities were measured (at
473 K, 3.7 kPa O,, 3.7 kPa propylene, 6 kPa H,0, 87.6 kPa He; Sec-
tion 2.5.2) on Au/TS-1 catalysts prepared by the methods reported
above ({(drgm): 2.8 or 3.8 nm mean Au nanoparticle diameter; DI:
1.10 or 1.11; 0.9% wt. measured Au loading; Section 2.2-2.3) with-
out any purposeful addition of alkali cations. These Au/TS-1 sam-
ples formed propylene oxide and other products, even though
indigenous alkali species were not detectable (<1 ppm K or Cs;
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ICP-OES). Selectivities to PO and byproducts at different bed resi-
dence times (2-9 x 10* cm® glth™!) were used to assess their
respective formation via primary or secondary events. The selectiv-
ities to the predominant products (>5.0% selectivity; C-basis), con-
sisting of acrolein, PO, and propanal, are shown in Fig. 9.
Isopropanol was also formed as a minor product (<5.0% selectivity
at all residence times).

The selectivities determined by extrapolation to zero residence
time (and propylene conversion) represent the relative rates of for-
mation of each product in primary reaction events; the selectivity
trends with increasing residence time reflect, in turn, the extent to
which primary products react via subsequent events and what
products they form. PO and acrolein form as primary products (ini-
tial selectivities 44% and 56%, respectively); propanal becomes
detectable only as conversion increases and secondary reactions
occur with increasing residence time. Acrolein and propanal selec-
tivities increase monotonically with increasing bed residence time,
while PO selectivity decreases, consistent with the secondary con-
version of PO to propanal and/or acrolein; acrolein, but not propa-
nal, also forms via primary reactions of propyelene-O,-H,0
mixtures. These data indicate that all propanal molecules are
derived from an initial turnover that formed PO. As a result, propy-
lene epoxidation (PO formation) turnover rates are reported here
as the combined rates of formation of PO and propanal; they are
used along with acrolein formation rates to determine the intrinsic
selectivity to these two primary products.

Fig. 10 shows PO and acrolein formation rates (per surface Au
atom, Au dispersion values from Eq. (2)) and propylene conversion
on Au/TS-1 catalysts ({dtgm): 2.8 or 3.8 nm mean Au nanoparticle
diameters; 0.9% wt. Au) at 473 K. Rates and selectivities remained
essentially constant during the course of these experiments (aver-
age 6 h; up to 12 h).

PO and acrolein turnover rates (per exposed Au atom, based on
TEM-detectable nanoparticles) on the Au/TS-1 sample with the lar-
ger nanoparticles ((drgv): 3.8 nm; Ipo: 5.2 x 10 s7Y Tacrolein:
4.5 x 10 s~ 1) are about ten-fold lower than those on Au/TS-1 with
smaller Au domains ((drgm): 2.8 nm; Ipo: 63 x 10 571 Tacrolein:
150 x 107> s71); these data indicate that smaller Au domains show
much higher reactivity in forming the kinetically-relevant interme-
diates required for bifunctional epoxidation routes. These strong
consequences of Au dispersion may reflect the higher reactivity
of small Au nanoparticles for the formation of *OOH species that
act as intermediates for PO and acrolein formation [11] or a larger
number of Au nanoparticles on the more highly dispersed sample
and the concomitant shorter distance between the Au and Ti func-
tions. Disparities in activity between relatively small and large Au
particles likely arise from the greater prevalence of highly coordi-
natively unsaturated surface Au atoms on the former.

The Au/TS-1 sample with larger Au domains gave a higher PO
selectivity (Ipo/Tacrolein = 1.2 VS. 0.41), suggesting an even stronger
Au particle size effect on the formation rate of acrolein than PO.
Propanal (22% selectivity on (drgy)=3.8 nm and 16% on (drgm-
»=2.8 nm) and isopropanol (4.0% and 0.2% selectivity, respectively)
were also formed on both samples, but neither CO nor CO, were
detected in any instance (<0.01%). Isopropanol is likely to form
via propylene hydration on minority SiOH or TiOH acid centers.
Propanal, by contrast, is produced in substantial quantities and
likely forms as a secondary reaction product from PO on Brgnsted
acid sites [50]. A summary of these proposed reaction pathways is
shown in Scheme 1.

