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ABSTRACT

Rigorous kinetic assessments, pyridine chemical titration and desorption, together with density functional
theory (DFT) calculations establish the trends in the modulation of chemical identity, valence, site density
and strength of Brensted acid sites by counter cations (Na*, K*, Cu**, Mg*", and AI’*) on Keggin-type
polyoxometalate tungstosilicic acid clusters (H4SiW12040, POM). Monovalent cations (Na“ and K*)
exchange protons and decrease the acid strength of the residual protons, as indicated by the deprotonation
energy (DPE) that increases from 1100 to 1175 kJ mol™' with increasing extent of proton exchange
(decreasing the nominal H"-to-POM ratio). In contrast, di- and tri-valent cations preferentially exchange
protons in the form of hydroxides (Y>"(OH)n, Y** = Cu*", Mg**, or AI**, 0 < m < z), resulting in an average
DPE value on both POM clusters and associated hydroxides ranging between 1100 and 1150 kJ mol™'. A
portion of these cations disperse on the silica support, generating Lewis acid sites. The exchanged cations
modulate the charge within the W12036 oxide shell, rather than the central SiO3~ tetrahedron, which mainly
modifies the ionic component of DPE values. Monovalent cations with smaller electronegativity than di- and
tri-valent cations donate more electrons, which increases the electrostatic interaction of residual protons with
conjugate POM™ anions and leads to higher DPE (weaker acids). This study expands the library of Brensted
acidic catalysts with flexibility in tuning their acid strengths and densities, thus providing a series of samples
for constructing structure-reactivity relationships and probing site electrostatic correlations on structurally

constrained domains.

KEYWORDS: POM cluster, Bronsted acid strength, cation exchange, deprotonation energy, methanol

dehydration, electrostatic correlation, DFT calculations



TABLE OF CONTENTS GRAPHIC

Charge redistribution in POM clusters after proton exchange with various
counter cations...

HyC [TEs & .
\ / - a
PN £ 2
Methanol | H CH; S & Fs
dehydration | i S¢c \, c
< . 281 m, % 5
gL & IS
-8 5o //)9010 e 3
o 0 [0} o <]
Tetrahedra H* transfer X 2 S * n < P S
| f.’_ ® 4 A 4 °
Pyridine ——N+/ ® i ~ A o
desorption ' [N <~ ]
" = © S 0‘%
H, Y(3 /2 51W12 049 (x = 4-0) ~
Yz =Nat, K, Cu, » OF AP Brensted acidity

...manipulates deprotonation energy (DPE) of remaining protons
...methanol dehydration and pyridine desorption as probes

1. INTRODUCTION

Keggin-type polyoxometalate clusters (POM, Hs..X""M12040) are well-described atomistic structures,

constructed from an oxoanionic tetrahedral core with a central X" heteroatom (XOELS_n)_), surrounded by a

metal oxide shell (Mi12036) with 8—7 number of charge-balancing acidic protons (H").!”> Their well-defined
atomic connectivity has rendered them ideal model catalysts for establishing the structures, thermochemical
properties, and reactivity relationships in Brensted acid catalyzed reactions.>> The number of protons on a
POM cluster, 8—n, is given by the chemical identity, and specifically the valence, of the heteroatom X; their
acid strength is quantitatively described by deprotonation energy (DPE), defined by the energy required to
remove a proton from a neutral POM cluster to form an isolated proton and a structurally relaxed isolated
conjugate POM anion (POM") (H-POM — H* + POM", AE = DPE).® As previously established, the DPE

values serve as a rigorous kinetic descriptor for a wide range of Brensted acid catalyzed reactions, e.g.,
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alkanol dehydration,”" alkene oligomerization, and alkane isomerization reactions'*!'* on Hs.xXW 12040
clusters (X = S, P>*, Si*', AI*", or Co*"),”"!* particularly for those proceeding via a late transition state,
where the activation barriers for these reactions can be decomposed into various energetic components,
including DPE, within a Born-Haber thermochemical framework between the precursors and the late,

cationic type transition states.’

The Brensted acid strength of POM clusters varies with the valence of central heteroatom X, the
identity of the oxide shell, and the proton exchange with counter cations.!>"!7 As an example, decreasing the
valence electrons in heteroatom X from S¢', P3*, Si*", AI**, to Co?" leads to a commensurate increase in DPE
from 1068 to 1142 kJ mol™! on Hs..X""W12040 clusters.'®!” Changing the oxide shell metal atom M from

WS to Mo®" causes an increase in DPE from 1105 to 1125 kJ mol™! on H4SiM 12040 clusters.'®!° Lastly,

exchanging a portion of the charge-balancing protons with counter cations, such as Cs" cations,??*

moderates the acid strength of remaining protons. These results suggest that changing the identity of counter
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cations to species such as Na*, K*, Cu**, Mg?*, and AI’" can further tune the acid strengt which may
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potentially broaden the range of accessible DPE values.

Previous NHs-temperature programmed desorption (NH3-TPD) and pyridine calorimetry and

adsorption studies on HxCs3-xPW 12040 clusters (x = 2—0)?%%

and methanol dehydration kinetic interrogations
on HiY@3x:PMo12040 clusters (x = 3—0, Y?* = Na®, Cu*, Mg®', and AI*)*®*! have shown that such
exchanges lead to a decrease in Bronsted acid strength of the remaining protons (increasing DPE values).
Such effects are unlike those of microporous materials, e.g., zeolites, because ion-exchange could alter’>33
or not** the acid strength of remaining protons in microporous materials, depending on the spatial
distribution of Brensted sites.*> In contrast, counter cations, when exchange with a portion of protons on
POM clusters, would markedly modulate the acid strength of the remaining protons, simply because these
protons are confined within the same cluster and that, after cation exchange, their charge would
redistribute.’®*” Despite the mounting evidence, there is in general a lack of systematic study on how the
chemical identity and the number of counter cations would mediate the Bronsted acid strength, what are the

exact reasons behind the modulation, and extent of acid strength modulation have not yet been rigorously

established.

Herein, we embark on a journey to probe and quantitatively establish how exchanging a portion of
protons on solid Keggin-type tungstosilicic acid clusters (H4SiW12040) with different counter cations Y*
(Y*" = Na*, K', Cu*, Mg®', or AI*") and at different extents of proton exchange on HxY (4-x)-SiW12040
clusters (x = 4—0, denoted as HxY 4-v/zS1) would alter the Bronsted acid strength of remaining protons. First-
order methanol dehydration rate constants, extracted from rigorous rate assessments, and pyridine desorption
enthalpies from pyridine temperature programmed desorption, both demonstrate an increase in overall DPE
values and thus a decrease in Bronsted acid strength, as the extent of proton exchange increases. Monovalent
cations exhibit a more significant DPE modulation in the range of 1100—1175 kJ mol™! compared to that of
di- and tri-valent cations in the range of 1100—1150 kJ mol™!, concerning cation identities and the extent of
proton exchange. We elucidate, through density functional theory (DFT) calculations, that the primary
electronic modulation of counter cations occurs through their electron donation into the W12036 oxide shell
rather than the SiO%~ tetrahedral core. This modulation affects the ionic component of DPE, thus influencing
the overall DPE value, along with its covalent counterpart. This series of cation exchanged POM clusters
extends the repertoire of Brensted acidic catalysts, adding another dimension in structural-compositional
flexibility. This work illustrates the electrostatic correlations of Bronsted sites on structurally constrained
POM clusters. The conceptual framework and methodology developed herein hold promise for rationalizing

site correlations on broader catalysts as well.



2. EXPERIMENTAL SECTION

2.1. Preparation of Cation Exchanged HyY4.x)-SiW 12040 Clusters (x = 4—0, Y** = Na®, K*, Cu**, Mg**, or
AP*) Dispersed on High Surface Area Silica

Inert silica supported HxY 4-0:zSiW12040 clusters (x = 4-0, Y*" = Na*, K', Cu®", Mg**, or AP**, z is the
valence of Y?*, surface density 0.14 POM nm?), denoted hereinafter as H.Y4-0:Si, were prepared by
incipient wetness impregnation method following previously reported procedures.’!*%3 Before catalyst
dispersion, the silica support (GRACE chromatographic grade, Code 1000188421, surface area 330 m? g/,
particle size <75 um, pore volume 1.4 cm?® g!) was heated in air (Linde, grade 0.1, 0.1 cm® (geats)™!) at
0.083 K s! to 873 K and then maintained at 873 K for 4 h. During incipient wetness impregnation, an
aqueous HxY 4-v-SiW 12040 solution (x = 4-0, Y= = Na*, K*, Cu*', Mg*", or AI**, 1.4 cm® gsio, '), prepared
by dissolving H4SiW 12040 (Sigma-Aldrich, 99.9%) in double deionized water (>18.2 MQ cm, 298 K) with
the stoichiometric amount of sodium hydroxide (Fisher chemical, 97.0%), potassium hydroxide (Sigma-
Aldrich, 99.99%), copper (II) carbonate basic (Sigma-Aldrich, 50.0—57.0% Cu basis), magnesium carbonate
hydroxide hydrate (Sigma-Aldrich, 99%), or aluminum nitrate nonahydrate (Sigma-Aldrich, 99.997%),
respectively, was added to the silica support dropwise under constant grinding rate in a ceramic mortar. The
impregnated samples were then aged in ambient conditions for 24 h before treated in flowing helium (Linde,
grade 5.0, 0.6 cm® (gear ) ') at 0.017 K s™! to 323 K and held isothermally at 323 K for 24 h. After that, the
dried samples were pressed into pellet using a die (Carver, 31 mm i.d.) and hydraulic press (Specac) at 130
MPa for 10 min. The pellet was crushed and then sieved to retain aggregates with particle diameters between
125 and 180 pm. HaSiW 12040 clusters (H4Si) with surface densities of 0.05 H4Si nm2, 0.2 H4Si nm 2, and
0.4 H4Si nm 2 as well as reference samples of Na/SiO2, K/SiOz, Cu/SiO2, Mg/SiO2, and Al/SiO2, containing
sole proton exchange reagents (without POM clusters) such as hydroxides, carbonates, and nitrates with
surface densities of 0.27 Na nm2, 0.27 K nm 2, 0.27 Cu nm 2, 0.27 Mg nm 2, and 0.134 Al nm?,
respectively, were prepared following identical procedures to those used for dispersing HxY 4-x)zSi clusters

on silica.
2.2. Pyridine Chemical Titration and Temperature Programmed Desorption (TPD)

