Characterization of zinc-containing catalysts by 67Zn solid-state NMR

Spectroscopic background: ®'Zn nuclei have a spin of | = 5/2 and a quadrupole
moment of Q = 15.0 x 10 m?. Therefore, °’Zn NMR signals of zins atoms in solids
are affected by quadrupolar interactions. Additionally, the shape of ®’Zn solid-state
NMR signals may be slightly affected by anisotropic chemical shielding. The ®'zn
isotope has a natural abundance of 4.10 %, a resonance frequency of v = 31.29
MHz at Bo= 11.75 T, and a sensitivity of 2.9 x 10 in comparison with *H nuclei (1.0).
Often, the low resonance frequency of ®’Zn nuclei is not in the range of standard
solid-state NMR probes. In this case, a specific low-frequency NMR probe is required
for ®’Zn solid-state NMR investigations. Due to the low sensitivity of ®’Zn nuclei, an
isotopic enrichment is beneficial for a study of rare zinc species in solids. 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”.
ZnO in the pure state and as clusters or guest compounds on support materials and
on porous catalysts is one of the zinc compounds, which were early studied by ®’Zn
solid-state NMR spectroscopy [1, 2].

Fig. 1 shows static °’Zn spin-echo NMR (a) and ®’Zn MAS NMR (b) spectra of pure
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ZnO powder with natural abundance of ®’Zn nuclei and recorded at a magnetic field
of Bp = 9.4 T [2]. These spectra consist of typical powder patterns arising from the
central transition of I = 5/2 nuclei in the presence of second-order quadrupole
interaction. The wurtzite structure of ZnO crystals is a hexagonal lattice in which the
zinc atoms are in tetrahedral coordination with four oxygen atoms (ZnQ,). The best fit
of the static ®’Zn spin-echo NMR spectrum in Fig. 1a was obtained for a quadrupole
coupling constant of Co = 2.40 MHz and ds, = 240 ppm (QCC) as well as by
including a ’Zn chemical shift tensor (CSA) of i1 = 270 ppm, &, = &3 = 225 ppm
[2]. These results were in excellent agreement with those of the single-crystal ®'Zn
solid-state NMR study in Ref. [1] and of the more recent studies in Ref. [3].

The effect of doping of ZnO particles with indium, followed by a sintering at T = 1273
to 1373 K, was studied by °“Zn MAS NMR at a magnetic field of B, = 18.8 T in Ref.
[4]. Similar to the results in Refs. [1] and [2], quadrupole coupling constants of Cq =
2.40 to 2.47 MHz and &, values of 237 to 238 ppm were determined for the pure
ZnO material. Upon doping with indium, only a slight increase of the quadrupole
coupling constant to Co = 2.60 MHz was found, which indicates that the added
indium atoms exist as clusters inside the ZnO particles.

In Ref. [5], the transformation of a pressed and sintered (T = 1473 Kfor 12 h) 3:1
mixture of ZnO and Zn,TiO, was investigated by °“Zn MAS NMR. Fig. 2a shows the
spectrum of the initial sintered mixture, recorded at a magnetic field of Bp = 19.6 T
with natural abundance of ®’Zn nuclei. The signals at &z, = 75 ppm and 231 ppm
were assigned to the Zn,TiO, and ZnO phases of the pellets, respectively. The

integrated areas of the two peaks and spinning sidebands (*) were approximately
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consistent with their relative Zn stoichiometry and mole ratio. After acid leaching, the
ZnO signal d7zn = 231 ppm completely disappeared, while the signal at ds7z, = 73
ppm indicated the presence of a slightly modified Zn,TiO4 phase (Fig. 2b). Due to the
complete ZnO leaching, the modified Zn,TiO,4 pellets contain macropores, suitable for
applications in adsorption processes and heterogeneous catalysis [5].

