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ABSTRACT: Thiol-modified dendritic mesoporous silica nanospheres (DMSNs) supported Au
catalyst were facilely prepared and used in gas-phase selective oxidation of benzyl alcohol with
O: as the oxidant. The Au/DMSNs-4.4%SH catalyst with low loading of Au (~2%) and proper
amount of thiol ligand (~4.4%) achieved high conversion of benzyl alcohol (Conv. 91%) and
selectivity for benzaldehyde (Sel. 98%) and unprecedented lifetime up to 820 h at 250 °C. The
dramatically increased lifetime is the consequence of the strong stabilization of active gold
nanoparticles by thiol ligand and the effective mass diffusion of DMSNs with opened three-

dimensional mesoporous networks.

1. INTRODUCTION:

Selective oxidation of alcohols to aldehydes, especially benzyl alcohol-to-benzaldehyde, is
one of the pivotal reaction in organic synthesis and is of particular importance in both
fundamental academic research and practical industrial applications.’® However, most of the
classic transformations usually require stoichiometric amounts of high-valent metal salts
oxidants or organic compounds as the oxidants, which are expensive and have serious toxicity
issues associated with them.® Over the past two decades, lots of supported metal (such as Cu, Ag
and Au, etc.) catalysts have been developed for the gas-phase oxidation of benzyl alcohol®°.
Nevertheless, most of these catalysts were used at relatively high reaction temperature (generally
over 300 <C) and showed a poor stability in gas-phase oxidation of benzyl alcohol. Recently,
ordered nanoporous silica FDU-12 with ultra-large pores supported Au nanoparticles (NPs)
catalyst exhibited excellent stability (~ 450 h) in gas-phase selective oxidation of benzyl alcohol
at 250 <T.1" The large and open porous network was thought to be beneficial to mass diffusion

and thus suppressed coke deposition on Au NPs.



DMSNs with centre-radial oriented open and large mesopores can provide greater pore
accessibility and faster molecular diffusion, and can be easily functionalized for subsequently
doping of active sites, thus it could be an ideal platform for the preparation of highly efficient
heterogeneous nanocatalyst, especially for high temperature catalytic reaction.®?® Herein, Au
NPs catalysts supported on thiol-modified DMSNs (Au/DMSNs-x%SH, in which x represented
the weight loss of grafted thiol ligands as reference to non-modified DMSNs calculated in TG
analysis) were prepared and tested in the gas-phase selective oxidation of benzyl alcohol, it
demonstrated that the catalytic performance was highly related to the content of grafted thiol
group. The Au/DMSNs-4.4%SH catalyst exhibited the best catalytic performance at low reaction
temperature of 250 <C, achieving a benzyl alcohol conversion of 91% and benzaldehyde
selectivity of 98% with long lifetime up to 820 hours beyond the previously reported Au-based
catalysts. The high catalytic performance of our Au/DMSNs-4.4%SH catalysts is contributed to
the unique dendritic nanostructure of DMSNs and the strong S-Au binding energy combined to

improve the dispersibility and high-temperature anti-sintering of Au NPs.

2. RESULTS AND DISCUSSION

DMSNs modified with different content of thiol ligands (3.4%, 4.4%, and 6.0%, Fig. 1a)
can be readily prepared by post-grafting technique with (3-mercaptopropyl) trimethoxysilane
(MPTMS) as organosilane coupling agents in the presence of propylamine (PA) as a base
catalyst (synthetic details in supporting information), wherein the addition of PA significantly
improves the grafting efficiency of thiol groups on the silica pore frameworks. The obtained

samples were denoted as DMSNs-x%SH, in which x represented the weight loss of grafted thiol
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Figure 1. (a) Thermogravimetric curves of DMSNs-x%SH; (b) XRD patterns of Au/DMSNs-
x%SH; (c-f) HRTEM images and AuNPs particle size distribution (c-f, insert) of Au/DMSNs-
X%SH catalysts: (c) Au/DMSNs, (d) Au/DMSNs-3.4%SH (e) Au/DMSNs-4.4%SH and (f)
AU/DMSNs-6.0%SH; High-resolution HAADF-STEM (g) of Au/DMSNs-4.4%SH and
corresponding STEM-energy dispersive X-ray (EDX) elemental mapping images of S (h), Au (i)

and S + Au composite (j) elements.