The finding that PO forms on Au/TS-1 samples that lack detect-
able alkali species stands in contrast with the proposed require-
ment for alkali species to form *OOH intermediates from 0,-H,0
co-reactants [11,12,50]. PO turnover rates on the Au/TS-1 samples
of the present study are significantly lower, however, than those
reported on Cs-containing Au/TS-1 catalysts predominantly con-
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Fig. 9. Effect of bed residence time on acrolein, propanal and PO selectivities on Au/

TS-1 (0.9% wt. Au; (drem)=3.8) at different bed residence times (473 K, 3.7 kPa
propylene, 3.7 kPa O,, 6.0 kPa H,0). Curves are intended to indicate trends.

X[%]:  0.007 0.20
1000 Au/TS-1
= Hro 0.9% wt. Au
2 .
_§ |:| Acrolein 150
£
= 100 63
1S
S
]
©
x 10
o 5.2
é 4.5
5
[
3.8 nm 2.8 nm

Mean Au Particle Diameter (nm)

Fig. 10. Primary formation rates of PO (black) and acrolein (gray) on Au/TS-1 (0.9%
wt. Au) post-synthetically treated in air alone (left) and sequentially in He and air
(right) (Section 2.3). Rates are normalized by the number of Au surface atoms in
each sample, estimated from Au nanoparticle dispersions (Eq. (2)) (473 K, 3.7 kPa
propylene, 3.7 kPa 0,, 6.0 kPa H,0, and 87.6 kPa He (60,000 cm® gci;h~"). Propylene
conversion (X, %) is listed at the top of the graph. The mean surface-averaged Au
particle diameter (Eq. (1)) of each sample is given below respective data. Rates are
reported after 2 h on stream, but remained essentially unchanged through the
course of the experiments (average 6 h; up to 12 h).

taining extra-crystalline Au clusters (0.20% wt. Au; Cs/Au = 15;
53.6% PO; 473 K; 10 kPa O,; 10 kPa CsHg; 2.5 kPa H,0; 0.22% con-
version [11]), when compared on a per surface Au atom basis
(5 x 10 to 63 x 10 s~ ! vs. 660 x 107> s~ !). PO formation rates
based on catalyst mass, however, are similar on the alkali-free
Au/TS-1 samples of this study (0.08-1.3 x 10 molp gil¢ s7') to
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Scheme 1. Proposed reaction pathways for the formation of propene oxide and
byproducts during propene epoxidation with H,0/O, on Au/TS-1 catalysts lacking
alkali promoters.

those reported on Cs-containing Au/TS-1 (1.89 x 10 molpo gk
s~1). The mean diameter of the Au nanoparticles detected by
TEM are similar for the Au/TS-1 prepared by the methods
described here (2.8-3.8 nm) and in the aforementioned previous
work (4.1 nm; [11]), suggesting that the observed differences in
turnover rates do not reflect different Au particle diameters (at
least for TEM-detectable nanoparticles).

Au/TS-1 samples prepared by the alkali-free methods reported
here were impregnated with aqueous Cs,COs; solutions (Sec-
tion 2.3) to determine any influence of alkali on epoxidation rates
with H,0/O, reactants. The addition of Cs (0.9% wt. Au; (drgm):
3.8 nm; Cs/Au at. = 7-12) led to the exclusive formation of PO
and acrolein as detectable products on such alkali-promoted Au/
TS-1 samples at rates reported in Table 3. The presence of Cs
specifically suppressed the formation of isopropanol and propanal,
consistent with the titration of protons that act as Bregnsted acid
sites; such sites catalyze the hydration of propene to isopropanol
and of PO to diols and their dehydrogenation to 1-propenol and
propanal (Scheme 1). The presence of Cs led to about a two-fold
increase in PO formation rates (factors of 2.0 and 2.3 for Cs/Au val-
ues of 7 and 12, respectively) and a four-fold increase in acrolein
formation rates (by factors of 4.3 and 4.6), consistent with a pro-
motional effect conferred by Cs; yet, the presence of Cs was not
essential for the formation of either product, as shown by their for-
mation on the samples with undetectable alkali content.

