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ARTICLE INFO ABSTRACT

Keywords: Different phosphines (PR3, R = phenyl, 4-methoxyphenyl) are demonstrated to be useful probe molecules for the
Mesoporous supports spatial location and quantification of noble metal (NM) atoms within mesoporous and microporous support
Zeolitey materials, such as silica A200, mesoporous SBA-15, and different zeolites Y. For this purpose, the high NMR
N‘Tble metal dlStr,lbunon sensitivity of 3'P nuclei (spin I = ', abundance of 100%) and the characteristic chemical shifts of phosphine
Triphenylphosphine

complexes formed with noble metals were utilized. A straightforward method of physically mixing the reduced
noble metal-containing catalysts with the solid phosphine powders and heating under well-defined conditions is
shown. Complexation of triphenylphosphine (PPhg) and tris(4-methoxyphenyl)phosphine, P(PhOMe)s, with Pt,
Rh, Pd, and Ru on open surfaces and in mesopores leads to characteristic >'P MAS NMR signals at § = 33-41 ppm.
Because of the different molecular diameters of PPh3 (0.72 nm) and P(PhOMe)3 (0.91 nm), adsorption of these
two probe molecules allows to distinguish between noble metal atoms located at the outer surface of zeolite
particles and those in secondary mesopores and in supercages of zeolites Y. For the first time this method enables

Tris(4-methoxyphenyl)phosphine
Solid-state NMR spectroscopy

the characterization of noble metals directly using probe molecules and 3'P MAS NMR spectroscopy.

1. Introduction

The location of catalytically active sites in porous solids has a sig-
nificant influence on the catalytic activity of these materials in chemical
processes. Therefore, the investigation of the spatial distribution of the
active centers is an important task for developing an in-depth under-
standing of shape-selective heterogeneous catalysts. For characterizing
the properties and location of Brgnsted and Lewis acid sites in pores and
cages of solid catalysts, probe molecules with different basicity and
molecule sizes, such as ammonia, pyridine, acetonitrile, and trimethyl-
phosphine oxide, have been utilized [1-5]. In a similar manner, the
knowledge of the location of metal particles, responsible for the hy-
drogenation and dehydrogenation properties of porous catalysts, helps
to gain deeper insights into the reasons of their shape-selective prop-
erties [6-8].

Analytical techniques for clarifying the location of metal atoms in
well-ordered crystalline support materials are often based on diffraction
methods [9,10], while an insight into the local structure, also of
less-ordered metal-containing catalysts, is possible by X-ray absorption
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methods [11,12]. Both techniques were demonstrated to be very useful
for determining the distribution and coordination of metal sites in a
large variety of solid catalysts, but are time-consuming and often not
accessible. They also require long measurement times or high X-ray
fluxes to receive diffractograms or absorption spectra of sufficient ac-
curacy for simulation. Even if the location of the noble metal sites is
known, the accessibility for adsorbates stays unclear.

Solid state NMR studies can give indirect insights into the location of
noble metals (NM) [13,14]. Recently, triphenylphosphine (PPhg) was
demonstrated to be a useful probe molecule for the investigation of the
accessibility of noble metals platinum (Pt) and rhodium (Rh) on meso-
porous and microporous support materials [15]. The complex formation
of PPh3 with these noble metal species was identified by the occurrence
of downfield shifted *'P MAS NMR signals at characteristic isotropic
chemical shifts and chemical shift anisotropies [15]. Based on this study,
the present work has the aim of increasing the variety of noble metal
species by palladium (Pd) and ruthenium (Ru) for the study of their
complexation with phosphines and to investigate the effect of frame-
work aluminum in zeolites Y on the location of these species.
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Furthermore, phosphines with different sizes were applied for deeper
insights into the spatial location of noble metal sites, especially in the
case of microporous support materials.

For a proper choice of suitable probe molecules for the investigation
of noble metal distribution on porous solids, the following requirements
have to be considered: (i) the formation of stable metal-organic com-
plexes, (ii) the molecule size of the probe molecules and the formed
complexes should allow distinguishing between metal location inside
and outside of pores and cages, (iii) the procedure of sample preparation
should be simple for improving the reproducibility, and (iv) the formed
metal organic complexes should have characteristic spectroscopic
parameters.