The densities of total acid sites, including Brensted (H") and Lewis sites (LAS), of catalyst samples were
determined by isothermal pyridine titration at 473 K, a temperature that was previously shown to minimize
weakly adsorbed pyridine on both POM clusters and silica support,*® followed by temperature programmed
desorption (TPD) in flowing helium. The experiments were carried out in a U-shaped tubular quartz reactor

(9.5 mm i.d.) ensuring plug flow hydrodynamics, placed in the middle of a furnace (Bluewater,



Microfurnace MFFC69120425) connected to a temperature controller (Omega, CN3251) via a thermocouple
(K-type). During experiments, the catalyst samples (~100 mg), loaded in the quartz reactor, were treated in
situ in flowing helium (Linde, grade 5.0, 0.83 cm® s ') at 0.033 K s™! to 473 K and then kept isothermally at
473 K for 2 h, before pyridine titration at the same temperature. Liquid pyridine was then introduced,
through a gastight syringe (SGE, Model 006230, 0.25 cm®) that was mounted on a syringe pump (KD
Scientific, LEGATO 100), into a heated evaporation zone that was maintained at 383 K at a liquid
volumetric flowrate commensurate with a pyridine partial pressure of ~0.1 kPa (2.1 pmolpyr min~!, subscript
pyr denotes pyridine). Pyridine was quantified with an online gas chromatograph (GC, SRI, 8610C),
equipped with an MXT-1 column (60 m, 0.53 mm i.d., 5.00 um film) and a flame ionization detector (FID).
In experiments, pyridine was first introduced to the bypass stream for ~2 h to ensure a stable pyridine partial
pressure, confirmed with GC analysis, before it was introduced to the reactor. Pyridine titration was
completed, when the pyridine pressure in the effluent equaled that of the feed pressure, at that point pyridine
was removed from the feed stream. The catalyst bed was subsequently purged with pure helium (0.83 cm’
s for 1 h to remove physically adsorbed pyridine before the temperature programmed desorption (TPD)
experiment. TPD was carried out at a constant temperature ramping rate of 0.167 K s™' to and maintained
isothermally at 1000 K for 0.5 h in flowing helium (0.17 cm® s7!), and the pyridine desorption rate was
recorded and quantified by the GC system. The total acid site density is determined by integrating the
pyridine desorption rate during TPD, Fy,,; (1073 umolpyr (umolpoms) ™!, per POM cluster), over the course

of the TPD experiment, starting from time, 7 (s), equaled zero at the beginning of the experiment:

t
[T1(POM) = fo Foyne (et g (s) (1a)
[T]=[H"]+ [LAS] (1b)

The deconvolution of pyridine-TPD profiles was performed on PeakFit v4.12 software, following
“AutoFit Peaks III Deconvolution” methodology after baseline correction using previously reported
procedures.®” These profiles were fitted with three sub-peaks for most of samples, and two peaks for the
remaining samples. For all deconvoluted sub-peaks, the centers and full widths at half height (FWHH) of the
peaks were allowed to vary, and the height of each peak was the dominant adjustable parameter. The multi-

peak fitting iteration was carried out with a coefficient of determination (R?) above 0.997.
2.3. Pyridine Infrared Absorption Spectra (IR)

The fractions of Brensted and Lewis acid sites on the H:Y 4--Si cluster series (x = 4-0, Y*" = Na*, K*, Cu*",

Mg?*, or AI’") and the reference samples were determined by pyridine infrared absorption spectroscopy
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(pyridine-IR) at 473 K following previously reported procedures.***! It was performed with a Bruker Vertex
70 spectrometer with an XSA attachment, SiC MIR globar source, HeNe interferometer, CaF2 beamspliter
and windows, and liquid nitrogen-cooled HgCdTe detector, using a custom-made transmission IR cell with
temperature regulation (Staco Energy, Variable Autotransformer, Type 3PN1010), monitoring (Omega,
DP1096), equipped with dynamic vacuum capability using a rotary vane pump (model 101150/11-11, Leroy
Somer), and gas/liquid phase chemical introduction (described in detail in Section 2.2), where all gas lines
were heated above 393 K to prevent condensation. All spectra were collected at 2 cm™! resolution, 3 mm

aperture diameter, and 64 scans.

For each experiment, the catalyst sample was compressed into a self-supporting wafer (~1.3 c¢cm in
diameter and ~30 mg cm 2 in surface density) with a thickness of less than 0.5 mm using a die set (Across
International, 30 mm i.d.) and hydraulic press (Specac) at 63 MPa for 5 min. Prior to loading the sample, the
cell was purged with flowing helium (0.83 cm? s7') at 473 K for 0.5 h, followed by heating at the same
temperature for another 0.5 h under vacuum (~0.05 mbar), before the collection of background spectrum.
Then, the sample wafer was loaded onto a sample holder inside the cell, pretreated in helium (0.83 cm® s™!)
at 0.033 K s! to and kept isothermally at 473 K for 1 h to prevent the adsorption of water and hydrocarbons
from the ambient atmosphere. Before pyridine introduction, the infrared absorption spectrum of the catalyst
sample was obtained. Pyridine was then introduced (~0.1 kPa, with methods described in Section 2.2) until
the sample was saturated with pyridine, where the intensity of pyridine absorption bands no longer varied.
The sample chamber was then evacuated under dynamic vacuum to remove the gas phase and weakly
adsorbed pyridine before spectroscopic measurements. All spectra were normalized with the vibrational
bands corresponding to the lattice overtone of silica at 1990 cm™' and 1875 cm™! to allow quantitative

comparisons of the peak intensities among the samples, following methods described elsewhere.*?
2.4. Steady-State Rate Measurements of Methanol Dehydration to Dimethy! Ether

Methanol dehydration to dimethyl ether (DME, CH3OCHs3) was carried out in the temperature range of
393—-493 K in a reactor system similar to that described in Section 2.2. During experiments, methanol was
introduced, vaporized, and mixed with flowing helium (Linde, grade 5.0). The volumetric flowrate of
helium carrier gas was controlled by mass flow controllers (Brooks Instrument, SLA5800 Series). The
reactants and products were separated and quantified with an online gas chromatograph (Agilent 7890B)
equipped with a capillary column (HP-PLOT/Q, 40 Micron, 30 mx0.53 mm) and an FID, which was
connected with a methanizer (arc, Jetanizer™). In each experiment, 10—150 mg HiY4-x:Si clusters (x =

4-0, Y7" = Na*, K*, Cu?*', Mg*", or AI**, 125-180 um) were externally mixed with up to 140 mg of inert



silica (125—180 pm), keeping the catalyst bed height constant. The catalyst was then heated in situ at 0.033
K s7! to 473 K and then kept isothermally at 473 K for 2 h in flowing helium (0.83 cm’ s™!) before cooling

to reaction temperatures for rate measurements.
2.5. Density Functional Theory (DFT) Calculations

Energies of POM clusters, their conjugate anions and isolated protons were calculated using plane-wave
DFT methods within Vienna ab initio simulation package (VASP 5.4.4).#* Gradient corrected Perdew-
Burke-Ernzerhof (PBE) exchange correlation functional® with D3 dispersion correction and Becke-Johnson

damping (D3BJ) method of Grimme et al.*®

was used to calculate electronic energies. Planewave basis sets
up to a kinetic energy cutoff of 400 eV were used to determine electronic wavefunctions of valence electrons.
Interactions of valence electrons with atomic cores treated using the projector augmented wave (PAW)
method.*’” POM clusters, anions and proton were treated as isolated species in a 20 A cubic supercell and a
1x1x1 Monkhorst-Pack k-point mesh was used to sample the first Brillouin zone.*® The convergence criteria
for electronic energy calculation and geometry optimization were < 1 X 107> eV energy change and <
0.05 eV A= maximum atomic force, respectively. Dipole and quadrupole corrections implemented within
VASP* are used to correct for electrostatic interactions between periodic neighbors. Previous calculations
have shown that such corrections give accurate energies of neutral and charged systems leading nearly
identical to DPE values using periodic and molecular codes for cluster systems that do not contain atoms
near the supercell boundary.'® DPE values are calculated as energy required to form an isolated conjugate
anion and an isolated proton from a neutral POM cluster (DPE = Epgpy- + Ey+ — Epom ). Classical
Coulombic electrostatic interaction energy between the charge density of the relaxed isolated anion and the
proton as a point charge placed at different distances from the anion is calculated to identify the distance at
which this electrostatic interaction is the strongest without modifying anion charge density.® The negative of

this electrostatic interaction energy at the point of strongest interaction is taken as the ionic component of

