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Molecular-level understanding of the acid/base properties of heterogeneous catalysts requires the
development of selective spectroscopic probes to establish structure—activity relationships. In this work
we show that substituting the surface protons in oxide supports by isolobal N-heterocyclic carbene
(NHC) Ag cations and measuring their °°Ag nuclear magnetic resonance (NMR) signatures enables to
probe the speciation and to evaluate the corresponding Brensted acidity of the substituted OH surface
sites. Specifically, a series of silver N-heterocyclic carbene (NHC) Ag() complexes of general formula

[(NHC)AgX] are synthesized and characterized, showing that the °>Ag NMR chemical shift of the series
Received 4th August 2023 lates with the Bronsted acidity of the conjugate acid of X~ (ie., HX), thus establishi idit
Accepted 16th January 2024 correlates wi e Bronsted acidity of the conjugate acid o ie., , thus establishing an acidity

scale based on 1°°Ag NMR chemical shift. The methodology is then used to evaluate the Brensted acidity

DOI: 10.1039/d35c04067d of the OH sites of representative oxide materials using Dynamic Nuclear Polarization (DNP-)enhanced
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Introduction

Heterogeneous catalysis largely relies on the use of high surface
area oxide materials as catalysts or supports. Notably, these
oxides contain surface OH groups that often determine the
reactivity of heterogeneous catalysts. Therefore, evaluating the
strength and the speciation of surface hydroxyl groups and their
Bronsted acidity, is critical to establish detailed structure-
activity relationships and it remains an intense field of research
with many challenges."® In many instances, the Brgnsted
acidity of specific (-OH) sites in materials is difficult to assess
directly, due to the absence of spectroscopic signatures directly
associated with acidity, dynamic averaging and the typical
presence of a distribution of OH sites.

Approaches involving probe molecules, in conjunction with
either calorimetry/temperature-programmed desorption (TPD),
or spectroscopy (IR/NMR) are often conducted to understand
the strength or the nature of acid sites in materials respectively.
However, interpretation of these data is often complicated by
the presence of various OH sites with different Bronsted acidi-
ties, along with Lewis acid sites (LAS), whose presence can
interfere with the analysis, due to overlapping signals or
dynamics.*® In many instances, studies directed at determining
the Bronsted acidity of materials are limited to the

ETH Zurich, Department of Chemistry and Applied Biosciences, Vladimir Prelog Weg
1-5, CH-8093 Zurich, Switzerland. E-mail: ccoperet@inorg.chem.ethz.ch

T Electronic supplementary information (ESI) available. CCDC 2257386-2257392.
For ESI and crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d3s5c04067d

i These authors contributed equally to this work.

3028 | Chem. Sci, 2024, 15, 3028-3032

measurement of their acid strength, i.e. their ability to (revers-
ibly) protonate a given probe molecule, such as pyridine or
ammonia.®*™ However, evaluating both the types and the
strength of acid sites remains a challenge. Thus, developing
bespoke probe molecules, that are able to evaluate the specific
Bronsted acidity of various surface OH sites of a support is of
importance; the probe would ideally react specifically with OH
groups, respond to each of them with a specific (spectroscopic)
signature and not be susceptible to dynamic exchange between
sites (i.e. bound covalently) to avoid averaging information.

Towards this goal, we explore the use of a ‘chemical surro-
gate’ for protons (H') as a means of obtaining insights into the
Brgnsted acidity of a given BAS. We reason that the substitution
of protons by an isolobal equivalent with a distinct spectro-
scopic signature related to NMR chemical shift could be
a possible approach.” [(NHC)AgR] with a reactive and readily
protonolysed R group is chosen for this purpose, because Ag" is
formally isolobal to H", due to the closed-shell nature of the d"°
electron configuration (Scheme 1a) and because Ag has
favourable NMR properties with two I =1 isotopes, namely '*’Ag
and '%Ag.1%"7

Since NMR chemical shifts of metals are, to a first approxi-
mation, directly related to the o-donating ability of their
ligands,** we reasoned that a correlation between '’Ag NMR
chemical shift (6s54) and the nature of an anionic ligand (X")
should exist, making dws,, a potential descriptor for the acidity
of the corresponding Breonsted acid, HX. To establish the
possible correlation between '°’Ag chemical shift and Bregnsted
acidity, a library of monomeric Ag(1) N-heterocyclic carbene