In the present work, the formation of metal organic complexes by
adsorption of triphenylphosphine (PPhs) with a molecular diameter of
0.72 nm [16] to noble metal-containing mesoporous and microporous
support materials is compared to the one of tris(4-methoxyphenyl)
phosphine P(PhOMe)3 having a calculated molecular diameter of 0.91
nm [17,18]. For this purpose, silica A200, mesoporous SBA-15, and two
zeolites Y (Si/Al = 93 and 2.7) were loaded with similar amounts of Pt,
Rh, Pd, and Ru atoms. The structure of zeolite Y is composed of hex-
agonal prisms, sodalite cages with an inner diameter of 0.66 nm [19],
and supercages with an inner diameter of 1.14 nm [20]. The supercages
of zeolite Y are connected via 12-membered oxygen windows with a
diameter of 0.74 nm [19]. Considering these structural parameters, PPhg
is able to enter the 12-ring windows of zeolite Y, while P(PhOMe)3 is too
large for entering the 12-ring windows, and, therefore, the supercages of
this zeolite. Comparative studies of the formation of metal organic
complexes by adsorption of PPh; and P(PhOMe)s on noble
metal-containing zeolites Y, therefore, has the potential of clearly dis-
tinguishing between noble metals located either inside and outside of the
zeolite particle. In Scheme 1 provides a survey of the most important
parameters of the support materials, probe molecules and noble metals
used.

2. Experimental part
2.1. Sample preparation

Commercial silica A200 (Evonik, Hanau, Germany) with a specific
surface area of 180 m?/g and mesopore diameters of up to 4.5 nm was
used after calcination for 12 h at 823 K in synthetic air. Loading of this
silica with platinum was carried out by stirring 5 g of the silica material
in 100 mL of demineralized water at 313 K for 2 h and subsequent
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Scheme 1. Survey on the most important parameters of the noble metal (NM)
loaded support materials (a to ¢) and the probe molecules triphenylphosphine,
(PPh);, and tris(4-methoxyphenyl)phosphine, P(PhOMe);, and schemes of
possible NM distributions (left-hand side) as well as possible locations of
phosphine complexes formed with NM (right-hand side).
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addition of 1 M aqueous solution of ammonia until the pH-value of the
solution reached 10. Then, an aqueous solution with calculated amounts
of [Pt (NH3)4]Cly-xH20 (ChemPur), RhCl3-xH,O (Alfa Aesar), [Pd
(NH3)4]Cly-xH20 (Sigma-Aldrich), or RuCls-xH20 (Sigma-Aldrich) was
added dropwise. The solution was stirred at 313 K for another 18 h.
Finally, the resulting solid was collected by filtration, washed with 1.5 L
demineralized water, and dried under atmospheric conditions at 353 K
for 12 h.

The mesoporous SBA-15 with ngj/na; > 1000, having a specific sur-
face area of 901 m2/g and mesopore diameters between 6 and 7 nm, was
synthesized as described by Zhao et al. [21] The as-synthesized SBA-15
was heated with a rate of 2 K/min up to 823 K and calcined in air for 5h
to remove the template. Subsequently, a wetness impregnation with
calculated amounts of the same noble metal salts like for A200 was
performed. After stirring the solution for 5 min, the water was removed
under vacuum at 313 K and the impregnated materials were dried under
atmospheric conditions at 353 K for 12 h.

The dealuminated zeolite DeA-Y with ngj/na; = 93 (Evonik, Hanau,
Germany) and zeolite Na-Y with ngi/na; = 2.7 (Evonik, Hanau, Ger-
many) were purified with 1 M aqueous solution of sodium nitrate at 353
K for 4 h and subsequently washed with demineralized water until
nitrate-free. The purified zeolites DeA-Y and Na-Y were dried under
atmospheric conditions at 353 K for 12 h. The noble metal-containing
zeolites derived from DeA-Y were prepared by wetness impregnation
using the same procedure as described for the noble metal-containing
SBA-15. The noble metal-containing zeolites derived from Na-Y were
obtained by aqueous ion exchange with the above-mentioned noble
metal salts. For this purpose, purified zeolite Na-Y was suspended in
demineralized water containing calculated amounts of these salts at 353
K for 12 h and subsequently washed with demineralized water and dried
at 353 K for 24 h.

All noble metal-containing catalysts were calcined in synthetic air
(970 mL/min) by heating with a rate of 2 K/min up to 573 K and
calcination at this temperature for 3 h, excluding the Ru-containing
support materials. The materials were reduced in flowing hydrogen
(100 mL/min) at 623 K (Pt-, Rh-, Pd-containing samples) or 673 K (Ru-
containing samples) for 2 h, transferred into glass tubes inside a glove
box under nitrogen atmosphere, evacuated (p < 102 Pa) at 298 K for 12
h, and sealed in glass tubes until their use. The total amounts and weight
percentages of the noble metal loadings were obtained by optical
emission spectroscopy with inductively coupled plasma using a Varian
Vista-MPX.

