Characterization of solid catalysts by 170 solid-state NMR

Spectroscopic background: 'O nuclei have a spin of | = 5/2 and a quadrupole
moment of Q = -2.558 x 10°*° m?. Therefore, 'O NMR signals of oxygen atoms in
solids are affected by quadrupolar interactions. Due to the low natural abundance of
the 'O isotope of 0.037 % and, in this state, a sensitivity in comparison with *H
nuclei (1.0) of 1.1 x 10 only, 'O solid-state NMR spectroscopy of catalysts requires
an isotopic enrichment. For basic principles of solid-state NMR, see lectures “Solid-
State NMR Spectroscopy” for Bachelor students or PhD seminars, accessible via the
link “Lectures for Students”.

Early 'O broad-line NMR spectroscopic studies of water-free aluminosilicate-type
zeolites, performed without the application of MAS, led to broad quadrupole patterns
corresponding to a quadrupole coupling constant of about Co = 4.6 to 5.7 MHz and
3.2 to 4.3 MHz due to oxygen atoms in Si-'’O-Si and Si-'’O-Al bridges,
respectively. The isotropic chemical shifts were determined to &170,s0 = 28 to 52 ppm
for Si-*’O-Si and S170is0 = 31 to 45 ppm for Si-*’O-Al bridges [1]. Simulation of the
0O broad-line NMR spectra of aluminophosphates gave Co =5.6t0 6.5 ppm and
Si70is0 = 61 to 67 ppm for Al-Y’O-P bridges. Gallosilicates contain Si-'’O-Ga
bridges with Cq = 4.0 to 4.8 ppm and di70,is0 = 29 ppm (Table 1) [2].

Nowadays, *’O solid-state NMR investigations of catalysts are performed applying
the MAS, DOR, and two-dimensional (2D) MQMAS techniques [3-8]. A prerequisite
for obtaining well-resolved O MAS, DOR, and 2D MQMAS NMR spectra is the
presence of ordered local structures, such as those occurring in siliceous zeolites

and in zeolites with an alternating arrangement of silicon and aluminum atoms at T-
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positions (nsi/nai = 1). In these cases, the different signals of oxygen atoms at
crystallographically non-equivalent O-sites appear as well-resolved signals in the 'O
DOR NMR (Fig. 1) and *’O MQMAS NMR spectra (Fig. 2) [3]. For siliceous zeolite
FER and utilizing 'O MQMAS NMR spectroscopy, up to 10 different signals of
oxygen atoms at crystallographically non-equivalent positions in Si-O-Si bridges were
found [4]. While the isotropic chemical shifts of these signals cover a range of d170.iso
= 28.0 to 43.1 ppm, slightly different quadrupole coupling constants in the range of
Co = 5.2 to 5.6 MHz were determined.

The significant effect of the DOR technigue on the spectral resolution in comparison
with the MAS technique for the study of quadrupolar nuclei is demonstrated in Fig. 1
[3]. While the 'O MAS NMR spectrum of *’O-enriched and dehydrated zeolite Na-
LSX (nsilna; = 1) consists of a single broad signal, the application of the DOR
technique leads to a split of the spectrum into three narrow signals. The potential of
the 2D MQMAS technique is demonstrated in Fig. 2, which shows the 'O MQMAS
NMR spectrum of oxygen atoms in zeolite Na-LSX [3]. The signals obtained along
the o,-axis of the two-dimensional spectrum in Fig. 2 correspond to the one-
dimensional *’O MAS NMR spectrum (projection on top). These signals are affected
by second-order quadrupolar signal broadening. The signals obtained along the &so-

axis (projection at the left-hand side) are comparable with those in the *’O DOR NMR
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spectrum in Fig 1, bottom. In this dimension, the anisotropic second-order
guadrupolar signal broadenings are averaged by the multiple-quantum experiment.
On the right-hand side of Fig. 2, slices cut parallel to the &-axis at different &
values are depicted. These slices correspond to the different *’O MAS NMR signals
of oxygen atoms at the crystallographically non-equivalent oxygen positions in zeolite
Na-LSX. The simulation of these slices allows a determination of the quadrupole
parameters of the corresponding *’O nuclei and led to quadrupole coupling constants
of Cq = 3.2 to 3.6 MHz and chemical shifts of d170,s0 = 41.1 to 53.6 ppm for oxygen
atoms at the four crystallographically non-equivalent O-sites in zeolite Na-LSX [3].