The doping of ZnO nanoparticles with aluminum was investigated in Ref. [6]. In this
study, surface-enhanced spectroscopy via indirect DNP (dynamic nuclear
polarization, see “method 23” and Ref. [7]) transfer was utilized for recording ®’Zn
solid-state NMR spectra of Zn species near the particle surface (Fig. 3). During CW
(continuous wave) irradiation, an enhanced electron polarization (e’) of TEKPol
polarizing agents (Fig. 3 in “method 23”) is obtained. For reaching a high e — *H
polarization transfer within the TEKPol molecules, the DNP experiment is performed

at low temperature (T = 105 K).
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Upon e — 'H polarization transfer, the DNP-enhanced polarization of the *H nuclei of
the TEKPol molecules is transferred to surface-near °’Zn nuclei via the RINEPT
(refocused insensitive nuclei enhanced by polarization transfer, see Ref. [8]) method
(Fig. 4). Via this pulse group, decoupling of *H-'H interactions improves the efficiency
of the polarization transfer from *H nuclei to ®’Zn nuclei. Additionally, the hetero-
nuclear dipolar *H-°’Zn recoupling sequence SR4,%(tt) [9] with low t1-noise [10] is
applied. In the channel of the ®’Zn nuclei, a QCPMG (quadrupolar Carr-Purcell-
Meiboom-Gill, see “method 17”) sequence is irradiated. The ®Zn MAS NMR
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spectrum is obtained by Fourier transformation of the sum of the QCPMG echoes.
For further details, see Ref. [6].
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The %'zZn solid-state NMR spectrum of Al-doped ZnO particles in Fig. 5a was
recorded by indirect DNP-enhanced *H — ®’Zn RINEPT-SR4,%(tt) NMR spectroscopy
[6]. This spectrum was recorded at a magnetic field of Bo = 9.4 T and using MAS with

a sample spinning frequency of vi,: = 10 kHz. The most intense ®’Zn solid-state NMR
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signal occurs at ds, = 236.9 ppm and was simulated with a quadrupole coupling
constant of Co = 2.38 MHz according to ZnO, sites in ZnO [6]. Two weak high-field
signals were explained by ZnAl,O, phases, in which a fraction of Zn®* ions
substitutes the AI** ones in octahedral sites [6]. These signals are absent in the DFS-
QCPMG (double frequency sweep [11]) spectrum in Fig. 5b, which indicates that the
amount of ZnAl,O4 phases is small and exclusively located near the surface of the Al-
doped ZnO particles. The °“Zn DFS-QCPMG NMR spectrum of pure ZnO in Fig. 5¢
agrees with those of other studies, such as the spectrum in Fig. 1b.

The metal-organic framework (MOF) MOF-5 in Fig. 6a, with a large surface area of
approximately 4.000 m?/g, is one of the most widely studied MOF compounds [12]. It
possesses large cubic cavities, which are initially filled with solvent molecules. The
oxygen-centered Zn4,O tetrahedra of Zn-MOF-5 at each corner of the cubes are
connected by 1,4-benzendicarboxylate (BDC) ligands as organic linkers (see also
Fig. 3 in “method 5”). The solvent molecules, e.g. chloroform, can be completely
removed from the framework by either solvent extraction or heat treatment while the
framework still maintains its integrity [12].

The static °’Zn spin-echo NMR spectrum of the partially desolvated MOF-5 (8.2 wt.%
guest molecules) in Fig. 6b, top, was recorded at a magnetic field of B = 21.1 T.
The simulation yielded the presence of single Zn sites with Cq = 3.4 MHz and 7q =
0.40 [12]. The further desolvation of the MOF-5 sample caused a broadening of the
corresponding static ®’Zn spin-echo NMR spectrum (Fig. 6b, bottom) hinting at

significant changes in the Zn coordination environment. The spectrum could be
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simulated by single Zn sites of Cq = 7.4 MHz and 7q = 0.40 [12]. The much larger Cq
value indicates that the distortion in the local Zn environment in fully desolvated
samples is significantly stronger than in partially desolvated MOF-5.