The zeolite H-Y utilized as Brgnsted acidic reference material was
obtained by a fourfold ion exchange of zeolite Na-Y (side supra) with a
1.0 M aqueous solution of NH4NO3 leading to an exchange degree of
91%. Subsequently, this NHj-form zeolite Y was calcined and evacuated
(p < 1072 Pa) at 723 K for 12 h to remove ammonia, and sealed in glass
tubes.

The microporous silicoalumophosphate VPI-5 utilized as 3'P solid-
state NMR intensity standard was synthesized as described by He and
Klinowski [22]. For spectroscopic studies, this material was utilized in
the hydrated state with a water content of 22.0 wt %. The pure support
materials were dehydrated and evacuated (p < 1072 Pa) at 723 K for 12
h before the adsorption of probe molecules, while the noble
metal-containing support materials were used as obtained after reduc-
tion and evacuation at room temperature (vide supra). The adsorption of
PPhjs (Sigma-Aldrich) and P(PhOMe)s (Sigma-Aldrich) onto the porous
materials under study was performed by addition of 4-12 mg of dry PPh3
or dry P(PhOMe);3 and 40-50 mg of the dehydrated support materials
inside a 4 mm rotor. For excluding contact to air, the mixing of probe
molecules and support materials was performed in a glove box purged
with dry nitrogen. For a proper distribution of the added probe mole-
cules and the formation of metal organic complexes, the rotors were
closed with a gas tight TORLON cap and heated at 363 K for 20 h and
subsequently equilibrated at room temperature for up to 2 weeks to
verify quantitative complex formation.
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2.2. Characterization methods

The chemical compositions of the noble metal-containing catalysts
under study were determined by optical emission spectroscopy (ICP-
OES, Varian Vista-MPX). The structural intactness was proven by XRD
(Bruker D8 diffractometer) and via 27A1 and 2°Si solid-state NMR spec-
troscopy (Bruker AVANCE III 400WB). Specific surface areas and pore
volumes were determined by physisorption of nitrogen on an Autosorb-
3B (Quantachrome) applying the BET method; results are found in
Scheme 1 and in Table S1 in the Supplementary Material (SM). Meso-
pore volumes were calculated from the total pore volume at p/py = 0.99
and the micropore volume according to the V-t method (deBoer). The
noble metal dispersion was investigated by chemisorption of hydrogen
using the same equipment and assuming a stoichiometry of one H atom
per noble metal atom (Autosorb-1, Quantachrome). It was found that Pt,
Rh, and Pd are well dispersed, while for Ru-containing samples noble
metal dispersions of 40 + 5% were determined, as expected [23]. The
size of P(PhOMe)3 was calculated with the software Avogadro from radii
of auto-optimized structures from the PubChem database [17,18] and
corrected using a factor calculated from the effective molecular diam-
eter of triphenylphosphine, assuming spherical geometry [16].

31p MAS NMR measurements were carried out on a Bruker Avance III
400WB spectrometer at the resonance frequency of 161.9 MHz using a 4
mm MAS NMR probe with a sample spinning rate of 10 kHz. Spectra
were recorded upon 7n/2 single-pulse excitation, high-power proton
decoupling (HPDEC), and repetition times of 20-240 s for excluding
saturation. Quantitative >!P MAS NMR studies were performed by
comparing the signal intensities of the samples under study with that of
hydrated zeolite VPI-5 used as external intensity standard. The evalua-
tion of the signal intensities was performed as described previously for
'H MAS NMR under additional consideration of different receiver gain
values [2].

3. Results and discussion

3.1. Investigation of PPhs and P(PhOMe)s adsorbed on pure support
materials

For investigating the interaction of PPhs and P(PhOMe)s with the
pure support materials, dehydrated samples of silica A200, mesoporous
SBA-15, and zeolites Y were loaded with these probe molecules. The
application and procedure of PPh3 as probe molecule in the present
study are based on our earlier work [15]. A key aspect of the present
investigations is to study the effect of the different sizes of PPhs and P
(PhOMe)s on the complexation of noble metals on porous support ma-
terials (see Scheme 1). For this purpose, PPhy and P(PhOMe); were
adsorbed in similar molar quantities on identical samples and thermally
treated under the same conditions. Fig. 1 gives a survey on the most
important 3!P MAS NMR spectra of these phosphine-loaded pure support
materials. While bulk PPhs and P(PhOMe)s result in narrow signals at §
= —9 and —14 ppm (see Figs. Sla and S1b, SM) [15], physisorption of
these molecules on silica A200 and SBA-15 (Fig. 1a-d) is accompanied
by low field shifts to § = —6 and —10 ppm, respectively. This is caused by
interactions of the molecules with the siliceous surfaces, either on the
exterior or inside the mesopores of A200 and SBA-15.