DPE (Ef,:l) as described previously.® The difference between DPE and its ionic component is the energy

associated with reorganizing the charge densities to form the neutral POM, which is considered the covalent

component of DPE (EX,, = DPE — E}i7).6
3. RESULTS AND DISCUSSION

3.1. Bronsted and Lewis Site Distributions on HxY4-x):Si Cluster Series (x = 4—0, Y** = Na*, K*, Cu**, Mg*",
or APY)

The structure of POM clusters, after dispersing them on silica support, has been well established in previous



studies on various unexchanged H3PW12040°>! and HaSiW 12040 clusters,’® as well as cation exchanged
HxY 3-02PMo12040 clusters (x = 3-0, Y*" = Na*, Cu®**, Mg*", or AI*")**3!52 with wide ranging surface
densities (0.04—1.35 POM nm?). Transmission electron microscopy (TEM),>? which detects the cluster
diameter, and X-ray diffraction (XRD),**!3%3! which identifies the characteristic diffraction patterns of
different POM morphologies, e.g., 2D POM aggregates vs. 3D POM crystallites, reveal that the distributions
of POM clusters on silica vary with POM surface density and counter cations, where higher surface densities
and cation exchange cause cluster aggregation. Extending these findings to our studies, the unexchanged
HaSi clusters with surface densities of 0.05-0.14 POM nm? are expected to predominantly exist as isolated
POM clusters. In contrast, the HaSi clusters with higher surface densities (0.2—0.4 POM nm2) and the cation
exchanged HxY 4-0/2Si clusters (x = 3—0, Y*" = Na*, K*, Cu**, Mg**, or AI**; 0.14 POM nm?) partially form

2D POM aggregates due to the bridging of different Keggin units by counter cations.

For the matrix library of HxY 4-v2Si clusters (x = 4-0, z = valence of cation Y=") with different cations,
Y7" (Na®, K*, Cu?*, Mg?*, or AI*"), and, for each cation, with different nominal H"-to-POM ratios (x = 4-0),
at a constant surface density of 0.14 POM nm 2, their pyridine desorption profiles during temperature
programmed desorption (pyridine-TPD) and infrared absorption spectra with pyridine as a probe molecule
(pyridine-IR) are shown in Figure la—c for Na" exchanged clusters (HxNa4.xSi, x = 4-0) and in Figures S1—4
of the Supporting Information for K, Cu®*, Mg**, and AI’* exchanged clusters. Taking the example of
HiNa4..Si clusters (x = 4-0), pyridine-TPD (Figure 1a) gives the total acid site density ([T], per POM
cluster), and the peak deconvolution of the profiles (Figure 1b) provides trends in acid strength. First, the
cumulative pyridine desorption per POM cluster equals the total acid site density, which equals the sum of
Brensted and Lewis sites, at a stoichiometry of one adsorbed pyridine per site.**** Second, their pyridine
infrared absorption spectra (Figure 1c) give the fractions of Brensted and Lewis sites, derived from the
absorption peak intensity ratio of 1540 to 1450 cm™!, which correspond to pyridinium ion at Brensted sites
and molecularly adsorbed pyridine at Lewis sites, respectively, assuming a Bronsted-to-Lewis site extinction

coefficient (egrgnsted (ELewis) 1) of 0.75.3¢5% These results, taken together, give the Bronsted and Lewis site
densities, [Hyyy rpp—ir] and [LAS,y, rpp-ir] (per POM cluster), in Figure 2a,b, respectively, for the

complete library of HxY4:Si catalysts (x = 4—0), arranging with increasing valence of cations (Na, K",
Cu?*, Mg?', then AI*"), as also tabulated together with their fractions in Table S1 of the Supporting

Information.

A clear trend begins to emerge for clusters with monovalent cations (Y*" = Na" or K", Figure 1a and

Figure S1a of the Supporting Information). Pyridine desorption began at ~550 K, irrespective of the identity



of counter cations (Na" or K*) and their nominal H'-to-POM ratios. For clusters exchanged with a given
monovalent cation Y= (Na® or K"), pyridine desorption completed at a lower temperature and the maximum

pyridine desorption rate decreased with decreasing the nominal H"-to-POM ratio. For clusters with di- or tri-

Cu*", Mg?*, or AI**, Figures S2a—4a of the Supporting Information), their pyridine-

valent cations (Y**
TPD profiles exhibited greater complexity compared to those with monovalent cations (Y*" = Na" or K*). In

general, pyridine desorption rates in the low temperature range (600—700 K, HxY 4-x)-Si, Y*" = Cu** or Mg?*,
Figures S2a and S3a of the Supporting Information) and the maximum pyridine desorption rates (HxAla-
1381, Figure S4a of the Supporting Information) increased with decreasing the nominal H'-to-POM ratio.

These changes likely reflect the creation of additional Brensted and Lewis sites through cation exchange.'5
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Figure 1. (a) Profiles of pyridine temperature programmed desorption (TPD), (b) deconvolution of pyridine-
TPD profiles with Peaks I—1II (500-700, 550-850, and 710-870 K), and (c¢) pyridine infrared absorption
spectra with the characteristic peaks of pyridinium ion at Brensted sites (1540 cm™') and of molecular
pyridine at Lewis sites (1450 cm™"), on HxNa4.<Si clusters (x = 4-0; black, x = 0; green, x = 1; yellow, x = 2;
purple, x = 3; blue, x = 4). (d) Correlations between the fraction of Peak I area derived from pyridine-TPD
profiles, and the fraction of Lewis site density, derived from pyridine-IR studies (Table S1 of the Supporting
Information) for the HxY @4-x2Si cluster series (x = 4-0, Y** = Na* (green), K* (purple), Cu** (orange), Mg?*



(yellow), or AI** (blue). Diamond, x = 4; square, x = 3; triangle, x = 2; circle, x = 1; cross, x = 0). Dashed

lines represent trends and are intended to guide the eyes.

These desorption profiles are further deconvoluted into three sub-desorption peaks within the
temperature ranges of 500-700, 550-850, and 710-870 K, as Peaks I, 11, and 11, respectively (Figure 1b and
Figures S1b—4b of the Supporting Information). Irrespective of the nominal H'-to-POM ratio, the
temperature corresponding to the maximum pyridine desorption of Peak [ remained at the same position,
except for the HxAli33-033:Si (x = 4-0) cluster series, which exhibited disparate pyridine-TPD behavior

13" cations (Figure S5a of the

compared to others, probably because of the strong Lewis acid strength of A
Supporting Information). Unlike Peak I, the maximum desorption temperatures for Peaks II and III shifted
to lower temperatures with decreasing the nominal H'-to-POM ratio, e.g., ~60 K for clusters with
monovalent cations and ~30 K for those with di- or tri-valent cations. The fraction of pyridine desorbed in
the lowest temperature range (500-700 K), derived from the ratio of area of Peak I to that of all peaks,
appears to correlate to the fraction of Lewis sites (Figure 1d), derived from pyridine-IR studies. This
correlation suggests that pyridine desorbs from Lewis sites at the lower temperatures (Peak ) and from
Bronsted sites at the higher temperatures (Peaks II and III), similar with previous pyridine-TPD peak
assignments for sites in ion-exchanged zeolites, e.g., M""-ZSM-5 (M"" = AI*", Ca®", and Ba*").>* The
decrease in the maximum pyridine desorption temperatures of Peaks II and /1] strongly suggests a decrease

in Brensted acid strength for the remaining protons, when a portion of protons are replaced by counter

cations.

We note that, on clusters without counter cation exchange (H4Si), Lewis sites essentially do not exist,
determined to be ~0.17 LAS POM™1, a small value that is most likely originating from structural defects of
POM clusters, where the breakage of W—O linkages exposes the coordinatively unsaturated cationic metal

centers, W™, as an electron acceptor with Lewis acid characters. Exchanging protons with monovalent
cations, Na" or K*, would monotonically decrease the Bronsted site density—each addition of Na* or K*
titrated ~0.47+0.01 H*, whereas the Lewis site density kept relatively constant and negligible at ~0.2+0.05
LAS POM ™1 (HxY 4-x-Si, x = 4-0, Y? = Na" or K", Figure 2b). In contrast, exchanging protons with di- or
tri-valent cations, Cu?", Mg?*, or AI**, led Bronsted site density to decrease in a much lower rate—in fact,

each addition of Y#'z! cation (i.e., Cu*", Mg?*, and AI’" cations divided by their valence) titrated only
~0.20+0.04 H; whereas their Lewis site density increased to ~0.64+0.25 LAS POM ™! (HyY (4-v)-Si, x = 30,
Y?" = Cu**, Mg*, or AI**, Figure 2b) and remained insensitive to the extent of cation exchange. This

relatively constant Lewis site density is likely because the di- or tri-valent cations promote the aggregation
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of POM clusters, where a cation interacts with multiple Keggin units, forming bridged bonds (Y*'—=(POM),
q > 1) to satisfy their charge balance. We note that stoichiometric exchange, which requires for maintaining
the overall charge balance of the cluster, e.g., 1 Na* exchanging with 1 H" and 1 Cu®** exchanging with 2 H",

was not attained, indicating that a portion of cations is dispersed on the surface of silica.’!