ligands as reference to non-modified DMSNSs calculated in TG analysis (the weight loss from
200 T to 500 T was ascribed to the decomposition of organic moiety of MPTMS, Fig. 1a).

Finally, Au NPs immobilized catalysts (Au/DMSNs-x%SH) were synthesized as such: gold



precursor (HAuCls) was firstly anchored by the thiol ligands on the silica wall and then reduced
by NaBH..24?® Note that Au/DMSNs were prepared with the same method but using parent
DMSNs as supports. The powder XRD patterns of Au NPs immobilized on the DMSNs clearly
showed that the size of Au NPs was significantly decreased with the increase of thiol group
loading (Fig. 1b). If without the introduction of thiol groups, a sharp peaks of Au/DMSNs
catalyst at 20 = 38.2°was observed (Fig. 1b, black line), which was assigned to the (111) planes
of crystalline gold with larger size. However, in the presence of thiol groups, the XRD patterns
of Au/DMSNs-x%SH showed a wide diffraction peak and with the increase of thiol loading from
3.4% to 4.4%, the full width at half maximum (FWHM) of the peak at 260 = 38.1° became
broader (Fig. 1b, red and blue line), suggesting the formation of Au NPs with smaller sizes. If
further raising the content of thiol groups to 6.0%, the feature peaks of crystalline Au completely
disappeared, indicating the formation of Au nanoclusters (NCs) with size less than 2.0 nm 2.
Obviously, the formation of Au NPs and/or NCs is attributed to the strong binding interaction
between gold and thiol ligands (S-Au) and its packing density on the Au core, which limits
further growth of Au nucleus. The size evolution of Au NPs with the loading of thiol groups was
further confirmed by HRTEM observation (Fig. 1c-f): highly dispersed Au NPs with average
diameter of 5.4 nm, 3.5 nm and 1.2 nm were uniformly loaded on the surface of DMSNs support
for Au/DMSNs-3.4%SH, Au/DMSNs-4.4%SH and Au/DMSNs-6.0%SH, respectively; Whereas,
crystalline Au NPs in a size of ~19 nm was observed on parent DMSNs. In addition, STEM
energy dispersive X-ray (EDX) mapping images (Fig. 1g-j) of Au/DMSNs-4.4%SH as a typical
example suggested that both S and Au elements were homogeneously distributed onto the
dendritic nanopores, implying that the thiol ligands played a key role to control the high

dispersibility and the final particles size of Au NPs in the dendritic pores, which answers the



origin of volcano-type catalytic performance dependent on the size of Au NPs for selective

oxidation of benzyl alcohol (Fig. 2a).

Gas-phase oxidation of benzyl alcohol over AuU/DMSNs and Au/DMSNSs-x%SH catalysts
were performed at fixed-bed reactor at 250 <C. Generally, Au based catalysts showed high
selectivity in the conversion of benzyl alcohol to benzaldehyde as observed in our AuU/DMSNSs
catalysts (sel. > 95%, Fig. 2a), and only trace amount of benzoic acid as by-products was

detected owing to the over-oxidation of benzaldehyde at high reaction temperature.* Thus, we
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Figure 2. (a) Time-on-stream benzyl alcohol conversion (dot-lines) and coke contents
(histogram) over Au/DMSNs-x%SH catalysts. (b) N2 adsorption-desorption isotherms and pore

size distribution (insert) plots of AuU/DMSNs-x%SH.