Physisorption of PPh3 on the siliceous zeolite DeA-Y is accompanied
by the occurrence of an additional 3!P MAS NMR signal at § = —3 ppm,
which was previously assigned to PPhg inside the supercages of this
zeolite [15]. The 3'P MAS NMR spectra of aluminum-containing zeolites
Na-Y and H-Y, loaded with PPhgs, show signals at § = 1 and 8 ppm,
which are due to PPh; interacting with Na™ cations and Brgnsted acidic
bridging OH groups (Si(OH)AD) inside the supercages of zeolite Y,
respectively (Fig. 1e-g). Both these signals increase to a maximum with
increasing PPhs loading and additional signals at 5§ = —6 and —9 ppm,
similar to those observed on A200 and SBA-15, occur in the case of a
PPhg surplus.
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Fig. 1. 3'P MAS NMR spectra of PPhs- (left-hand side) and P(PhOMe)s-loaded
(right-hand side) pure silica A200 (a, b), mesoporous SBA-15 (c, d), and
microporous zeolites Na-Y (e, f) and H-Y (g, h), recorded after heating at 363 K
for 20 h and equilibration for up to two weeks at room temperature. Intensities
of spectra (a, c) were decreased for clarity. Spinning sidebands are marked by
asterisks (*).

Considering the 31p MAS NMR spectra of P(PhOMe); loaded on the
pure mesoporous and microporous support materials (Fig. 1, right-hand
side), exclusively signals of the bulk material at § = —14 ppm and of
physisorbed probe molecules on open surfaces and inside mesopores at
6 = —10 ppm can be observed. The different intensity ratios of the sig-
nals at § = —14 and —10 ppm for P(PhOMe); loaded on A200 and SBA-
15, on the one hand (Fig. 1b-d), and on zeolites Na-Y, and H-Y, on the
other hand (Fig. 1f and h), is due to the small external surface of the
zeolites Y particles. In contrast, A200 and SBA-15 offer open surface and
mesopore surface accessible for P(PhOMe)s, which causes much stron-
ger signals of physisorbed molecules at § = —10 ppm. The exclusive
occurrence of the 3'P MAS NMR signals at § = —14 and —10 ppm for all P
(PhOMe)s-loaded pure support materials indicates that this probe
molecule cannot enter the 12-ring windows and supercages of zeolites Y.
In contrast, PPhs interacts with Na™ cations (signal at § = 1 ppm) and Si
(OH)AL groups (signal at 6 = 8 ppm) inside the supercages, which
demonstrates that this molecules is able to enter the 12-membered ring
windows of this support material. Hence, two reasons for low field shifts
of the 3'P MAS NMR signals of the phosphine complexes are present: (i)
physisorption on surfaces and (ii) strong steric constraints inside the
supercages of zeolites Y. However, the latter exclusively occurs for PPhg
because of the too large size of P(PhOMe)s. A survey on the chemical
shift values of PPhsy and P(PhOMe)3; loaded on the support materials
under study is given in Table 1.
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Table 1

Survey on >'P MAS NMR signals and their assignments to different kinds of PPhs
(top) and P(PhOMe); (bottom) species and phosphine complexes formed with
noble metals (NM) on the mesoporous and microporous support materials under
study.

J31p/Ppm Assignment of PPhj species

-9 bulk PPhg

-6 physisorbed PPh3 on open surfaces and in mesopores

-3 physisorbed PPhj in supercages of zeolite Y

ca. 1 PPh; coordinated at Na™ cations in supercages of zeolite Y
8 protonated PPh (PPhsH™) in supercages of zeolite Y

ca. 22 decomposed oxidation products of PPhs

ca. 33 (PPh3),NM complexes on open surfaces and in mesopores
ca. 41 (PPh3),NM complexes in supercages of zeolite Y

d31p/PpPm Assignment of P(PhOMe); species

-14 bulk P(PhOMe)3

-10 physisorbed P(PhOMe); on open surfaces and in mesopores
ca. 25 decomposed oxidation products of P(PhOMe)3

ca. 35 [P(PhOMe)3],NM complexes on open surfaces and in mesopor

3.2. Investigation of PPhs and P(PhOMe)3 spread on noble metal-
containing siliceous support materials

For the investigation of the complex formation between PPh3 and P
(PhOMe)s, respectively, with Pt, Rh, Pd and Ru, all support materials
under study were modified with these noble metals according to the
weight percentages given in the sample names in Table 2, column 1,
which correspond to the noble metal loadings summarized in Table 2,
column 2. As already demonstrated in our previous work [15], on sup-
port materials with open surfaces and mesopores, such as silica and
SBA-15, respectively, the complexation of PPhsy with Pt and Rh is
accompanied by the occurrence of 3'P MAS NMR signals at § = 30-34