In an attempt to correlate Brensted and Lewis site distributions on HxY 4-x:Si clusters with the counter
cation identity, we consider two scenarios: HxY 4-2Si clusters with monovalent cations (Y*" = Na" or K*)
and those with di- or tri-valent cations (Y*" = Cu®*, Mg?', or AI*"), together with the dispersion of these
cations on silica, shown in Scheme 1. Monovalent cations substitute protons on HsSi clusters, leading to a
monotonic decrease in Bronsted site density, as the extent of proton exchange increases and the nominal H'-
to-POM ratio decreases. A small proportion of these cations interacts with silanol groups on silica, forming
non-Lewis acidic centers due to their charge saturation. However, di- or tri-valent cations substitute protons
on POM clusters, appearing either as cationic Y" or hydroxylated Y="(OH)x species (0 < m < z) resulting
from water interaction with Y* cations.>!>*% A significant fraction of these cations disperse on silica,

forming either Lewis (Y*" centers) or weak Bronsted sites (Y?'(OH)x groups),>’*

confirmed from separate
pyridine-TPD and pyridine-IR studies on reference samples that contain only the dispersed cations on silica
(without H4Si clusters), as described in detail in Section S2 of the Supporting Information. These factors
contribute to a slower decrease in Brensted site density and the formation of Lewis sites on HxY (4-x:Si

clusters with di- or tri-valent cations (Y*" = Cu?*’, Mg?', or AI’*") compared to those with monovalent cations

(Y*"=Na" or K") with decreasing the nominal H'-to-POM ratio.



—_ A
- - 1®)
s o)
S Q
(7]
+£2 §2-
2 2
£ 2y /oo it
+5 5
T %) ] [ | ]
0 ' - ST AL .' .l
4 3 2 1 0 4 3 2

Nominal H*-to-POM ratios

1(d)

0 T a0 ]

§120 ”;

B ©°

BI £ 30

£ 80 =

= S 20

3 .

= 40 10 |

S =

i ol — .'

g 1 = 4 3 2 1
S Nominal H*-to-POM ratios Nominal H*-to-POM ratios

Figure 2. (a) Bronsted ([H;'yr rpp—-1r]) and (b) Lewis site ([LAS,,, rpp-ir]) densities (per POM cluster)

derived from pyridine-TPD and pyridine-IR studies; (c) rate constants k,,ono (= Kpkc—o, €q 4c, per H") and
(d) rate constants kgimer (= kc—o, €q 4d, per H") of methanol dehydration to dimethyl ether at 433 K, as a
function of the nominal H™-to-POM ratio on the HxY 4-v-Si cluster series (x = 4-0, Y** = Na*, K*, Cu?*",
Mg?*, or AI*).

Scheme 1. Schematic Illustrations of HxY 4-»/.Si Clusters with Monovalent Cations (Left, Y** = Na* or K*)
and Di- or Tri-Valent Cations (Right, Y?* = Cu?**, Mg**, or AI’"), and the Dispersion of These Cations on
Silica as Lewis and Weak Brensted Sites

HyY (4x,Si clusters with HyY (4-x)2Si clusters with di-
monovalent cations or tri-valent cations

Weak
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3.2. Assessments of Methanol Dehydration Turnover Rates at Bronsted and Lewis Sites on the HxY(4-x)/-Si
Cluster Series (x = 4—0, Y** = Na*, K*, Cu’*, Mg**, or AP")
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Figure 3. Methanol DEH turnover rates (10~ umol (umolrom s) ~!) as a function of cumulative 2,6-di-tert-
butylpyridine (DTBP POM ') on H3K;Si clusters during in situ DTBP titration (3 kPa methanol, 7 Pa DTBP,
0.12 cm? (umolrom s) !, 433 K).

Table 1. Comparison of Brensted Site Densities (per POM Cluster) Derived from In
Situ DTBP Titration ([H;,_ iy prap]) @and Those from Pyridine-TPD and Pyridine-IR

Studies ([Hpy, rpp-r]), and Summary of the Ratios of Intrinsic Methanol DEH

. o -1
Turnover Rates at Bronsted Sites to Those at Lewis Sites (rpgy 5+ (rD EH.L AS) )

POM* [Hip—sitw prael” [Hpyr TPD—IR]C TpEHHY (rDEH,LAS)_l ‘
H2NazSi 0.9 0.8 55

H3K1Si 1.5 1.2 13

HoCu2Si 0.8 0.9 30
HoMQg2Si 0.5 0.9 4
H1Mg1.5Si 1.1 1.3 10

H1Al1Si 0.8 0.8 11

aSelected POM clusters with the highest Lewis site density (Table S1 of the
Supporting Information) among their respective cation exchanged HxY @4-x):Si cluster
series (Y*" = Na’, K', Cu*’, Mg?', or AI*"). "Obtained from in situ DTBP titration
displayed in Figure 3 and Figure S6 of the Supporting Information. “Derived from
pyridine-TPD and pyridine-IR studies displayed in Table S1 of the Supporting
Information. 9Ratios of methanol DEH turnover rates at Bronsted sites (H") to that at
Lewis sites (LAS), calculated with eq 3 based on the rate depression during in situ
DTRBEP titration.
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Next, we investigate the turnovers of methanol dehydration (DEH), which forms dimethyl ether (DME,
CH30CH3), at Bronsted and Lewis sites in the presence of 2,6-di-tert-butylpyridine (DTBP) titrants. Due to
its steric hindrance, DTBP would selectively titrate Bronsted sites but not Lewis sites.’® Figure 3 shows the
time-dependent methanol DEH turnover rates (10> pmol (umolrom s) ), derived from the site-time-yield of
DME formation, as a function of cumulative DTBP introduced (in DTBP POM™!) during in situ DTBP
incorporation (7 Pa) into the methanol feed on H3KiSi clusters at 433 K; Figure S6 of the Supporting
Information shows similar profiles for HoNaxSi, HoCu2Si, HoMg2Si, HiMgi.5S1, and Hi1AliSi clusters. These
clusters were selected, because they contain the highest Lewis site density (0.2-1.2 LAS POM ') among
their respective cluster series. As shown in these figures, methanol DEH turnover rates decreased largely
linearly throughout the titration, before levelling off to a lower value with DTBP incorporation. Linear
extrapolation of the turnover suppression profile to x-intersect gives the Brensted site density
([HE, situ—prepl> per POM cluster). These results ([H;, ¢itu_prep]) for the selected HiY 4x2Si clusters are

consistent with the Bronsted site densities derived from pyridine-TPD and pyridine-IR studies

([H;yr rpp—ir), In Section 3.1), and summarized in Table 1. When the turnover rates reached a lower and

stable value, the titration was completed, where all Bronsted sites were occupied and unavailable for
turnovers, leaving Lewis sites the only catalytically active sites. Removal of DTBP did not recover the DEH
turnovers, indicating that Brensted site occupation by DTBP is irreversible. The overall methanol DEH

turnover rates before DTBP titration (7pgy poym nvo—prep) and after DTBP saturation ("pgy pom prep—sat) are:
0y = Tpeua+ X [Hy, |+ x [LAS | (2a)
DEH,POM,No—DTBP = TDEH,H pyr TPD—IR DEH,LAS pyr TPD—IR

YpEH,POM,DTBP—Sat = VDEH,LAS X [LASpyr TPD—IR] (2b)

where 7y g+ and Tppy 145 are methanol DEH turnover rates (per H" or LAS site) at Bronsted and Lewis

sites, respectively, as denoted by their respective subscripts.

For monovalent cation exchanged clusters (e.g., H:2Na2Si and H3K1Si, ~ 0.2 LAS POM ™!, in Figure S6a
of the Supporting Information and Figure 3, respectively) that contain predominantly Brensted sites, the near

complete suppression of DEH turnovers, pgy pom prep—sae. after DTBP saturation suggests that the term
TpEH LAS X [LASpyr TPD_,R] is negligible, therefore the rate contributions of Lewis sites are insignificant.