Within the MOF family, the zeolite-imidazolate framework (ZIF) of type ZIF-8 is
among the most promising ZIF materials, due to the high potential of this material for
applications in hydrocarbon separation, notably of alkanes and alkenes [13]. First
®7Zn MAS NMR studies of ZIF-8, ZIF-14, ZIF-7 and ZIF-4 were described in Ref. [12].
In Ref. [13], ZIF-8 samples before and after adsorption of an ethane/ethane mixture
(1:1) were investigated. The ®’Zn MAS NMR spectrum of the unloaded ZIF-8 was
explained by tetrahedrally coordinated Zn sites. Only a slight change of the isotropic
chemical shift from &7zn = 297 ppm for the unloaded to &7z, = 294 ppm for the
ethane/ethane-loaded material was observed. This finding indicates that the
ethane/ethane adsorption on ZIF-8 does not remarkably influence the coordination of
Zn atoms inside the structure [13]. For pure Zn(imidazole)4(ClO,4),, an isotropic
chemical shift of &7z, = 291 ppm was determined [14]. For further ®’Zn solid-state
NMR studies of Zn-MOFs and similar materials, see Refs. [15] and [16].

The high catalytic activity of Zn-containing zeolites led to intensive studies on the
activation of lower alkanes, particularly methane (see e.g. Ref. [17]). For clarifying the
active-site synergy arising from the spatial interaction of acidic hydroxyl groups and
Zn** atoms in Zn?'/ZSM-5 zeolites, double-resonance 'H-°"Zn solid-state NMR
studies were performed [18, 19]. The Zn-modified ZSM-5 (nsi/na = 21) zeolites under
study, contained 2 wt.% (ZSM-5(12)) and 6 wt.% (ZSM-5(16)) Zn atoms, prepared by
incipient wetness impregnation. The NMR spectroscopic studies were performed at a
magnetic field of B, = 18.8 T utilizing the sensitivity enhanced HS-QCPMG
(hyperbolic secant-(quadrupolar Carr-Purcell-Meiboom-Gill) NMR technique [20]. To
further improve the NMR sensitivity, °’Zn (89.6%) enriched precursors were used for
the preparation of the Zn-modified zeolites by impregnation with ®’Zn-labeled zinc
acetate.

In the ®’Zn HS-QCPMG NMR spectra of ZSM-5(16) and ZSM-5(I2) in Fig. 7a, top
and middle, two signals with isotropic chemical shifts of &7z, = 238 ppm and 224
ppm occur [18, 19]. The signal at d7zn = 238 ppm was assigned to ZnO species,
which was supported by the spectrum of ZnO/ZSM-5 in Fig. 7a, bottom. The lacking
quadrupolar line shape in the spectra of ZSM-5(16) and ZSM-5(12) indicates the

occurrence of highly dispersed ZnO particles on ZSM-5. The signal at ds7zn = 224
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ppm has a much larger linewidth and was assigned to Zn** ions located on the cation
exchange sites of ZSM-5. The asymmetry in the local structure of Zn species induced
by the zeolite framework may lead to an increase of quadrupolar interaction, which
results in the line broadening and high-field shift. Based on the results of additional
'H-{*"Zn} S-RESPDOR (symmetry-based resonance-echo double-resonance) NMR
investigations [21], the local structure of Zn** species in ZSM-5 with the 'H-%'Zn

atom-atom distances depicted in Fig. 7 b was suggested [18, 19].
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In Ref. [22], ®"Zn solid-state NMR studies of two ZSM-5 zeolites prepared by solid-
state exchange (T = 773 K for 7 h) with ®’Zn-enriched (90 %) zinc powder (Zn**/ZSM-
5) and by ion exchange with ®’Zn-enriched (90%) zinc formate solution (ZnO/H-ZSM-
5), both containing ca. 3.8 wt.% Zn, are described. One of the reasons of this
investigation was to quantify the different Zn species observable by °“Zn MAS NMR
spectroscopy at a magnetic field of Bo = 17.6 T. Fig. 8 shows the ®Zn MAS NMR
spectra of pure ZnO powder (a), utilized as intensity reference, hydrated Zn**/ZSM-5
(b), hydrated ZnO/H-ZSM-5 (c), and activated (T = 773 K for 7 h) ZnO/H-ZSM-5 (d).
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The height of spectrum (a) was reduced by a factor of ten with respect to the other
spectra.