Data obtained by 2D O MQMAS NMR spectroscopy of oxygen atoms at
crystallographically non-equivalent oxygen positions in zeolites Na-A and Na-LSX
(both ngi/na = 1) yielded a correlation between their isotropic chemical shift 70 so

and the Si-O-Al bond angle g [3]:

S170is0 | PPM = -0.71 f+ 143.7 )

Eq. (1) can be utilized to calculate Si-O-Al bond angles g in materials, where a
determination of the local oxygen structure by X-ray diffraction is not possible.

70 solid-state NMR spectroscopic studies of non-crystalline powder materials are
complicated by the distribution of the bond geometries in the local structure of the
oxygen atoms and, therefore, of the 'O quadrupole parameters. By 'O spin-echo
and MAS NMR experiments, the oxygen atoms in silica, synthesized via the sol-gel
technique, were investigated [9]. The signals of oxygen atoms in the Si-O-Si bridges
were found to be characterized by a quadrupole coupling constant of Cq = 5.3 MHz
and an isotropic chemical shift of &70is0o = 42 ppm. The SiOH fragments caused
signals in a wide range of Cq values and at isotropic chemical shifts of d170,so = 0 £
20 ppm. The behaviour of the latter signals is explained by the above-mentioned
distribution of the bond geometries in the local structure of the SiOH fragments.
Titanium oxides, TiO,, are extensively studied materials because they are widely
employed as conventional catalyst supports [10], pigments [11], and photocatalysts
[12, 13]. The two common phases are anatase (A) and rutile (R). The rutile phase is
the most stable structure of TiO,, while the anatase phase can transform to rutile at

high temperatures. Both anatase and rutile consist of TiOg units, which are joined
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together by sharing different numbers of edges - two in rutile and four in anatase. The
photocatalytic activity of TiO, could be related to phase-junctions formed between the
anatase and rutile domains, which enhance the hydrogen production in the
photocatalytic water splitting [14, 15]. Therefore, the ***’O isotope exchange (OIE)
on water-free pure anatase in comparison with mixed-phase TiO, materials,
containing anatase and rutile domains as well as various surface oxygen species and
phase conjunctions on the anatase and rutile domains, was studied by 'O MAS
NMR spectroscopy upon a thermally induced OIE with 'O, gas [16]. By this way, the
activation energies of the OIE were determined for the above-mentioned materials.

Fig. 3 shows the stacked plots of *’O MAS NMR spectra of pure anatase (a,
TiO,/A) and an anatase/rutile mixture (b, TiO2/A+R) recorded upon OIE with 'O,
gas (p = 500 mbar) at T = 773 K up to t = 80 h. The *’O MAS NMR signal at 8170 =
562 ppm is due to 'O atoms in pure anatase and has a signal shape according to a
quadrupole coupling constant of Cq = 1.2 MHz. The signal at 6170 = 596 ppm, with a
similar signal shape, is caused by 'O atoms in rutile with Co = 1.8 MHz, while
surface 'O atoms of the anatase/rutile domain mixture are responsible for the

signals at d170 = 516 ppm, 543 ppm, and 572 ppm [16].
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The 70 isotope exchange (OIE) kinetics, investigated upon thermal treatments
of the 1’0, gas-loaded TiO, materials at T = 723 K, 773 K, and 823 K, led to the
Arrhenius plots of the velocity constants k; of 'O atoms in the pure anatase (TiO2/A)
and in anatase/rutile domains (TiO,/A+R) shown in Fig. 4 [16]. These plots indicate a

strong decrease of the activation energy of the OIE on the mixed-phase TiO,/A+R

https://michael-hunger.de



material (E; = 61 kJ/mol for the anatase domains and E,; = 70 kJ/mol for the rutile

domains) compared with the pure anatase TiO,/A material (E5 = 105 kJ/mol).

Furthermore, the very rapid increase of the *’O MAS NMR signals of surface oxygen

species on the TiO,/A+R material indicates that the OIE starts at these surface sites,

which subsequently exchange their 'O atoms with *°0O framework atoms in anatase

and rutile domains [16].

-2.0%
2.41
2]
3:5¢

In(k)

-3.61
-4.01

= TiO,/A

A Ain TiO,/A+R
v RinTiO/A+R

1.20

124 128

1.32

1000 7' /K

Fig. 4

136 1.40

Table 1 gives a summary of the 'O solid-state NMR parameters of the above-
mentioned and some additional materials. Utilizing *H—>'O CPMAS NMR, *'O-'H
REDOR NMR, and *H-}O HETCOR NMR techniques, the study and determination of

framework oxygen atoms bound to the hydroxyl protons of bridging OH groups (Si-

YOH-Al) in acidic zeolites are possible [21-23]. For a broad survey on O solid-state

NMR parameters of oxygen atoms in solids, see Ref. [17] and Table 8.3 of Ref. [18].