(NHC) complexes of general structure (NHC)AgX are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 General approach to the determination of a correlation
between o195y and Bronsted acidity of the conjugate acid of the
studied X-type ligands. (a) Isolobal analogy between Brensted acid HX
and the corresponding (NHC)AgX complex; (b) series of (NHC)AgX
complexes explored in this work; (c) general trends between Brgnsted
acidity and dwsag; (d) grafting reaction of the molecular probe onto
a generic oxide support.

synthesized (Scheme 1b). Here we show a linear relationship
between 695, and the Brgnsted acidity of the conjugate acid of
X" (HX) (Scheme 1c),'® which we use to evaluate the Brgnsted
acidity of surface hydroxyl groups on a series of representative
oxide supports commonly employed in heterogeneous catalysis,
namely silica, alumina and silica-alumina (Scheme 1d).

Results and discussion

We first synthesize a series of monomeric, isostructural,
molecular Ag complexes, (SIMes)AgX (A-X). To cover a broad
range of Bronsted acidity, ligands are chosen from chloride
(HCI, high Brensted acidity, pK, = —5.9 (ref. 19)) to methyl
(MeH, very low Brensted acidity, pK, = 48 (ref. 20)). Salt
metathesis is used to prepare (SIMes)AgMes (A-Mes) [Mes =
2,4,6-trimethylphenyl, SIMes = 1,3-bis-(2,4,6-trimethylphenyl)-
4,5-dihydroimidazol-2-ylidene], ~ (SIMes)AgO'Bu  (A-OtBu),
(SIMes)AgOSi(O'Bu); (A-TBOS) [TBOS = tris-tert-butoxysiloxy-],
(SIMes)AgN(SiMe;), (A-HMDS) and (SIMes)AgMe (A-Me) by
starting from (SIMes)AgCl (A-Cl) (see Scheme 2a).>*** (SIMes)
AgOAr [Ar = 2,6-("Bu)-4-(Me)-C¢H,] (A-BHT) is synthesized via
protonolysis, by reaction of (A-Mes) with 1 equivalent of 2,6-di-
tert-butyl-4-methylphenol, giving the product in good yield
(Scheme 2b) (see ESI S27 for experimental details).

Single crystals suitable for X-ray diffraction (XRD), were ob-
tained for all compounds (see Scheme 2), except for A-OtBu.
Issues with the crystallization of (NHC)M(O’Bu) were also re-
ported for related (SIDipp)AgO‘Bu complexes [SIDipp = 1,3-
bis(2,6-diisopropyl-phenyl)-imidazolidine-2-ylidene] and other
(NHC)M(O'Bu) complexes of coinage metals.?? XRD data
confirms the identity of the compounds in the solid state, and is
fully consistent with data obtained by "H and *C NMR spec-
troscopy (all spectra can be found in the ESI S27t). The structural
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Scheme 2 Synthesis of molecular compounds of general structure
(SIMes)AgX via salt metathesis (a) and protonolysis (b). (Ar = 2,6-(‘Bu)-
4-(Me)-CgH,). Crystal structures of all crystallized complexes and
corresponding yields. (TBOS = -OSi(O'Bu)s, HMDS = -N(SiMe3),)
(crystal structures depicted at 50% probability with the exception of A—
HMDS which has ellipsoids at 25% probability for better visibility).

features are similar across the series, in that the NHC-Ag-X
angle lies very close to 180° in all complexes (see ESI S57).

The *C NMR spectra of all complexes show the signal cor-
responding to the carbenic carbon directly bound to Ag, where
the coupling between the carbon and Ag appears as two
doublets, associated with the coupling with the two silver
isotopes (**’Ag and '*°Ag, both I = 1; isotope ratio 52 :48) that
have distinguishable J-couplings (‘ficway = 113-220 Hz,
isgpg = 130-253 Hz). It is also notable that for (SIMes)AgX
complexes, the chemical shift of the carbenic carbon falls
within a narrow range (Adiso < 6 ppm across the series) illus-
trating that d:c provides limited information regarding the
nature of X™ in this series.