The spectrum of hydrated Zn?*/ZSM-5 (Fig. 8b) exhibits exclusively a signal in the
region of d7zn = 0 ppm belonging to octahedrally coordinated (ZnOg) zinc species.
The activated ZnO/H-ZSM-5 (Fig. 8d) shows exclusively a signal in the region of
tetrahedrally coordinated Zn species (ZnO,). The spectrum of hydrated ZnO/H-ZSM-
5 (Fig. 8c) exhibits signals of both tetrahedrally (ZnO,) and octahedrally coordinated
zinc species (ZnOg). No ®“Zn MAS NMR signals were observed for the activated
Zn**/ZSM-5 zeolite. By simulation, quadrupole coupling constants of Co = 2.5 MHz
for the ZnO, signals and Cq = 3.0 MHz for the ZnOs signals in Figs. 8b to 8d were
estimated [22].

Quantitative ®’Zn MAS NMR analysis using the ZnO powder as reference has shown
that only 38% and 27% of the zinc atoms on hydrated and activated ZnO/H-ZSM-5,
respectively, are visible. For hydrated Zn*/ZSM-5, 24% of the zinc atoms were found
to be visible by ®Zn MAS NMR spectroscopy [22]. The signal of octahedrally
coordinated zinc species and the signal of ZnO specie were explained by hydrolysis
of the bonds of Zn?" cations with the oxygen atoms of the zeolite framework and
further hydration of the formed [HOZn]® cations or Zn(OH), species
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with water molecules. The obtained [HOZn(H.0)s]" cations or [(H20)4ZNn(OH),]
species are suggested to be visible by ”Zn MAS NMR spectroscopy at By = 17.6 T.
While the ®Zn MAS NMR spectrum of activated Zn**/ZSM-5 zeolite exhibits no
signal, the hydration of this zeolite leads to the formation of [HOZn(H,0)s]" cations,
which are visible by ®Zn MAS NMR spectroscopy. The invisible zinc atoms were
explained by Zn species with asymmetric local structures leading to quadrupole
coupling constants of Cq > 20 MHz [23, 24]. In this case, a line broadening by 25
times and a corresponding decrease in the signal amplitude must be expected [22],
making such Zn species invisible by ®’Zn MAS NMR spectroscopy at Bo = 17.6 T.

In Table 1, a survey on %"Zn solid-state NMR parameters of zinc species in zeolites,
zeolite-like materials and reference materials is given.

For a general overview on the recent state of solid-state NMR spectroscopy of low-y

nuclei, see Ref. [25].

Materials and Zn Species dso/ppm | Co/ MHz no Refs.

ZnS, cubic, (ZnS,) 380.5 0 0.0 [1]
378 0 0.0 [26]

ZnS, hexagonal, (ZnS,) 365 <05 0 [1]

364.5 <0.4 0 [2]

Zn(thiourea)4(NOs3)2, (ZNS,) 358 3.15 1.0 [27]
Zn-MOF-5 partially desolvated 3.4 0.4 [12]
completely desolvated 7.4 0.4 [12]

Zn-MOF ZIF-7 (ZnNJ) 260-320 6.2 0.95 [12]
Zn-MOF ZIF-4 (ZnN,) Znsite 1 5.0 0.25 [12]
Zn site 2 3.8 0.75 [12]

Zn-MOF ZIF-8 (ZnN,) 297 [13]
1.1 0.8 [12]

Zn(imidazole)4(ClO4)2, (ZNN4) 291 2.8 0.4 [27]
K2Zn(CN),, cubic, (ZnC,) 291 0 [28]
ZnSe, cubic, (ZnSe,) 273 [26]
276 [27]
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10

Zn-MOF ZIF-14 (ZnN,) 260 2.8 0.85 [12]
Zn(CH3COOH),, (ZnO.) 245 2.4 0.1 [27]
Zn0O, hexagonal,(ZnO,) 240 2.4 0.0 [1], [2]
232 5]
ZnTe, cubic, (ZnTey) 87.6 [1]
Zn,TiOy, cubic, (ZnO4 and ZnOg) 65 [5]
ZnS0, - TH,0, (ZnOg) 10 1.70 0.2 [2]
Zn(CH3COOH); - 2H,0, (ZnOg) 0 5.3 0.85 [14]
Zn(ClO4),-6H,0, (ZnOg) -3.0 <0.2 [27]
Table 1

Sample preparation: The ZnO powder used for recording the spectra in Fig. 1 was
commercially available and studied without any additional preparation [2].