Within each series of di- and tri-valent cation exchanged clusters (e.g., HoCu2Si, HiMg2Si, HiMg1.5Si, and
HiAlLiSi, 0.5-1.2 LAS POM!, Figure S6b—e of the Supporting Information), which contain both Brensted
and Lewis sites, methanol DEH turnover rates after DTBP saturation were significantly lower than their

initial  rates  before = DTBP incorporation. =~ The rate  depression, defined by 1-—
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rDEH,POM,DTBP—Sat(rDEH,POM,No—DTBP)_l, exceeds 0.93 for all clusters, except for the HoMg2Si cluster (0.52
LAS POM™), which exhibits the smallest rate depression with a value exceeding 0.85 (Table S2 of the
Supporting Information). Starting from eq 2a,b, the ratio of the intrinsic methanol DEH turnover rate at
Brensted sites to that at Lewis sites, 7pgy y+ (Tpgm,L 45) "', is (see derivation in Section S3 of the Supporting

Information):

r -1
DEHH* _ 1-TDEH,POM,DTBP—Sat(TDEH,POMNo-DTEP) % [LASpyrTPD-IR] 3)
= e "
TDEH,LAS TDEH,POM,DTBP-Sat(TDEH,POM,No-DTBP) [prrTPD—IR]

Table 1 shows the results on the selected HxY (4-x)zSi clusters—methanol DEH turnover rates are about one
order of magnitude higher at Bronsted sites than at Lewis sites (4—60x% higher, 433 K). Separate experiments
show negligible methanol DEH turnover rates at Lewis sites on the reference sample Al/SiOz (0.134 Al nm™?)
compared to those at Bronsted sites on H4Si clusters (Figure S7 of the Supporting Information). All these
results together confirm that Bronsted sites but not Lewis sites catalyze most of the methanol DEH turnovers

under our experimental conditions (433 K).

Previous kinetic assessments,® isotopic labelling studies,>? and DFT calculations®® have established that
methanol DEH reaction occurs via an associative mechanism at Brensted sites. Scheme 2 (left panel) shows
the reaction coordinate leading to the formation of the kinetically relevant transition state (TS). The reaction
begins with equilibrated methanol adsorption at a proton through its O atom, forming a
CH3OH:--H"---POM" species (CH30H monomer, Step 1-Ads mono, K,;). Another methanol then adsorbs
and undergoes protonation, forming a protonated CH30H dimer, (CH3;OH---H"---CH30H)---POM", in
equilibrium with methanol monomer (Step 2-Ads dimer, Kp). Next, the dimer undergoes an associative
dehydration pathway, mediated by a carbocationic [(CH3OH---CHs"---H20)---POM]* transition state (Step
3-Dehydration, k._.), forming a C—O bond and ejecting a water molecule before the desorption of dimethyl
ether (CH3OCH3) to regenerate the Bronsted site. The alternative dissociative pathway (not displayed in
Scheme 2), which involves the dehydration of the monomer and formation of a surface-bound methoxy
species before the kinetically relevant nucleophilic attack by another methanol, has been previously ruled

out based on DFT calculations on the series of Hs-»X""W12040 clusters (X"" = P*, Si*", AI*", or Co?").}

Applying quasi-equilibrium assumptions (QE) on the two methanol adsorption steps (Steps I and 2) and
treating the C—O bond formation (Step 3) as the sole rate limiting step, but neglecting the adsorption of both
DME and water, the products, at Brensted sites due to their low partial pressures during reactions, this
associative pathway gives the rate expression (rpgy 4+, per H' site, detailed derivation in Section S4 of the

Supporting Information) of methanol DEH turnovers, when methanol monomer and dimer co-exist and are
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the most abundant surface intermediates (MASI), as previously established on POM clusters (H4SiW12040

and H3PW12040) and various zeolites (H-BEA, H-MFI, and H-USY, etc.):3%:40:60

kc-oKmKpPey,on
TDEHHY = 2 (42)
KMmPcH,0H+KMKDPEH 01
_ kmono PCH30H
- 1+kmonop (4b)
kd, CH;0OH
imer
kmono = Kpkc—o (4c)
kaimer = kc-o (4d)

Where Ky, Kp and k._, are methanol adsorption equilibrium constants for methanol monomer and dimer
formations, and rate constant for the elementary C—O bond formation, respectively. Eq 4a reduces to eq 4b
by defining (i) the first-order rate constant k,,,,, as the product of K, and k._, (eq 4c) and (ii) the zero-

order rate constant k;;mer as the sole kq_, (eq 4d).

Figure S8 of the Supporting Information shows kinetic dependencies of methanol DEH turnover rates
(per H' site) on methanol pressure (0.05-0.8 kPa) at 433 K, after accounting for active site losses and
catalyst deactivation, by extrapolating the rate data back to the initial time with a reference condition, as
described elsewhere.%> For the entire HxY@-v,Si cluster series (x = 4—0, Y** = Na®, K*, Cu**, Mg?*, or
AI*"), the turnover rates exhibit similar dependencies on methanol pressure, where they initially increased
linearly and then became insensitive to methanol, as methanol pressure increases. We note that, at such low
methanol partial pressures (0.05-0.8 kPa) and relatively high reaction temperature (433 K) used for kinetic
interrogation here, the formation of adsorbed trimeric methanol species, ((CH3OH)s:--H"):--POM", is
negligible, especially at unconfined Brensted sites prevalent on POM clusters, unlike those found in a
confined void at high methanol pressures (>10 kPa, CHA, AEI, LEV, and LTA zeolites).*° Regression of the
rate data displayed in Figure S8 of the Supporting Information against eq 4b gives the rate constants k550
(eq 4c) and kgimer (eq 4d) for the entire cluster series. The regressed kinetic parameters are reported in

Figure 2c,d and their numerical values are summarized in Table S3 of the Supporting Information.
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3.3. Interpretations of C—O Bond Formation Rate Constants in Methanol Dehydration and Derived DPE
Values for HxY4-x)=Si Cluster Series (x = 4—0, Y** = Na*, K*, Cu?**, Mg**, or AP™)

kimono» Which equals Kpk._, captures the Gibbs free energy change (4 G,iono) required for evolving the

[(CH30H:---CH3"---H20)---POM]* transition state from a methanol monomer (CH3OH:--H'---POM").

Expanding K}, with van’t Hoff relation and k._, with transition state theory gives:

Kmono = 2T exp (—2nons)
= Kpkc_o
- e () (4 () (-5
= k';i exp (AS%“#) exp (— AHi”%) (5a)
where AH, ., = AHp, + AH}_, (5b)
and A4S}, o = ASp + ASE_, (5¢)

The activation enthalpy AHﬁmno reflects the sum of adsorption enthalpy AH, and activation enthalpy

AH:CF_O for the evolvement of the transition state. Similar relation applied also to the activation entropy. The

63,64

compensation effects of activation enthalpy and entropy allow us to connect between AS,fwno and

AHﬁmno with the following linear relation with a slope @, and an intercept S,0n0:

As;l:nono = amonoAHj;wno + Bmono (5d)
Substitution of the entropic term in eq Sa with eq 5d gives:

kgT
kmono = h exp(

Bmono) ex _ (1_amonoT)AH1:l‘;lono
R P RT

_ (1_amonoT)AHr¢nono
RT

= Amono €XP ( (Se)

kpT
where Apone = —— exp (

oo ()

R

(59)

2

dimer

Similarly, k j;m.r captures the Gibbs free energy change (4G ) required to evolve the same transition

state from a methanol dimer. Following similar methods connecting Aanono to AHfmmo outlined in eq 5d

above, K j;mer becomes:
k _ kT ex ( AG;imer)
dimer — h p RT
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= kc-o

4 ¥
kpT ASi_g AH}_,
=[——exp|——)]exp| ——=
n &*P ( R lexp RT

(1-a imerT)AH¢imer
= Adimen exp (- C-timer D Miiner ) (6)
kgT imer
where Agimer = % exp (ﬁdT) (6b)
and AHE. = AHE_, (6¢)

kg refers to Boltzmann constant, h the Planck constant, R the ideal gas constant, and T the temperature.

Therefore, at a constant temperature, K;;,ono and Kgimer are single-valued functions of Aszno and 4H Lmer

(egs 5e and 6a), respectively, in methanol dehydration on the series of HxY@4-x2Si clusters (x = 4-0, Y*" =

Na®, K*, Cu*", Mg?’, or AI*").

10,65

Born-Haber thermochemical cycle, as depicted in Scheme 2 (left panel), decouples Aanono and

AH;imer into accessible thermochemical properties of catalysts and reactants, as well as interactions

between reactant fragments and catalytic surfaces. First, the POM cluster undergoes deprotonation (Step
BH.I), forming a free proton (H") and a conjugate POM anion (POM"), where the energy change equals its
deprotonation energy (DPE). Next, the free proton combines with the two methanol molecules, followed by
the rearrangement of one of methyl groups and charge transfer to form the analog of the transition state
structure (CH3OH:--CH3"---H20, Step BH.TSunbound), unbound in the gas phase, with an energy change
Eprotana- This cationic, unbound transition state analog then interacts with the conjugate POM™ anion,

assembling the transition state structure (Step BH.TSround) by releasing energy, which equals the interaction

energy Eint ang- By exploiting the state function character of all relevant thermodynamic properties, Aanono

and AH® become:

dimer

AHj;lono =DPE + Eprot,ana + Eint,ana - AHM (73-)

AHF

dimer

=DPE + Eprot,ana + Eint,ana — AHy — AHp (7b)

In terms of the individual energy, the DPE of POM clusters depends strongly on the chemical identity of the
central atom X, ranging from 1068 kJ mol™" for H2SW12040 to 1142 kJ mol™" for HsCoW 12040 clusters;'®
Eprot.ang 1s an intrinsic property of gaseous methanol molecules and equals —815 kJ mol™;*'®% E;.\ 000
reflects predominantly the electrostatic interactions between the gaseous transition state analog
(CH30H:--CH3"--H20) and the conjugate POM™ anion.” These terms, Ej;; gnq» AHy, and AHp, all depend

on and could compensate the DPE value to varying extents, thus dampening the sensitivity of activation
18



enthalpies, Aanono and AH; to DPE values. AHmono (or AH® ) varies with DPE via a coefficient

imer> dimer

Xmono (OF Xaimer)» Which ranges between zero and one, and a constant Y., 0n0 (0r Ygimer):>'