Materials O Species | Co/ MHz no S0/ ppm Refs.
zeolite Na-A (1.0)* Si-'’0-Al | 3.2-42 | 02 32-33 [1]
zeolite Na-A (1.0)* Si-’0-Al 3.4 0.0 30-42 [3]
-0.3
zeolite Na-LSX (1.0)* Si-’0-Al | 3.2-3.6 | 0.15 41 - 54 [3]
-0.4
zeolite Na-Y (2.74)* Si-'’0-Si | 46-57 | 0.1 44 - 46 [1]
Si-'’0-Al | 31-42 | 02 31 [1]
zeolite NH4-Y (2.92)* Si-’’0-si | 5.0-5.7 | 0.1 47 - 48 [1]
Si-'’0-Al | 3.2-43 | 0.2 31 [1]
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zeolite H-Y (2.6)* Si-1"04.3,4-Al 3.7 0.2 27.5 [23]
Si-}0;-Al 3.5 0.3 33.3 [23]
Si-}"0,.34-Si 5.3 0.1 44.0 [23]
Si-}’0;-Si 5.1 0.3 50.0 [23]
Si-}"0, 3H- 6.2 0.9 24.0 [22, 23]
Al
Si-t’0;H-Al 6.0 1.0 21.0 [22, 23]
dealuminated Na-Y (>25)* Si-’0-Si | 5.2-5.7 | 0.2 45 - 47 [1]
siliceous Ferrierite (FER) Si-t’0-Si | 5.2-56 | 0.1 28 - 43 [4]
- 02
zeolite H-ZSM-5 (25)* Si-'’0-Si 5.45 0.2 40.5 [22]
Si-'"OH-Al | 58-7.0 | 05 31-37 [22]
-0.75
zeolite Ga-Sodalite Si-’’0-si | 5.1-5.7 | 0.0 51-52 [2]
Si-’’0-Ga | 4.0-48 | 0.3 29 [2]
amorphous SiO; Si-'’0-Si | 5.3-5.7 | 0.0 42 - 46 [1, 9]
aluminophospate AIPO4-5 A-YO-P | 57-65 | 0.0 61 - 63 [2]
aluminophospate AIPO4-11 A-Y0-P | 57-6.4 | 0.0 63 - 64 [2]
aluminophospate AIPO,-17 A-YO-P | 56-6.3 | 0.0 63 - 67 [2]
-0.1
TiO, / Anatase YOTi, 1.2 0.6 562 [16, 20]
TiO,/ Rutile YOTi, 1.8 0.6 596 [16, 20]

*) nsi/np ratio
Table 1

Catalyst preparation: The 'O enrichment of powder materials used for the NMR
studies presented in Figs. 1 and 2 was performed by a treatment in a reactor with
H,'"O vapour at T = 523 K for several hours [3]. For the studies presented in Fig. 3,
the dehydrated TiO, materials, filled in quartz glass tubes, were loaded with 500
mbar 'O, gas. Upon sealing the quartz glass tubes, these samples were heated at T
= 723 to 823 K for up to t = 80 h. After this treatment, the sample materials were
transferred into a MAS NMR rotor without air contact inside a mini glove box (see
Section “mini glove box”, accessible via the link “In Situ Solid-State NMR

Techniques”), purged with dry nitrogen gas.

70 solid-state NMR studies: The O DOR NMR experiments were performed at
the Larmor frequency of v = 67.8 MHz in the magnetic field of Bo = 11.7 T [3]. For
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the 2D O MQMAS experiments, the Larmor frequency of v, = 101.7 MHz and the
external magnetic field of Bo = 17.6 T were utilized [3]. The MQMAS pulse sequence
consisted of two strong pulses and an additional weak z-filter pulse [19]. A total ring
down delay of 7 ps after the z-filter pulse and a repetition time of t = 200 ms were
used. The non-selective nutation frequency of 100 kHz was determined for a H,''O
sample at the Larmor frequency of v = 101.7 MHz. For this rf power, the widths of
the first and second pulse were adjusted for maximum signal intensity to 3.4 and 1.2
Us, respectively. The selective n/2 pulse length of the z-filter was adjusted to 50 us
[3]. The O MAS NMR investigations of the TiO, materials were performed at the
Larmor frequencies of v, = 54.2 MHz upon single pulse excitation of n/6, with the
repetition time of t = 0.5 s, and the sample spinning rate of 11, = 20 kHz using a 2.5

mm MAS NMR probe. The chemical shifts were referenced to liquid H.*'O (Si70 = 0
ppm).
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