mainly focus on the discussion of metal particle size effect on the chemical activity and stability
of Au based catalyst on the reaction. As expectedly, due to the chemical inertness of bulky Au,
Au/DMSNs with the largest Au particle size (~19 nm) showed the lowest conversion (~ 62%)
and the shortest lifetime (only 51 hours) in the Fig. 2a. Very interestingly, the activity and

lifetime gradually increased with the decrease of Au particle size (the conversion are 81% and



91%, and lifetimes are 615 hours and 820 hours for Au/DMSNs-3.4%SH with the size of 5.4 nm
and Au/DMSNs-4.4%SH with size of 3.5 nm, respectively), whereas, a further decrease in size
of Au NPs resulted in a decrease in the activity with an initial conversion of 54% and lifetime
(100 hours) for Au/DMSNs-6.0%SH with the size of 1.2 nm. This size-dependent volcano-type
trend was also observed for Au based catalysts in catalytic oxidation of carbon monoxide?®=° and
liquid-phase oxidation of alcohol®! *2, Generally, according to the quantum confinement effect,
smaller sized Au exhibits better catalytic performance due to the favorite generation of superoxo-
like species via electron transfer to the LUMO of the O, molecule®*3’. XPS spectrum of Au 4f
for Au/DMSNs-x%SH catalysts confirmed this point in the Figure 3: with the decrease of Au
particle size, the Au 4f7 binding energy of Au/DMSNs-3.4%SH (5.4 nm), Au/DMSNs-4.4%SH
(3.4 nm) and Au/DMSNSs-6.0%SH (1.2 nm) was gradually shifted to low values in an order of
84.3 eV, 83.6 eV and 83.4 eV, indicating that small particle size of Au benefit the activation of
oxygen molecules due to the substantial electron transfer from thiol ligands to Au core 3% 38,

However, the size-dependent volcano-type trend verifies that it is not the case. It is possible that,
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Figure 3. XPS spectrum of Au 4f (b) of Au/DMSNSs-x%SH catalysts.



dense packing of thiol groups on the smaller Au core (1.2 nm) prohibits the adsorption of
substrates, resulting in low chemical reactivity of Au/DMSNs-6.0%SH (Fig. 2a). This
consideration can also interpret the time-on-stream activity change of Au/DMSNs-6.0%SH
(firstly increased and then decreased, Fig. 2a, pink line), which denoted the grain growth of Au
NPs at successive high-temperature reaction. Besides the difference in activity, similar to the Au
core size control of thiol ligands, proper amount of thiol ligands can stabilize Au NPs against
sintering, which dramatically increased the stability of the catalysts. With the increase in the
content of thiol ligands, the lifetime of the catalysts dramatically increased from 50 h
(Au/DMSNSs) to 615 h (Au/DMSNs-3.4%SH) and to 820 h (Au/DMSNs-4.4%SH), it is worth
noting that Au/DMSNs-4.4%SH with low loading of Au (~2%) achieved high benzaldehyde
yield (conv. 91%, sel. 98%) and excellent catalytic stability for almost 820 h at 250 <C, which
surpassed most of reported Au based catalysts'- 121315 17 “\Whereas, in contrast, Au/DMSNs-
6.0%SH suffered rapid deactivation in 100 h, which could be ascribed to the formation of
substantial carbon deposition on the catalyst. The content of coke on the spent catalysts was
positively correlated to the content of thiol ligands for catalysts (Fig. 2a and Fig. S1). For this
regard, excess amount of thiol ligands grafted on DMSNs could block the pore network, which
largely inhibited the mass diffusion of substrates and products. Fig. 2b shows the nitrogen
sorption isotherm of DMSNs and DMSNs-x%SH, all the samples exhibit a typical 1V isotherm
with a hysteresis loop in the relative pressure range of 0.2-0.8, being characteristic of
mesoporous materials, and have bimodal pore size distributions (Fig, 2b insert) in which small
spherical mesopores with a micelle size (ca. 3.0 nm) nested in the dendritic channels (>10 nm)3*-
41 Whereas, the absorbed volume of N2 in this range decreased with the increase in the content