PO turnover rates on these Cs-impregnated Au/TS-1 samples
(up to 14 x 107 s ') remained lower than those reported previ-
ously for Cs-promoted Au/TS-1 catalysts prepared by DP methods
(660 x 10> s7'; 0.20% wt. Au; Cs/Au = 15; 53.6% PO; 473 K;
10 kPa O,; 10 kPa C3Hg; 2.5 kPa H,0; 0.22% conversion [11]), which
contained Cs as a result of the use of Cs,CO3; as a precipitation
agent for Au>* precursors. The introduction of Cs into the Au/TS-
1 system in this manner, rather than through the aqueous impreg-
nation of Cs;CO3; onto Au/TS-1 having Au domains already in
metallic form, may promote intimate Au-Cs contact that could
partially account for the larger PO formation rates observed on

Table 3
Propylene oxide formation rates on Au/TS-1 doped with Cs,COs after synthesis.
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Au/TS-1 systems prepared by DP rather than the methods in this
work.

Highly-dispersed Au clusters (« 1 nm in diameter) that are not
detected by TEM are exceptionally active for PO formation with
either H,/O, or H,0/0, reactants, and plausibly account for mea-
sured turnover rates on Au/TS-1 systems [11,15,17,18]. The forma-
tion mechanism of Au nanoparticles and the thermal treatments
required to remove organic residues in the Au/TS-1 samples
reported in the present study (773 K; Section 2.3) may essentially
eliminate such sub-nanometer Au domains. Synthetic protocols
used previously to prepare Au/TS-1 samples (deposition-precipita
tion [11] or mechanical grinding [50]) predominantly form Au
nanoparticles that decorate external surfaces of TS-1 crystals, but
do not involve thermal treatments above 473-573 K; these meth-
ods may preserve minority Au species of very small size that are
predominantly responsible for measured rates.

It is possible for the methods reported to preserve such small
Au domains through the use of O3 or H,0, as chemical reagents
during the removal of synthetic organic residues or through con-
trolled pre-conditioning of such organic residues in inert environ-
ments, thus inhibiting the coalescence of intracrystalline Au
domains. The relatively modest enhancement in PO formation
rates conferred by post-synthetic Cs deposition onto the Au/TS-1
samples prepared in this work (Table 3) seems to indicate that
the alkali promotional effect is most pronounced for exceptionally
small (<1 nm) Au domains that are much less prevalent in these
Au/TS-1 catalysts, but it is not an essential requirement for turn-
overs to occur. It seems plausible that such cations may, in fact,
aid the formation of sub-nanometer Au domains and their migra-
tion into TS-1 crystals for materials prepared by deposition-precipi
tation that often use alkali salts as reagents; in doing so, the role of
alkali may influence the number instead of the chemical properties
of the Au-based species formed.

The strong effects of Au dispersion on propylene-0,-H,0 reac-
tion turnover rates, taken together with the modest rates achieved
here through the selective confinement of Au nanoclusters within
TS-1 crystals, suggest that the proximity between Au nanoclusters
and Ti centers is not, of itself, beneficial for the dynamics of pur-
portedly bifunctional routes to PO formation. Thus, it appears that,
whether by means of their shorter average distances from Ti cen-
ters or because of their unique surface reactivity, sub-nanometer
Au domains represent the essential mediators of reactivity. The
evidence provided here does not resolve the matter of whether
the two required sites (Au and Ti centers) must establish atomic
contact, but indicate that mere proximity, created here by encap-
sulation, is insufficient for high reactivity. We remark, however,
that atomic contact would not be required if Au domains would
form molecular shuttles of electrophilic O-atoms. In our previous
work on Au/TiO, systems [10], we ruled out H,O, as the epoxida-
tion shuttle with H,0/O, reactants, based on the highest concen-
trations allowed by thermodynamics and their collision
frequencies with TiO, surfaces. Similar arguments would not
preclude a role for molecular shuttles derived from propylene-0,

Alkali Promoter Cation/Au Molar Ratio PO TOR PO Formation Rate (107'° mol gZl; s ') PO/Acrolein % Propene Conversion
(104 s 1y Ratio