Table 2

Noble metal (NM) loadings, numbers of 31p atoms of PPh; and P(PhOMe);
complexed with noble metal (NM) atoms (accuracy +10%), and corresponding
probe molecule to NM ratios.

Samples NM Complexed PPhy Complexed P P(PhOMe)3
loading® PPh; in /NM (PhOMe)s” in  /NM ratio
in mmol/ mmol/g ratio mmol/g
g
1.7 Pt/ 0.087 0.227 2.6 0.227 2.6
A200

0.9 Rh/ 0.087 0.216 2.5 0.226 2.3
A200

1.1 pd/ 0.103 0.222 2.1 0.089 0.9
A200

1.0 Ru/ 0.099 0.112 1.2 0.124 1.2
A200

1.9Pt/ 0.097 0.281 2.9 0.199 2.0
SBA-
15

1.0 Rh/ 0.097 0.338 3.4 0.186 1.9
SBA-
15

1.1 pd/ 0.103 0.222 2.3 0.094 0.9
SBA-
15

1.2 Ru/ 0.119 0.204 1.7 0.131 1.1
SBA-
15

1.7 Pt/ 0.087 0.044 0.5 0.010 0.1
DeA-Y

0.9 Rh/ 0.087 0.004 0.1 0 0
DeA-Y

1.0 Pd/ 0.094 0.034 0.4 0 0
DeA-Y

0.9 Ru/ 0.089 0.027 0.3 0 0
DeA-Y

@ Determined by ICP-OES (accuracy + 5%).
b Determined by 3!P MAS NMR spectroscopy (accuracy +10%).
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ppm. Similarly, PPhs adsorption on Pt-, Rh-, Pd-, and Ru-containing
A200 and SBA-15 performed in the present study led to broad
low-field 3'P MAS NMR signals in this shift range, in addition to narrow
signals of bulk and physisorbed PPhs at § = —9 and —6 ppm, respec-
tively. Typical examples are the spectra shown in Fig. 2a and b. After
heating the PPhgs/catalyst mixtures at 363 K for 20 h, an equilibration of
these samples was performed at room temperature over 1-2 weeks, until
no further increase of the 3!P MAS NMR signals at ca. 33 ppm could be
observed. The quantitative evaluation of these equilibrated low-field
signals via comparison with an external intensity standard (VPI-5) led
to the numbers of complexed PPhs summarized in Table 2, column 3.
Considering these experimentally derived numbers of complexed PPhj
and their corresponding PPh3/NM ratios (NM = noble metal) in column
4, strong complex formation is found especially for Pt, Rh, and Pd on
A200 and SBA-15. This observation hints at a high reactivity of these
noble metals and their good accessibility on these support materials for
PPhg. In contrast, significantly lower PPh3/NM ratios were determined
for noble metal-containing zeolites DeA-Y. Small quantities of PPhj
decomposition products are visible at § = ca. 25 ppm in Fig. 2e. This
hints at a low accessibility of the noble metal species for PPhs (molecular
diameter of 0.72 nm) due to their location in small sodalite cages (mo-
lecular diameter of 0.66 nm) or hexagonal prisms.

Fig. 2 allows the comparison of the 3'P MAS NMR spectra of PPhs
(left-hand side) and P(PhOMe)s (right-hand side) adsorbed on the same
noble metal-containing support materials. For P(PhOMe)s3, in addition to
broad low-field signals of metal-organic complexes at § = ca. 35 ppm,
narrow signals occur at § = —14 and —10 ppm, due to excess bulk and
physisorbed phosphine molecules, as observed for P(PhOMe); adsorbed
on pure support materials (Section 3.1.). The evaluation of the in-
tensities of the low-field signals at § = ca. 35 ppm led to the numbers of
complexed P(PhOMe)3; summarized in Table 2, column 5 and the cor-
responding P(PhOMe)3/NM ratios in Table 2, column 6. The comparison
of the PPh3/NM and P(PhOMe)3/NM ratios in Table 2, columns 4 and 6,
respectively, hints at similar reactivities of the different noble metals in
the presence of the above-mentioned two phosphines. Partially lower P