of thiol ligands, suggesting the loss of specific surface area and pore volume of DMSNs after



grafting MPTMS. Detailed textural characteristics were shown in Table S1. Furthermore, almost
all the specific surface area (97%) and pore volume of Au/DMSNs-6.0%SH was lost after
reaction due to the fast coke deposition in the pores (Fig. S2b). While, both Au/DMSNs-3.4%SH
and Au/DMSNs-4.4%SH samples showed the distinguished pore surface area and pore volume
after the reaction (Fig. S2a and Table S1). Thus, the dramatically increased lifetime is the
consequence of the strong stabilization of active gold nanoparticles by thiol ligand and the

effective mass diffusion of DMSNs with unique opened three-dimensional mesoporous networks.

A very simple reaction mechanism on the benzyl alcohol oxidation by O> over Au NPs
based catalysts was shown in Fig. 4. Owing to unique dendritic nanostructure of DMSNSs and the
strong S-Au binding energy at nanoscale interface, nanosized Au NPs were highly dispersed into
the nanopores and could be acted as catalytic center for benzyl alcohol and oxygen adsorption
(Fig. 4, in center). The adsorbed oxygen molecules were activated via electron transfer from Au
NPs to the oxygen molecules (Step 1). The breaking of O-H bond of adsorbed benzyl alcohol can
occur facilely with the aid of activated oxygen species to form Au-alkoxide intermediate and the
C-H bond in the B position of benzyl alcohol was activated simultaneously (Step 2). Then, the
oxido-intermediate can assist the cleavage of C-H bond in the B position and finally lead to the
formation of benzaldehyde and water molecules, and concurrently an adsorbed O atom (O*) was
formed on the Au core due to the O-O bond cleavage (Step 3), which could be active site to
abstract the H atom from the OH group of the second benzyl alcohol molecule and formed an
adsorbed hydroxyl group (Step 4). In the step 5, due to the strong p orbital interaction between
hydroxyl and S atom from thiol groups (and/or adsorbed O atoms from the metal-alkoxide
intermediate) via space interaction, a new formed p band transient intermediate state could be

used as alternative channel to assist the cleavage of C-H bond in the B position of the second
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Figure 4. The proposed reaction scheme for gas-phase oxidation of benzyl alcohol by O> over
Au based dendritic mesoporous silica nanospheres with thiol functional groups (Au/DMSNs-SH).

For clarity, propyl segments were omitted.

benzyl alcohol molecule,*?*8 and finally finished the catalytic cycle for the oxidation (Step 6).

Obviously, the binding of thiol groups on Au core plays the pivotal role to control the
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dispersibility of Au NPs in DMSNs, and the packing density of S-Au bonds determines the final
chemical reactivity. Additionally, the strong interaction of p orbitals between adsorbed
interfacial atoms from the surface ligands and substrates could weaken the chemisorption
strength of Au-alkoxide intermediate, which avoids the over-oxidation of benzaldehyde and

deposition of cokes, and consequently extending the lifetime of Au based catalysts.

3. CONCLUSIONS

In summary, Au NPs supported DMSNSs catalysts functionalized with thiol groups in proper
content were readily prepared by introducing propylamine as a base catalyst to improve the
grafting efficiency of organsilane. We demonstrated that surface modified thiol groups played
the key role in the catalytic performance of supported Au NPs catalysts in the gas-phase selective
oxidation of benzyl alcohol, and that the introduction of proper content of thiol groups could
improve the catalytic performance of the gas-phase selective oxidation of benzyl alcohol with
high conversion (91%), high benzaldehyde selectivity (98%) and unprecedented long lifetime (ca.
820 h). Our finding paves the way for constructions of sintering- and coking-resistant active
metal nanocatalysts and may open up the possibilities of transferring nanoscale metal catalysts

from the laboratory to industry.4°-5!
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