None 0 0.5 8.1 1.2 0.007

Cs 7 1.2 16.4 0.5 0.02

Cs 12 14 18.8 0.6 0.02

9PO turnover rate (TOR) or formation rate on Au/TS-1 (with 0.9% wt. Au; (drem): 3.8 nm) post-synthetically impregnated via incipient wetness by aqueous Cs,CO5 and then
used in reaction (473 K, 3.7 kPa propylene, 3.7 kPa O,, 6.0 kPa H,0, 87.6 kPa He; 60,000 cm® gcl;h™"). Turnover rates are defined as the moles of PO formed per unit time
normalized by the number of exposed metal surface atoms estimated using particle dispersions derived from TEM (Eq. (2)).
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reactants, which may form at the Au function and then deliver
electrophilic O-species to TiO, centers. Such species may include
3-hydroperoxyprop-1-ene and 3-methyl-1,2-dioxetane, which
can likely form on Au surfaces [51], and which would react on Ti
centers to give equimolar mixtures of acrolein and PO; such
equimolar selectivities are not very dissimilar from those observed
on Au/TS-1.

The synthetic protocols developed here are able to selectively
confine Au nanoparticles within TS-1 through the novel use of
low-temperature crystallization promoted by protozeolitic frag-
ments, thus circumventing the premature decomposition/reduc-
tion of ligated Au precursors. These methods intended to bring
Au and Ti functions closer together for practical benefits; instead,
they demonstrated that very small Au domains appear to be the
overarching pre-requisite for high turnover rates. The synthetic
techniques, however, are applicable to the encapsulation of metal
clusters within other high-Si frameworks (e.g., ZSM-48, ITQ-29)
that, as in the case of TS-1, require high crystallization tempera-
tures (443-448 K; [46,52,53]). Such techniques may be further
paired with post-synthetic modification by organosilanes to form
hydrophobic crystals [54] having encapsulated metal particles,
which have shown promise for partial methane oxidation [55].
These methods are also transferable to the incorporation of other
cationic precursors that interact with thiol groups in MPS (e.g.,
Pt?*, Pd®*, Ag*, Ir™) and mixtures of different cations to form
bimetallic nanoparticles. In this context, AuPd nanoparticles con-
fined within TS-1 are of special interest because of their high selec-
tivity in forming H,0, from H,-O, reactants [21,56,57,58]. As such,
the contents of this manuscript contribute to matters well beyond
the testing of hypotheses of interest for epoxidation by O,-H,0
reactants on Au/TS-1.

4. Conclusions

Au nanoparticles, monodisperse in size, were encapsulated
within TS-1 frameworks via the hydrothermal assembly of TS-1
synthesis gels containing ligand-protected Au>" cations. Significant
modifications to established crystallization procedures for TS-1
were required in order to prevent the premature decomposition
of Au®* coordination compounds within the synthesis gels without
adversely affecting the crystallinity of the TS-1 frameworks
formed. Such modifications included the use of a lower crystalliza-
tion temperature, a longer crystallization time, and the incorpora-
tion of TS-1 seed crystals into the synthesis gels. The application of
these procedures leads to the assembly of crystalline TS-1 with
ligated Au* species occluded in TS-1 micropores; subsequent
oxidative thermal treatments result in the formation of clean Au
nanoparticles selectively encapsulated within TS-1 crystallites.
These Au/TS-1 systems are poorly active for the formation of
propylene oxide (with H,0/0,) despite the close proximity
between Au and Ti sites required for the in-situ generation of
*OOH species that oxidize propylene to form the epoxide - possi-
bly due to high post-treatment temperatures leading to significant
sintering of Au particles. Poor catalyst activity could be partly sur-
mounted by shifting the mean Au particle size downward through
the use of pyrolytic instead of oxidative post-synthetic treatments,
reflecting the size-sensitive nature of propene epoxidation rates on
Au particles. The post-synthetic doping of these Au/TS-1 systems
by alkali promoters, while beneficial for propylene oxide formation
rates, was not a requirement to achieve appreciable epoxidation
activity. The synthetic procedures outlined in this work provide
guiding principles for the encapsulation of metal species within
high-Si zeotype frameworks, which typically require high crystal-
lization temperatures that strongly favor the premature decompo-
sition of ligated metal precursors incorporated into synthesis gels.
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