3P MAS NMR
a) 1.7 P/A200 -6 b) 1.7 Pt/A200
+ PPh, + P(PhOMe);

T 1 T 1
60 40 20 0 -20 -40 60 40 20 0 -20 -40

S4p/Ppm
c) 1.0 Rh/SBA-15 d) 1.0 Rh/SBA-15
+ PPh, + P(PhOMe);
M M
|
20 40 20 40
531P/ppm
e) 1.7 Pt/DeA-Y 3 f) 1.7 Pt/DeA-Y
+ PPh, + P(PhOMe);

ca.33 25

60 40 20 0 -20 -40 60 40 20 0 -20 -40
S34p/PPm

Fig. 2. 31p MAS NMR spectra of PPhs- (left-hand side) and P(PhOMe)s-loaded
(right-hand side) 1.7 Pt/A200 (a, b), mesoporous 1.0 Rh/SBA-15 (c, d), and
microporous zeolite 1.7 Pt/DeA-Y (e, f), recorded after heating at 363 K for 20 h
and equilibration for up to two weeks at room temperature.
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(PhOMe)3/NM than PPh3/NM ratios for same noble metal-containing
support materials are caused by the larger size of P(PhOMe)s (0.91
nm) compared to PPhg (0.72 nm [16]), which leads to increased steric
hindrance and less flexibility of the former molecule for less accessible
noble metal atoms. Only very weak (1.7 Pt/DeA-Y) or no (other noble
metal-containing DeA-Y catalysts) complexation was found for P
(PhOMe)s adsorbed on noble metal-containing zeolite DeA-Y. This
observation indicates that minor quantities of the noble metal species on
the dealuminated zeolite DeA-Y are located in secondary mesopores,
formed as result of the dealumination. These noble metal species are not
accessible for the larger P(PhOMe)s, but do react with the smaller PPhg
(vide infra). In the case of siliceous zeolite DeA-Y, the noble metal species
were loaded on the support material by wetness impregnation with
metal salts. In this case, the noble metal atoms are not guided to
well-defined extra-framework cation positions, as in the case of
aluminum-rich zeolites Na-Y. In DeA-Y, therefore, noble metal atoms
migrate to the most stable positions with strong oxygen coordination,
which are inside the small cages, such as sodalite cages and hexagonal
prisms of the zeolite Y structure. In these small structural units, noble
metal species are not accessible to PPhs or P(PhOMe)s. This effect is the
reason for the generally lower PPhg/NM and P(PhOMe)3/NM ratios of
noble metal-containing DeA-Y compared with noble metal-containing
silica A200 and SBA-15.

3.3. Investigation of PPhs and P(PhOMe)s spread on noble metal-
containing zeolite Na-Y

The introduction of noble metals on zeolite Na-Y with Si/Al ratio of
2.7 was performed by ion exchange with noble metal salts and subse-
quent calcination and reduction. In this case, a high content of the noble
metal atoms is located at well-defined extra-framework cation positions.
In addition to PPhs and P(PhOMe); adsorption on noble metal-
containing DeA-Y, the noble metal guiding properties of the frame-
work aluminum present in zeolite Na-Y have been investigated through
the complexation with the above-mentioned phosphines.

The 3'P MAS NMR spectra of PPh; adsorbed on noble metal-
containing zeolite Na-Y in Fig. 3, left-hand side, show the same high-
field signals as observed for the pure support material (Fig. le), i.e.
signals at 6 = —9 and —6 ppm for bulk and physisorbed PPhj respec-
tively, and a signal at § = 1 ppm due to PPh3 adsorbed at Na™ cations
inside the supercages. Weak low-field shoulders on these signals at § =
ca. 8 ppm hint at the protonation of few of the adsorbed PPhs molecules
by Brgnsted acidic Si(OH)AI groups formed as a result of the noble metal
reduction [24,25].