Subsequently, values for dws,, were obtained from two-
dimensional 'H-'°Ag HMQC experiments.®* In all
complexes cross-peaks between '*’Ag and 'H are observed in
the HMQC spectra (see ESI S3t for 2D spectra). The observed
0wz ranged from 539 ppm in (A-Cl) to 810 ppm in (A-Me),
following what is expected from the o-donation of the X-type
ligand related to its electronegativity (see Fig. 1). To assess the
influence of the choice of NHC, (IMes)AgCl (B-Cl) [IMes = 1,3-
Bis-(2,4,6-trimethylphenyl)-imidazol-2-yliedene], (IMes)AgMes

Chem. Sci., 2024, 15, 3028-3032 | 3029
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Fig. 1 Overview of projections extracted from H-1°°Ag HMQC
spectra, containing values for duwsg in the A series.

(B-Mes), and (IMes)AgOSi(O‘Bu); (B-TBOS) are also synthesized
and their 6w,, measured. Comparison between the SIMes
complexes and the IMes complexes reveals a systematic
increase in diwsag (ca. 5-10 ppm), illustrating the importance of
maintaining the same NHC when comparing series.

Next, we explored the relationship between 6w, and the
Bronsted acidity of the conjugate acid (HX). As pK, values are
strongly dependent on solvation effects,* we chose first to
evaluate gas phase acidity (deprotonation enthalpy, DPE) using
density functional theory (DFT) (i.e. the enthalpy of the release
of a proton and formation of the anion in gas phase, AH,q (ref.
32)). The obtained values are in good agreement with those
obtained in literature (R> = 0.955) (see ESI S61 for further
details), enabling comparison of relative acidities for all
systems.*® Notably, a linear relationship is obtained between
0195y and AH,q, With two significant outliers (A-OtBu and A-
HMDS) (Fig. 2 [top], R*> = 0.812), which can be explained by
different behaviour of the molecular compound in solution vs.
gas phase. Similarly, 6, correlates linearly (Fig. 2 [bottom], R*
= 0.906) with the experimental pK, values in water, found in
literature or estimated from data for closely related structures
(see ESI S67 for tabulated data).**?** Overall, the presented data
shows that there is a strong linear correlation between 619, and
X-type ligand acidity/basicity, showing that s, can be used as
a quantitative descriptor for Brgnsted acidity of X-H groups.

Having established that dus,, correlates with Brensted acidity,
we extended our efforts to the study of oxide supports relevant to
heterogeneous catalysis, choosing to interrogate the acidity of
widely-used oxide supports that are known to contain Brgnsted
acid sites (BAS) of different strength - silica, alumina, and sili-
cated alumina (SiO,, v-Al,O3, Si/y-Al,03). Towards this goal, the
partially dehydroxylated oxide supports are contacted with a solu-
tion of A-Mes, as such molecular compounds react selectively via
deprotonation of surface -OH groups to release MesH (see

3030 | Chem. Sci, 2024, 15, 3028-3032
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Fig. 2 Linear correlations between dwepg and calculated gas phase
acidity (DPE) ([top] (R? = 0.812)) and literature pK, values in H,O
(Ibottom] (R? = 0.906)). Grey circles show the saturated complexes (A),
and green circles represent unsaturated NHC complexes (B).

Scheme 1d). This reaction is evidenced by IR spectroscopy
through the disappearance of -OH bands at >3600 cm ™", as well
as the emergence of C-H stretching bands (3000-2700 cm ™) (see
ESI S27 for further experimental details). Elemental analysis and
3C NMR confirms grafting and the formation of (NHC)Ag-O=
surface sites and the replacement of protons by the isolobal
[Ag(NHC)]" surface fragment (see ESI S47).

Subsequently, *°?Ag solid-state NMR spectroscopy is used to
interrogate the nature of surface sites present. To overcome the
low inherent sensitivity of '°’Ag NMR, we turn to dynamic
nuclear polarization surface enhanced NMR spectroscopy (DNP
SENS), which is used to reduce measurement times in NMR by
orders of magnitude.>**” Using this approach, it is possible to
extract the isotropic '”’Ag NMR chemical shift (§iso(ag) and
spinning sideband manifold for the *’Ag NMR signal of (NHC)
Ag-O= grafted on each of the studied oxides. Notably, judicious
choice of the DNP formulation is required, since the materials
are not compatible with either aqueous or halide-containing
formulations, that are often used for DNP, due to the inherent
reactivity of the NHC-M fragments.*® We thus opt for the use of
a toluene-based DNP formulation to avoid possible side reac-
tions of the DNP formulation with surface sites (proton
enhancements (¢4) = 9-16, see ESI S47). Fig. 3a and b show the
199Ag solid-state NMR spectra for A-Mes grafted on y-Al,0; and
SiO, (Ag@v-Al,0; and Ag@SiO,) recorded with magic angle
spinning (MAS) at 8 kHz. The 6;4(»ag) for (SIMes)Ag@Y-Al,O; is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Isotropic signals in DNP-enhanced 109Ag NMR spectra of
oxide-supported (SIMes)Ag@MO, (recorded with MAS at 8 kHz, see ESI
S47 for the full spectra including spinning sideband manifolds) (fitted
spectra in blue and experimental spectra in black) (a) (SIMes)Ag@y-
AlLO3 (6iso = 598 ppm). (b) (SIMes)Ag@SiO; (diso = 569 ppm). (c) [top]
Experimental spectrum of Ag@Si/y-AlLOs. [bottom] Fitted spectrum of
Ag@Si/y-Al,Oz showing isotropic chemical shifts of 584 ppm and
549 ppm (decomposition shown in green and light blue). The sites
associated with the signals are shown next to the respective signals (E
= Si/Al).