Pellets consisting of a mixture of ZnO and Zn,TiO, particles, utilized for the studies of
Fig. 2, were prepared at a pressure of ca. 1.6 x 10% kg cm?®. Subsequently, the pellets
were fired in air at T = 1473 K for 12 h in a covered alumina crucible [5].

The aluminum-doped ZnO powder and the ZnO microcrystalline powder, utilized for
recording the spectra in Fig. 5, were purchased from Sigma-Aldrich [6].

The metal-organic framework MOF-5 used for recording the spectra in Fig. 6b was
synthesized as described in detail in the Supporting Information of Ref. [12].

The Zn?*/ZSM-5 (nsiina = 21) samples with 6 and 2 wt.% Zn, prepared for the studies
in Fig. 7, were obtained by incipient wetness impregnation of the parent zeolite with
®’Zn-labeled zinc acetate solution, followed by drying at T = 373 K for 16 h and
further calcination at T = 773 K for 6 h in air [18]. The ZnO/ZSM-5 sample with 2 wt.%
Zn was prepared by mechanical mixing of ®’Zn-labeled zinc oxide with H-ZSM-5
(nsi/na = 21) by grinding at room temperature [18].

The Zn?*/ZSM-5 zeolite, used for recording the spectrum in Fig. 8b, was prepared by
the reaction of activated ZSM-5 zeolite (nsi/na = 13) and metallic zinc with nz,/na =5
at T =773 K for 7 h in a vacuumed glass ampule [22]. The ZnO/ZSM-5 zeolite used
for recording the spectra in Fig. 8c and Fig. 8d was obtained by an ion exchange of
the parent ZSM-5 zeolite with zinc formate solution (°’Zn(HCOO0),) [22].

https://michael-hunger.de



11

®7Zn solid-state NMR studies: The spectra in Fig. 1 were recorded at a resonance
frequency of v = 25.036 MHz (Bp = 9.4 T), with a pulse width of 5 ps and using
recycle delays of 0.5 to 1.0 s. The spectra in Fig. 1a and Fig. 1b were obtained upon
31772 and 9536 scans, respectively [2].

The ®”Zn MAS NMR measurements for Fig. 2 were performed on a Bruker DRX-830
spectrometer at v = 51.92 MHz (Bp = 19.6 T) and with a sample spinning rate of i
= 10 kHz [5].

All °“Zn solid-state NMR spectra in Fig. 5 were recorded on a Bruker BioSpin Avance
NEO DNP-NMR spectrometer at Bp = 9.4 T, equipped with a double resonance H/X
3.2 mm low-temperature MAS probe [6]. The DNP-enhanced RINEPT-SR4,%(tt) NMR
spectrum in Fig. 5a was obtained with the same spectrometer, except that a 263
GHz gyrotron for enhancing the electron polarization (e”) of the TEKPol polarizing
agents at low temperature was additionally used [6]

The ®Zn solid-state NMR experiments leading to the spectra in Fig. 6b were
conducted on a Bruker Avance Il spectrometer at Bo = 21.1 T, operating at v = 56.4
MHz. The static ®Zn NMR spectra were acquired with proton decoupling (decoupling
field of 25 kHz) by using the Hahn-echo pulse sequence [(n/2)-7-(n)-~acq with 7= 20
to 50 ms on a homebuilt 7 mm H/X low-y NMR probe [12].

The ®”Zn HS-QCPMG NMR spectra of Zn-containing ZSM-5 zeolites in Fig. 7a were
recorded on a Bruker Avancelll 800 spectrometer, with a resonance frequency of 1y
= 50.07 MHz, at a magnetic field of B, = 18.8, and using a 4 mm HX low-y probe at a
sample spinning rate of v = 10 kHz. The HS-QCPMG experiment was optimized
using natural abundance pure ZnO powder [18, 19].

The ®“Zn MAS NMR spectra of Zn-containing ZSM-5 zeolites in Fig. 8 were obtained
on a Bruker AVANCE 750 spectrometer at a resonance frequency of vy = 47 MHz, a
magnetic field of Bp = 17.6 T, and with a high-power Bruker probe and a MAS
frequency of v = 10 kHz [22].

®7Zn chemical shifts were referenced to an aqueous solution of 1.0 M Zn(NO3), (&so =

0 ppm).
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