In the low-field range of the spectra in Fig. 3, left-hand side, signals
occur between § = ca. 33 and 41 ppm for all noble metals (Pt, Rh, Pd,
Ru). The former one corresponds to (PPh3),NM complexes located
without constraints on open surfaces, such as on the external surface of
the zeolite particles. For PPhg adsorption on pure Na-Y, low-field shifts
of 3P MAS NMR signals due to physisorption from 5§ = —9 to —6 ppm
and, upon steric constraints inside of supercages, from § = —9 to —3 ppm
were observed. Therefore, the signal at 6 = 41 ppm is assigned to
(PPh3),NM complexes formed inside the supercages of noble metal-
containing zeolites Na-Y. Such (PPh3),NM complexes are involved in
similar steric constraints as PPh3 at Na'cations located in supercages,
leading to low-field shifts (vide supra). The total number of complexed
PPh3 on the noble metal-containing zeolites Na-Y under study and the
corresponding PPh3/NM ratios are summarized in Table 3, columns 3
and 4. Decomposition of the low-field signals at § = 33-41 ppm for the
31p MAS NMR spectra of PPhs-loaded zeolites 1.9 Pt/Na-Y in Figs. 3a
and 0.9 Pd/Na-Y in Fig. 3e showed a contribution of 70 + 10% of the
respective signals at 5 = 41 ppm to the total quantity of complexed PPhg
(see Figs. S2a and 2b in the SM). Thus, for example for 1.9 Pt/Na-Y, this
means 0.02 mmol/g of deposited Pt (see Table 3) is located inside the
supercages when assuming a stoichiometry of 1:4 [15].

According to XRD studies of Gallezot et al. [26], the Pt atoms of
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Fig. 3. 3'P MAS NMR spectra of PPhs- (left-hand side) and P(PhOMe)s-loaded
(right-hand side) microporous zeolites 1.9 Pt/Na-Y (a, b), 0.8 Rh/Na-Y (c, d),
0.9 Pd/Na-Y (e, f), and 0.8 Ru/Na-Y (g, h), recorded after heating at 363 K for
20 h and equilibration for up to two weeks at room temperature.

Table 3

Noble metal (NM) loadings on Na-Y zeolites, numbers of *'P atoms of PPhg and
P(PhOMe); complexed with noble metal (NM) atoms (accuracy +10%), and
corresponding probe molecules to NM ratios.

Samples NM Complexed PPhy Complexed P P

loading® PPh;” in /NM (PhOMe)s” in ~ (PhOMe)s/
in mmol/ mmol/g ratio mmol/g NM ratio
8
1.9Pt/ 0.097 0.135 1.4 0 0
Na-Y
0.8 Rh/ 0.078 0.014 0.2 0 0
Na-Y
0.9 Pd/ 0.085 0.039 0.6 0 0
Na-Y
0.8 Ru/ 0.079 0.017 0.2 0 0
Na-Y

# Determined by ICP-OES (accuracy =+ 5%).
b Determined by>!P MAS NMR spectroscopy (accuracy +10%).

zeolites Pt/Na-Y, which were calcined at maximum 573 K, are prefer-
entially located at positions in the supercages, such as at SII in front of
the 6-membered ring windows. Also in Pd/Na-Y zeolites, most of the Pd
atoms are located at SII positions, while a small content of Pd were found
at SI positions inside the hexagonal prisms, due to the slightly smaller
size of Pd compared to Pt [27]. These data are in good agreement with
the high number of complexed PPhs molecules in 1.9 Pt/Na-Y and 0.9
Pd/Na-Y (Table 3, column 4) and the high contents of the signals at § =
41 ppm indicating complex formation inside supercages. In contrast, no
signal at § = 41 ppm due to (PPh3),NM complexes inside of the
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supercages could be observed for zeolite 0.8 Ru/Na-Y (Fig. 3g). Also,
this finding agrees with the result of XRD studies of comparable mate-
rials [28], which localized Ru atoms at SII' positions in front of
6-membered ring windows inside the sodalite cages (diameter of 0.66
nm), i.e. at positions not accessible to PPh3 (diameter of 0.72 nm). For
the noble metal-containing zeolites DeA-Y, generally, a low formation of
(PPh3),NM complexes was found (Table 2, lines 1 to 4 from bottom) and
no 3P MAS NMR signals occurred at § = 41 ppm (see, e.g. Fig. 2¢). This
observation hints at a location of noble metals in siliceous zeolite DeA-Y
at well stabilized but non-accessible positions inside sodalite cages and
hexagonal prisms due to the absence of the cation- and noble
metal-guiding effect of framework aluminum in this material.