598 ppm (FWHM = 59 ppm), while d;50(100a¢) for (SIMes)Ag@SiO,
is centered at 569 ppm (FWHM = 60 ppm) (see ESI S4} for an
exhaustive analysis of solid-state NMR of grafted complexes and
their simulated spectra with the full spinning sideband mani-
fold). These signals are assigned to [(SIMes)Ag] grafted on Al-
OH and Si-OH, respectively (Fig. 3a and b). By interpolation, gas
phase acidities of approximately 354 kcal mol™* and
346 kcal mol ' are obtained for the surface hydroxyl groups of
v-Al,O3 and SiO,. Analogously pK, values of approx. 12 and 7
were estimated, respectively. The difference in pK, (ApK, = 5),
is consistent with previously reported Brensted acidity trends.*

We next look at evaluating the Brgnsted acidity of a silicated
alumina material (Si/y-Al,03), prepared by dispersion of Si on
alumina (experimental description and characterization by >°Si
NMR and "N pyridine experiments can be found in ESI
S4t).%-* pyridine adsorption experiments and >N NMR show
the formation of pyridinium, which is not observed in either
SiO, or y-Al,O3, indicating an increased Brgnsted acidity of this
Si/y-Al,05.%**>*¢ Following reaction with A-Mes to form Ag@Si/

© 2024 The Author(s). Published by the Royal Society of Chemistry
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v-Al,O; (Fig. 3c), '°’Ag DNP SENS shows the presence of two
main species, with peaks centered at 584 ppm (FWHM = 35
ppm) and 549 ppm (FWHM = 45 ppm), consistent with the
presence of two families of sites. The site associated with
a Ojso(ag) Of 549 ppm, clearly indicates the presence of stronger
Brgnsted acid sites in Si/y-Al,03 (DPE = 340 kcal mol ™, pK, =
3) when compared to SiO, or y-Al,O3, which is consistent with
the observation that pyridinium forms on Si/y-Al,O3. This site is
ascribed to the presence of Brensted acidic pseudo-bridging
silanol sites, where a silanol interacts with a neighboring,
coordinatively-unsaturated Al site (Fig. 3¢).*”*® The second type
of site, centered at 584 ppm (associated with a DPE of ca.
350 kecal mol™* and a pK, of approx. 9) is closer to the shift
found for alumina itself, indicating the presence of residual Al-
OH.

Conclusions

A set of linear two-coordinate Ag complexes, NHC-Ag-X, with
anionic ligands spanning a broad range of c-donating ability
(from -ClI to -Me) are successfully synthesized and fully char-
acterized. This series displays a linear relationship between
iso(ag) and the Brgnsted acidity of the conjugate acid of the
anionic ligand. The grafting of NHC-Ag-Mes on oxide supports
(silica, alumina, and silica-alumina) generates the corre-
sponding Ogce—Ag surface sites, whose '°’Ag NMR chemical
shift (dis0(ag)) can be measured by DNP SENS, thereby enabling
to determine the presence of different surface sites and to
evaluate the Brgnsted acidity of the corresponding surface
hydroxyl groups. This approach is likely general and can be
extended to a broad range of supports, provided NHC-AgMes
reacts with protic groups at the surface. We are currently
expanding the types of probe molecules and exploring the
determination of acidity on other supports.

Experimental

Experimental procedures, purification procedures for
commercial chemicals, instrument specifications, and charac-
terization data are covered in greater detail in the ESL{

The ESIf is provided as a separate document.
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