AH;I:nono: XmonoDPE + Wmono (8a)

AHglmer XaimerDPE + Yaimer (8b)

Previous kinetic studies and DFT calculations® have established the strong dependencies of k;,n, and
k gimer values (derived in 0.05—0.8 kPa methanol at 433 K) on DPE, i.e., from 1087 to 1140 kJ mol ™, as the
identity of central atom of POM clusters varies (Hs-»X""W12040, X"* = P**, Si*, AI*", or Co?"), as plotted in
Figure 4a,b as open symbols with their regressed dotted lines. In combine with eqs Se and 6a as well as eq

8a,b, these dotted lines correlate Ky, ppo and K gimer to DPE, as captured in the following relations:

I (oo Sy — CotmonaDAene . I (4 ,)
= — <1-amona£)TxmononE +n ( A e (1—amon}gTT>wmono)
= —0.094 (%) DPE (25) + ln( 109 %) (9a)
In(kaimer» 13;;1:21 - 4- ad”"j{f EL + In(Agimer)
= — (1_adimer7l;?r)(dimerDPE +n ( Agore (1_adime};:)lpdimer>
= 0042 () DPE (35) + In ( 49-8,—1u°r;zl*;f‘;l> (9b)

The terms of In(e1%?, 1073 pmol (umoly+ kPa s)™1) and In(e*%8, 1073 pmol (umoly+ s)™1) are constants

that capture the contributions coming from all the other terms in eqs 5d,f, 6b, 8a,b, except for the DPE.

At 433 K, the calculated (1 — @monoT) Xmono 18 0.34 and (1 — @gimerT) Xaimer 18 0.15. We note that
(1 = tmonoT) Xmono 18 larger than (1 — @gimerT) Xaimer (0.34 vs. 0.15), indicating that k.., is more
sensitive to DPE than that of k ;e (€q 9a,b). This is because the energy cost for deprotonating a proton
(DPE) is partially compensated during the formation of protonated methanol dimer
((CH30H:--H"---CH30H)"--POM") and of carbocationic transition state
([(CH30OH:--CH3"---H20)---POM1%).%!8 Such correlations (eq 9a,b) have been applied to estimate the DPE
of protons on structurally complex, less defined oxides such as SO4+ZrO>, WO,—ZrO2, and perfluoro-
sulfonic resins catalysts.®® Here, we adopt these previously established strategies in (i) exploring the cation

effect on Brensted acid strength modulation on structurally well-defined HxY4-x/zSi clusters with
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monovalent cations (x = 4—1, Y*" = Na' or K") and (ii) estimating the reactivity-averaged DPE values on
structurally more complicated HxY (4-x.Si clusters with di- or tri-valent cations (x = 4-0, Y*" = Cu*', Mg*',
or AI’"), by projecting the measured K, ono and kgimer values reported in Figure 2¢,d onto the established
correlations and back calculating the DPE values from k000 and Kgimer (DPEono aen and DPE gimer aen,
in eq 9a,b, respectively, where the subscript deh denotes the derived DPE values from methanol dehydration
reaction), respectively, that are shown in Figure 4a,b. Table S3 of the Supporting Information tabulates the
numerical values of DPE;,,n04en and DPE g er gen for the cluster series. This approach neglects the
modulation of acid strength due to methanol adsorption at Brensted sites, as the increase in DPE values is
expected to be comparable across various POM clusters, and it also disregards the modulation caused by
methanol adsorption at counter cations, as the expected effect of adsorbed methanol on acid strength

modulation of POM clusters is weak compared to that of parent cations.®

Figure 4c shows the parity plot between DPE;,; 5,0 gen and DPE ip0r gen- For HxY 40281 clusters with
lesser extent of cation exchange (x = 2—4), DPE ;10 aen and DPE i 0r gen are consistent with each other.
For HxY4-x)zSi clusters with greater extent of cation exchange (x = 0 or 1), the DPE values derived from
kgimer become significantly higher than those derived from k... We note that kg, values are less
sensitive to DPE® (Figure 4b) and the fact that the saturation of Brensted sites on POM clusters with
protonated dimers (CH;OH---H"---CH3OH) increases the DPE value because of the injection of charge into
the cluster during deprotonation process.® Therefore, the uncertainty of DPEgimer aen, Would be larger and

DPE; 5n0,.den WOuld be more reliable.

Figure S9a of the Supporting Information illustrates the correlation between DPE; n0 qen and
[Hyyr rpp—-1r] across the HY 4v/:Si cluster series (x = 4-0, Y=* = Na*, K*, Cu*", Mg*, or AI*"). For HyY
0231 clusters with monovalent cations (Y?* = Na" or K), their DPE values monotonically increased, ranging

from 1100 to 1175 kJ mol ™!, as [Hz',*yr rpp—ir] decreased. Given that all Brensted sites reside on the surface

of these POM clusters (Scheme 1, left), this observation underscores the inhibitory effects of monovalent
cations on Brensted acid strength of remaining protons—the higher extent of cation exchange, the higher
DPE values and thus weaker Brensted acid strength.”%® For HxYx-Si clusters with di- and tri-valent

cations (Y=" = Cu?", Mg?', or AI*"), their DPE values increased, albeit within a smaller DPE range of 1100 to
1150 kJ mol !, as [H;,’yr rpp—ir] decreased. The interpretation of cation effects on Brensted acid strength
modulation on these POM clusters, however, becomes challenging, due to the generation of additional

Brensted sites in the hydroxyl groups associated with these cations on POM clusters, as depicted in Scheme

1 (right). These protons, along with those inherently present on the clusters, contribute to the overall
20



Bronsted site densities and methanol DEH turnovers. Consequently, the specific impact of these counter

cations on the intrinsic Brensted acid strength of POM is obscured.

Scheme 2. Reaction Coordinates and Born-Haber Thermochemical Analysis for the Evolvement of
[(CH30H:--CH3"---H20)---POM"]* Transition State in Methanol Dehydration to Dimethyl Ether (Left Panel)
and for the Formation of Protonated Pyridine ((CsHsN---H")---POM") in Pyridine Adsorption at Brensted
Sites on POM Clusters (Right Panel)
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Figure 4. Calibrations of DPE values of Brensted sites on HxY 4-xzSi cluster series (x = 4-0, Y* = Na*, K,
Cu**, Mg*', or AI*) via (8) kmono (DPEmonoden) and (b) kgimer (DPEgimer aen) obtained from data
regression shown in Figure S8 of the Supporting Information against eq 4b. (c) Correlations between derived
DPEonoaen and DPEgimer gen (Green, Na®; purple, K*; orange, Cu®*"; gold, Mg*"; blue, AP". Solid
diamond, x = 4; solid square, x = 3; solid triangle, x = 2; solid circle, x = 1; cross, x = 0). The reference
kmono and kgimer values (open diamond) in (a) and (b) are taken from the literature® on the series of Hs-
2X""W12040/Si02 clusters (X" = P3*, Si*", AI**, or Co?’, n is the valence of central atom X) at the same

reaction temperature (433 K). The dashed line in (¢) is the parity line.
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3.4. Interpretations of Pyridine Temperature Programmed Desorption and Derived DPE Values for HxY -
v/=Si Cluster Series (x = 4—0, Y** = Na*, K, Cu®*, Mg*", or AP’*)

Next, we extract DPE values of the cluster series from pyridine desorption enthalpies (4H,,,; 4¢5) derived
from pyridine-TPD (Peaks II and III, Figure 1b and Figures S1b—4b of the Supporting Information) with

Born-Haber thermochemical analysis,*!%%7

shown in Scheme 2 (right panel). As shown in the scheme,
pyridine (CsHsN) interacts with a proton on a POM cluster (H-POM) to form a protonated pyridinium ion
((CsHsN---H")---POM"), where the proton transfers from the cluster to the N-atom in pyridine,”"”* with an
adsorption enthalpy 4H,, 445, Which equals the negative pyridine desorption enthalpy (4Hpyraqs =
—AH,, ges)- In analogous to that in methanol dehydration (Scheme 2, left panel), pyridine adsorption at
Brensted sites is decomposed into three fictitious steps of: (i) deprotonation of the Bronsted site (Step BH. 1)
to form a free proton (H") and a conjugate POM~ anion (DPE), (ii) protonation of pyridine (Step
BH.PYRunvound) to form a gaseous pyridinium cation (CsHsN---H") (negative proton affinity of pyridine,
—PA,y, =~—940 kJ mol™"),”*7® and (iii) interactions (Step BH.PYRbound) between the pyridinium cation and

the POM™ anion (Ejytpyr, Which equals the sum of electrostatic (Egepyr) and covalent (Ecoppyr)

interactions). Closing this Born-Haber cycle, DPE (DPEyy, rpp) equals:

DPEpyr,TPD = PApyr + Aprr,ads - Eint,pyr = PApyr - Aprr,des - Eint,pyr (10a)

Eint,pyr = Eele,pyr + Ecov,pyr (IOb)

Redhead method derived from the Polanyi—Wigner equation gives the estimated value’” of the pyridine
desorption enthalpy, AHpyy 405, assuming first-order desorption kinetics and a constant pre-exponential
factor (4, 1x10'3 s7!) that is independent of pyridine coverage, as a function of the maximum pyridine
desorption temperature (T,) for Peak Il or Peak II (for the case without Peak III), and the temperature
ramping rate (f):7% 8!