Upon adsorption of P(PhOMe)3 on the noble metal-containing zeo-
lites Na-Y, on the other hand, no formation of [P(PhOMe)3],NM com-
plexes could be observed in the 3!P MAS NMR spectra in Fig. 3, right-
hand side. Signals occurring at ca. § = 25 ppm are due to the oxida-
tion and decomposition of few of the P(PhOMe)3; molecules, which was
also found for PPhj3 on 0.9 Pd/Na-Y, as indicated by the weak signal at §
= 22 ppm. For supportive spectra of triphenylphosphine oxide and P
(PhOMe)3 decomposed on pure A200, see Figs. S3a and S3b in the SM.
The strong difference in the complex formation upon adsorption of P
(PhOMe)3 (0.91 nm) and PPh3 (0.72 nm) [16] impressively demon-
strates that the larger of these molecules is not able to enter the
12-membered ring windows and supercages of zeolites Y. Therefore, P
(PhOMe)3 is a very suitable probe molecule for determining noble
metals located on the outer surface of zeolite Y particles. PPhs, on the
other hand, can enter the 12-ring windows and supercages of zeolites Y
and complexation of this probe molecule inside supercages is accom-
panied by the occurrence of a characteristic >'P MAS NMR signal at 6 =
41 ppm. In the case of complexation of PPh3 with noble metals outside
the supercages of zeolites Y, characteristic signals at 6 = ca. 33 ppm
appear. For the dealuminated zeolite DeA-Y, these noble metal atoms
could be located in secondary mesopores. For P(PhOMe)s, on the other
hand, these noble metal atoms in secondary mesopores are not acces-
sible, since only very weak or no complex formation was found for this
probe molecule on noble metal-containing zeolites DeA-Y (see Fig. 3f
and Table 2, line 1 to 4 from bottom). For an overview on possible noble
metal locations on zeolites DeA-Y and Na-Y and their assignments,
complexation with the phosphines under study, and their characteristic
31p MAS NMR signals, see Scheme 2 and Table 4.

4. Conclusions

The aim of the present work was the development of methods for the
investigation of the spatial location of noble metals (NM) on mesoporous
and microporous supports materials, such as silica A200, mesoporous
SBA-15, and microporous zeolites Y. For this purpose, two different
phosphines (PPhz, P(PhOMe)3) of different molecular size were used to
probe the above-mentioned supports loaded with Pt, Rh, Pd, and Ru.
PPh3 with a molecular diameter of 0.72 nm, is able to enter 12-
membered ring windows (diameter of 0.74 nm) and supercages of zeo-
lites Y. On the other hand, an adsorption of P(PhOMe)3 with a molecular
diameter of 0.91 nm inside the superages of this zeolite could be
excluded. For noble metals on open surfaces of fumed silica (A200) and
in mesopores of SBA-15, complexation of PPhj as well as of P(PhOMe)3
with all types of noble metals under study was shown by 3'P MAS NMR
spectroscopy. This complexation of phosphines was found to be
accompanied by the occurrence of broad low-field >'P MAS NMR signals
at § = ca. 33 and 35 ppm, respectively.

In the case of dealuminated zeolite DeA-Y (Si/Al = 93) and zeolite
Na-Y (Si/Al = 2.7), different effects of adsorption of PPhs and P
(PhOMe)3 were observed. For PPhs, adsorption on noble metal-
containing zeolite Na-Y, 3!P MAS NMR signals at § = 41 ppm indicate
complex formation inside the supercages of this zeolite. Weak 31p MAS
NMR signals at § = 33-35 ppm observed after PPhs as well as P(PhOMe)3
loading hint at the presence of noble metal at the external surface of the
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Scheme 2. Possible noble metal (NM) locations on dealuminated zeolite DeA-Y
and Al-containing zeolite Na-Y and their assignments according to Table 4.

Table 4

Overview of possible noble metal (NM) locations on dealuminated zeolite DeA-Y
and aluminum-containing zeolite Na-Y visualized in Scheme 2, their complex
formation with the phosphines under study, and chemical shifts of corre-
sponding 3'P MAS NMR signals.

Positions in Noble metal location Complexation with 3p MAS NMR

Scheme 2 phosphines signal (ppm)
1 outer particle surface PPh; and P(PhOMe)3 ca. 33 and 35
of DeA-Y and Na-Y
2 secondary mesopores PPhy ca. 33
of DeA-Y
3 supercages (SII PPhj 41
position) of Na-Y
4 sodalite cages (SII' No No
position)
5 hexagonal prisms (SI No No
position)

zeolite particles. Thus, if the complexation of P(PhOMe)s; on noble
metal-containing zeolites Y is much weaker than for PPhg, location of
the noble metal atoms in secondary mesopores, for example, in deal-
uminated zeolite DeA-Y, must be assumed. Hence, the comparative
studies on PPhg and P(PhOMe)3 adsorption demonstrated the interesting
potential of these probe molecules for quantitatively distinguishing the
noble metal distribution on support materials with very different mes-
oporous and microporous properties.
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