AT,
AHpyyrges = RT, [in (52) = 3.46] (11)
In terms of the interaction energy Ejn pyr, its value is not available to our best knowledge but can be derived
from the reference case of HsSi cluster with its known DPE value (1105 kJ mol !)!® and its derived
AH,yr qes from the pyridine-TPD profile (eq 11). Table S4 of the Supporting Information shows calculated

AHpyr des> Eintpyr>» and DPEy,,, rpp, based on eqs 10 and 11, by assuming that Ej,¢ ., values for cation

exchanged cluster series remain the same with that of unexchanged POM cluster (H4Si).

Among these derived energies, pyridine desorption enthalpies 4H,,,,. 40 for the cluster series are within

the range of 198—242 kJ mol '. These values are in the same order of magnitude with those on Brensted
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acidic zeolites (with DPE values ~1200 kJ mol !')®>—on zeolites, pyridine adsorption enthalpies are ~—200

kI mol™ (AHy,yrqas = —AHpyr ges) based on microcalorimetry measurements and DFT calculations.”*

Pyridine desorption enthalpies become less positive as DPE values increase (decreasing of nominal H'-to-
POM ratios) when they are corelated with DPE,, ;.5 gen» derived from methanol dehydration (Figure S10 of
the Supporting Information). Rearranging eq 10a and substituting the term DPE,,,, rpp With DPEp, 500 dens
the intrinsic correlation between 4H,,, e and DPEy,ono gen 18 derived, with a coefficient ¥, py» that

accounting for the dependence of Ej¢ .y on DPE:
Aprr,des = PApyr - (1 + Xint,pyr) X DPEmono,deh

=940 k] TT‘lOl_1 - (1 + Xint,pyr) X DPEmonO,deh (12)

Regression of the data shown in Figure S10 of the Supporting Information against eq 12 gives the

coefficient Y;nspyr 0f —0.37, which coresponds to an interaction energy (Ein¢pyr) ranging between —409 to
~435 kJ mol™" (Einepyr = Xint.pyrDPEmono,den)- Our assumption underestimates the Ejp, py,, value (less

negative, constant —407 kJ mol!) and thus overestimates the Bronsted acid strength (smaller DPE values) of
cation exchanged POM clusters. The more negative Ej,;p,,, values stem from the more effective
electrostatic stabilization of pyridinium cation on the POM™ anion with higher DPE values (more negative
Eeiepyr» relatively stable E¢oy, pyr, €q 10b), as we derived from the similar interactions between a protonated
methanol dimer (CHsOH:--H"---CH30H) and the POM™ anion on the series of POM clusters with different
DPE values (1068—1142 kJ mol™!, Hg.xX""W12040 (X"" = S, P>, Si*", AI*", or C0?")).%!%% These results
suggest that AH, . 405 1 nOt a “pure” metric of acid strength but instead reflects a combination of Brensted

acid strength and interaction effects.

Figure 5 shows the parity plot for DPE,,, rpp derived from pyridine-TPD and DPEy,; 0 gen from
methanol dehydration. For HxY 4-x:Si clusters with lesser extent of cation exchange (x = 2—4), these DPE
values are well correlated with each other, in agreement with the trend derived from the first- and zero-order
rate constants in methanol dehydration (DPE},0n0.den VS- DPE gimer aen) shown in Figure 4c. For HxY (41251
clusters with greater extent of cation exchange (x = 0 or 1), DPE,,,, rpp values deviate from DPE o0 den
values. This discrepancy likely arises from the underestimated DPE,,,, rpp values (~30 kJ mol™! lower,
overestimated Bronsted acid strength) on POM clusters with weaker Bronsted acid strength caused by the
assumption of constant Ej, ,, used in eq 10a. Consequently, the DPE,, . rpp values vary within a narrower

range of 1100 to 1150 kJ mol ™! across the HxY 4-v-Si cluster series (x = 4-0, Y** = Na*, K*, Cu**, Mg**, or
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AIP"), correlating with the decrease in Brensted site densities of [H;,'yr rpp—1r]> as depicted in Figure S9b of

the Supporting Information.
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~30 kJ mol-!
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DPE 10n0,den [kJ mol™']
Figure 5. Correlations between DPEyp 550 gen derived from ky,op, in methanol dehydration and DPEy,,, rpp
derived from pyridine-TPD studies over HxY 4-v/2Si cluster series (x = 40, Y*" = Na' (green), K* (purple),
Cu?* (orange), Mg?" (gold), or AI** (blue). Diamond, x = 4; square, x = 3; triangle, x = 2; circle, x = 1; cross,

x = 0). The dashed line represents the parity line, while the solid line indicates the trend of the data points
deviating from it.

3.5. Origins of DPE Modulations upon Cation Exchanges on H4sSi POM Clusters

Scheme 3. Structures of Investigated Unexchanged and Monovalent Cations (Na" or K") Exchanged Ha4Si
Clusters of (a) H4Si, (b) H3Na*Si, (¢) Ha(Na")2Si, (d) Hi(Na*)3Si, (¢) HsK'Si, (f) H2(K")2S1, (g) Hi(K*)3Si

(@) ) (b) ‘9 (€) 0% (d) 9
) ; % \ ’
H,Si H;Na*Si Hy(Na*),Si H;(Na*);Si
4 % :’E‘, % @) Y
[
No
H3K*Si Ha(K*),Si Hi(K*)3Si

White: H, red: O, dark yellow: Si, dark teal: W. Note: DPE is calculated by removing the proton within the
grey circle.
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Scheme 4. Locations of (a) Cu**, (b) (CuOH)", (c)—(e) Cu’, (f) Mg**, (g) (MgOH)", (h) AI*", (i) (AI(OH)2)",
and (j) (AIOH)*" Cations on the Investigated H4Si Clusters

(e) (g

H,(Cu*),Si

H,Mg?*Si Hy(MgOH)™*Si H,AR*Si Hy(AI(OH),)*Si H,(AIOH)?*Si
White: H, red: O, dark yellow: Si, dark teal: W. Note: DPE is calculated by removing the proton within the

grey circle.

DFT calculations provide the DPE values (DPE = Epgy- + Ey+ — Epoy) of POM clusters and their
modulation, after exchanging a portion of protons with cations of different chemical identities and valences.
Schemes 3 and 4 show structures of unexchanged and cation exchanged POM clusters used for DPE
calculations. In each case, the DPE is calculated by removing the top-most proton (within the grey circle)
shown in the structure, while other protons are exchanged to determine the effect of vicinal counter cations
on the DPE of the same proton. We note that, when dispersion these clusters on silica, the DPE values

17,84,85

become higher than their bulk, as previously established through microcalorimetry of NH3

86-88

adsorption/desorption and of pyridine adsorption.’¢*° But at the limit of low surface densities (0.14

POM nm ?) used in our studies, DPE values of clusters remain largely independent of their loadings.

DFT calculations were first performed on H2SW12040 (H2SW), H3PW12040 (H3P), and HaSiW12040
(HaSi) clusters with S®*, P>* and Si** central atoms, respectively, using proton locations from previous work
based,® in turn, on original location screening by Janik et al.!® This study, however, utilizes more recent PBE
functionals with D3BJ dispersion correction. A comparison between DPE values between previous and this
study shows that the current DPE values are on an average of 11 kJ mol! higher than a previous work®!®
(Table S5 of the Supporting Information), which is consistent with an additional, weak van der Waals
interaction between the proton and the anion that must be overcome to remove the proton. The original
structure of H4Si cluster contains one of the four protons bound to a terminal W=0O atom of the POM (Ha4Si-
vl, Figure S11 of the Supporting Information), while all other protons in H2SW, H3P and H4Si POM clusters

are bound to W—O—W bridging O-atoms. Cation exchanges were initially performed by replacing protons
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with cations at the original proton locations from previous work. The exchange studies revealed, however,
that POM clusters were more stable in intact and conjugate anion forms, when Na* cations relaxed into
hollow positions within rings formed by W—O—W repeating units, and that four-fold hollow positions were
more stable than three-fold hollow positions. Iterations between such location screening and maximization
of physical distance between protons and cations in unexchanged and Na* exchanged clusters (Figures S11
and S12 of the Supporting Information), led to the final most stable structures shown in Schemes 3 and 4.
The new, more stable proton location found for the unexchanged, intact HaSi (Scheme 3a and Figure S11 of
the Supporting Information, H4Si-v2) contains the fourth proton at a bridging O-atom near a four-fold
hollow instead of a terminal O-atom (W=O0). Exchanges of other cations were performed at locations
consistent with Na* but the order of proton removal was checked separately for divalent cations to find the

most stable location for the exchange.

The optimized HaSi clusters bearing various types of cations, and the same cation with different
valences or hydroxides, i.e., Na", K, Cu?", Cu’, (CuOH)", Mg*, (MgOH)’, AI**, (AIOH)*', and
(Al(OH)2)"), in their most stable configurations were employed to investigate the effect of counter cations
on DPE values. Scheme 3b—d illustrates three distinct structures with one, two, or three Na* cations in four-
fold hollow sites (H3Na'Si, H2(Na")2Si, and Hi(Na")3Si), while Scheme 3e—g shows the corresponding K*
exchanged HaSi clusters (H3K'Si, H2(K")2Si, and Hi(K")3Si). Scheme 4a—e illustrates five different
structures: one with a Cu®" cation (H2Cu?*Si), another with a (CuOH)" cation at a location consistent with
the Na* exchanged HaSi cluster (H3(CuOH)'Si), and the remaining three with one to three Cu" (H3Cu'Si,
H2(Cu")2Si, and Hi(Cu®)3Si). Scheme 4f,g illustrates two nonidentical structures: one with a Mg?* cation at a
location consistent with the Cu®" exchanged HaSi cluster (H2Mg?*Si) and another with a (MgOH)" cation at
a location consistent with the Na™ exchanged counterpart (H3(MgOH)!'*Si). Scheme 4h—j captures three
dissimilar structures: one with a AI** cation (HiAI**Si), another with a (Al(OH)2)'* cation at a location
consistent with the Na* exchanged HaSi cluster (H3Al(OH)2)'*Si), and a third with a (AIOH)*" cation at a
location consistent with the Cu?" exchanged HaSi-re cluster (H2(AIOH)?*Si). In these calculations, we ignore
the modulation of Brensted acid strength arising from methanol adsorption at counter cations, as the
expected effect of adsorbed methanol on the acid strength of POM clusters is weak compared to that of

parent counter cations.’

Figure 6a compares DPE values obtained from DFT calculations (DPEpy) for the investigated POM
structures shown in Schemes 3 and 4 with those derived from methanol dehydration rate measurements
(DPEon0.den) 00 HiY@-/2Si clusters (x = 4-1, Y** = Na", K*, Cu*’, Mg*", and AI*") adjusted for DFT-

related discrepancies (DPEy, 5n0.4en = DPEmono,gen + 11 kJ mol!). For monovalent cation exchanged HxY (4-
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x=Si clusters (x = 3—1, Y?" = Na" or K"), theoretical calculations align well with experimental derived results.
The calculated DPE values increase from 1116 to 1175 kJ mol™! as the extent of cation exchange increases
and the nominal H'-to-POM ratio (x) concomitantly decreases. Comparing Na" and K* cations, K"
demonstrates a more pronounced effect on DPE promotion. However, for di- and tri-valent Cu?*, Mg?*, and
A" exchanged H.Y-»:Si clusters, theoretical calculations diverge from experimental observations. The
calculated DPE values are smaller than those of unexchanged HaSi clusters excepting for H-Mg?*Si clusters,
while the measured reactivity-averaged DPE values are slightly higher because of the interference caused by
the weak Brensted acid sites associated with hydroxides. For these di- and tri-valent cations, we also
consider the more reduced Cu* cation®” and their associated hydroxides ((CuOH)*, (MgOH)*, (AIOH)*",
(AI(OH)2)", structures shown in Scheme 4), all exhibiting an inhibitory effect on DPE of remaining protons

on POM clusters, excepting for H3CuSi and H2(Cu™")2Si clusters, which show a slight promotion effect on

DPE.
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Figure 6. (a) Comparison of DPE values derived from DFT calculations (DPEpgr) for the various POM
structures shown in Schemes 3 and 4 and those derived from kinetic assessments with methanol dehydration
chemistry (DPE,,n0den) o0 HxY@w2Si clusters (x = 4-0, Y** = Na", K*, Cu®", Mg*’, and AI’") after
considering the discrepancy in DPE values stemming from DFT calculations between this work and prior
research (DPEy,onoaen = DPEmonoden + 11 kI mol™!). The dashed line is the parity line. (b) lonic

components of DPE (EX ' DPE=EH" + Eg;,',) for the various POM structures and the associated hydroxyl

on» won

groups in CuOH*, MgOH", and AIOH?" cations, plotted as a function of their DPE},r values. The dashed
line represents the linear regression of these data points, excluding those from hydroxides.

DPE values for Brensted acidic O—H bonds comprise ionic (E{é:l) and covalent (Eg,:,) interactions, as
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previously established from examining the potential energy profiles for heterolytic O—H bond dissociation,”

and from theoretical analyses of molecular orbital hybridization.”! For Keggin-type POM clusters, E{f,;

reflects the electrostatic forces between the charge balancing proton and the conjugate POM™ anion,® while

E CP{,J; signifies the stabilization of the ion pair through electronic and structural reorganizations, as well as the
electron sharing among neighboring ions.”>* Table S6 of the Supporting Information summarizes El’f); and
Eg,:, for the investigated POM clusters shown in Schemes 3 and 4 and for the associated hydroxyl groups in
the (CuOH)*, (MgOH)", (AIOH)*" cations, whereas Figure 6b plots these Eﬁ,; values as a function of their
DPE values. Although Eﬁl); (239-446 kJ mol™!, Table S6 of the Supporting Information) is much smaller
than Efo:, (831-1093 kJ mol ")—proportionality factor for the ionic interactions, dE{(’,;/d(DPE), is 0.72
(Figure 6b), whereas that for the covalent interactions, dECP{,J;/d(DPE), is much smaller at 0.28. This finding

aligns with previously reported data on Hs..X""W12040 clusters (X" = S¢, P>, Si*', AP, Co*%;

dEiIf);/d(DPE) = 0.75%£0.08 and dEg,:,/d(DPE) = 0.25+0.08)° and underscores the primary effect of counter
cations on the ionic vs. the covalent component. For protons in the investigated hydroxides, their DPE
values (1253—1366 kJ mol™!, Table S6 of the Supporting Information) exceed those of protons on POM
clusters and their associated Eg; diverges from the established trend. Taken together, these results confirm

that protons associated with hydroxides exhibit weak Bronsted acid strength due to their unique electronic

characteristics arising from distinct structural features.”

Previous studies showed that changes in the ionic component of DPE (Eg:l) arising from changing

central atom of POM clusters are correlated with the Bader charges on the X™* 04 tetrahedral core

(q;ﬁ%}af ) at the center of the neutral Keggin clusters.® Specifically, central cations with lower valence

exhibited a more negative charge on the central tetrahedron, which increased the ionic component, because

the proton needs to overcome a greater electrostatic interaction to achieve deprotonation.”> Here, we

evaluate if the current changes in Eﬁ’,; imposed by exchanging surface protons with counter cations is also

neutral

due to changes in the charge on the central SiO;~ tetrahedra. The calculated Bader charges in qsioi-

remain constant at ~3.13 e across all investigated POM structures, shown in Table S6 of the Supporting
Information. These results indicate that cation exchange has virtually no effect on the central tetrahedron

charge. Instead, the electron density injected into the POM clusters remains in the W12036 oxide shell. Yet,
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the proton must overcome the electrostatic interaction due to this additional negative charge, which increases

the DPE.

The charge distribution within the W12036 oxide shell correlates with the atomic electronegativity of
investigated counter cations ()),'>*” which is the arithmetic mean of their ionization energy (I) and electron
affinity (A), y = (I + A)/2.°5° For the series of cations investigated here, their atomic electronegativities
increase from ~2.5 eV for K-atom (2.42 eV) and Na-atom (2.85 eV) to ~4.5 eV for Al-atom (3.23 eV), Mg-
atom (3.75 eV), and Cu-atom (4.48 eV).” Therefore, POM clusters containing Na™ and K* cations exhibit
greater charge localization within the W12036 shell, compared to those containing Cu’, Cu**, Mg?*, and AI**

cations, thereby resulting in higher anticipated DPE values.
4. CONCLUSIONS

We establish the effects of counter cations, in terms of their chemical identity, valence, and surface density,
on modulating the Brensted acid strength of remaining protons on Keggin-type polyoxometalate
tungstosilicic acid clusters (H4SiW12040) with methanol dehydration kinetic and pyridine temperature
programmed desorption probes. For monovalent cation exchanged HxY 4-x2Si clusters (Y* = Na* or K), the
DPE values of the remaining protons on POM clusters increase from 1100 to 1175 kJ mol™! with decreasing
nominal H"-to-POM ratios. For di- and tri-valent cation exchanged HxY (4-0/-Si clusters (Y = Cu?", Mg, or
AI*"), these cations exchange with protons as cation-hydroxides, with a portion dispersing on the silica
support, thereby creating Lewis acid and weak Bronsted acid sites. The overall DPE values of the residual
protons on these POM clusters fall in the range of 1100 to 1150 kJ mol™'. Density functional theory
calculations demonstrate that counter cations influence the charge distributions within the W12036 oxide
shell without disrupting the charge on the central SiOj~ tetrahedral core, thereby affecting the ionic
component of DPE more than its covalent counterpart. The lower atomic electronegativity of monovalent
cations, which results in greater electron donation to the oxide shell, is the primary electronic property
contributing to higher DPE values on POM clusters compared to di- and tri-valent cations. This work
broadens the design and library of Brensted acidic catalysts with diverse acidities and densities of
unconfined protons and aids in the elucidation of site electrostatic correlations on structurally constrained

catalysts.
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