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Abstract: Amorphous silica (SiO,) is commonly used as a support in heterogeneous catalysis.
However, due to the structural disorder and temperature induced change of surface
morphology, the structures of silica supported metal catalysts are difficult to determine.
Most studies are primarily focused on understanding the interactions of different types of
surface hydroxyl groups with metal ions. In comparison, the effect of siloxane ring size on
the structure of silica supported metal catalysts and how it affects catalytic activity is poorly
understood. Here, we have used density functional theory calculations to understand the
effect of siloxane ring strain on structure and activity of different monomeric Lewis acid
metal sites on silica. In particular, we have found that large siloxane rings favor strong dative
bonding interaction between metal ion and surface hydroxyls, leading to the formation of
high-coordinate metal sites. In comparison, metal-silanol interaction is weak in small
siloxane rings, resulting in low-coordinate metal sites. The physical origin of this size
dependence is associated with siloxane ring strain, and, a correlation between metal-silanol
interaction energy and ring strain energy has been observed. In addition to ring strain, the
strength of the metal-silanol interaction also depends on the positive charge density of the
cations. In fact, a correlation also exists between metal-silanol interaction energy and
charge density of several first-row transition and post-transition metals. The theoretical
results are compared with the EXAFS data of monomeric Zn(ll) and Ga(lll) ions grafted on
silica. The molecular level insights of how metal ion coordination on silica depends on
siloxane ring strain and cation charge density will be useful in the synthesis of new catalysts.
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1. INTRODUCTION

Amorphous silica (SiO,) is commonly used as a support for heterogeneous catalysts due
to its high surface area. Yet the interaction between supported catalytic species and silica is
often difficult to determine, partly due to the amorphous nature of the support, along with
continuous change of silica surface morphology with temperature.® At and near room
temperature, the surface mainly contains physisorbed water and hydrogen bonded silanol
groups. However, at higher temperature (200 — 400 °C), water completely desorbs from the
surface, and, dehydroxylation of silanol groups starts forming siloxane bridges (Si—O-Si) and
rings containing five to six Si—O units. At even higher temperature (> 400 °C), strained
siloxane rings, containing two, three, and four Si—O units are formed on the surface.
Therefore, the concentration of surface OH and siloxane rings and their spatial distribution
depend on the silica pretreatment temperature. When metal ions are grafted on silica,
using either strong electrostatic adsorption (SEA),” incipient wet impregnation (IWI),? or
organometallic precursors,3 they interact with either existing surface OH or OH resulting
from the hydroxylation of siloxane rings (Scheme 1). The incorporation of metal ion into the
siloxane ring may also occur during the calcination of the precatalyst at high temperature.*
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Scheme 1. Grafting of a tetravalent metal ion on a silica surface via interaction with surface silanols and
siloxane rings.

The size of the metallasiloxane rings thus formed may be critical in determining the
structure and activity of silica supported metal catalysts. For example, Demmelmaier et al.
have shown” that the activity of the Phillips catalyst (Cr/SiO,) for ethylene polymerization is
significantly enhanced when silica is pretreated above 800 °C. Small siloxane rings
containing two to three Si-O units are formed on a silica surface at this temperature. When
such small rings interact with metal ions, strained metallasiloxane rings are formed.
Demmelmaier et al. proposed that the change in catalytic activity of Cr/SiO; is due to the



formation of such strained metallasiloxane rings. Delley et al. also reported6 significant
increase of ethylene polymerization activity of Cr/SiO, when silica is pretreated at 700 °C.
They proposed the formation of two different surface Cr(lll) species, one four-coordinate
and another three-coordinate, and suggested that higher activity is due to the presence of
the coordinately unsaturated Cr(lll) site. Both studies show that pretreatment of SiO, at high
temperatures can modify the size of resulting siloxane rings, which may influence structure
and activity of silica supported metal catalyst.

Recently, we have reported the synthesis of silica supported single site Lewis acid
catalysts such as zinc’ and gallium8 for alkane dehydrogenation and olefin hydrogenation.
The XANES K-edge energy was used to verify that Zn and Ga are in the +2 and +3 oxidation
states, respectively. Room temperature EXAFS analysis of the as-prepared Zn/SiO, material
revealed that zinc sites are tetrahedral and form four metal-oxygen bonds with an average
Zn—0 bond distance of 1.95 A (black curve, Figure 1a). No Zn-Zn or Zn-O-Zn scattering
were observed confirming the presence of isolated zinc sites. However, when the
temperature was raised to 550 °C, the coordination number of zinc changes from four to
three (red curve) due to the loss of one Zn—0 coordination.
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Figure 1. (a) EXAFS spectra for Zn/SiO, at room temperature (black) and at 550 °C (red) in He (b) EXAFS spectra
for Ga/SiO, at room temperature (black) and at 550 °C (red) in air.

EXAFS of Ga/SiO, showed that Ga(lll) ions are primarily present at tetrahedral sites at a
Ga—0 bond distance of 1.81 A (Figure 1b). Minor amount of octahedral Ga(lll) was also
observed in some cases depending on the method of preparation. Interestingly, unlike Zn”,
no change in coordination was of observed when Ga/SiO, was calcined at 550 °C. There was
also no change in Ga—0 distance. Ga(lll) remains four-coordinate both at 25 °C and 550 °C.

Generally such change in metal coordination number is associated with desorption of
one or more ligands (in this case water) from the metal site, which becomes increasingly
more favorable at higher temperatures. However, our preliminary thermodynamic analysis
(videinfra) suggests that there is no apparent difference in the binding strength of water at
the Zn(ll) sites as opposed to the Ga(lll) sites. Therefore, the change in the coordination



number of Zn(ll) is not simply due to desorption of one or more waters from the metal site
at elevated temperature. The origin of different temperature effect on the structures of
these two Lewis acid metal sites on silica is unclear, but is important for understanding how
to control catalytic functionality in such types of systems. Therefore, we have used density
functional theory calculations to investigate the effect of siloxane rings on different model
structures representing four- and three-coordinate Zn(ll) and Ga(lll) ions on a SiO; support.
The results are used to provide insight into the effect of siloxane ring strain and cation
charge density on the coordination of metal ions on SiO, surface, which may play an
important role in their catalytic activity.

2. COMPUTATIONAL MODELS AND METHODS

Four possible structures (B—E) of monomeric Zn(ll) and Ga(lll) species on SiO, are
schematically shown in Figure 2. They are formed by the interaction of metal ions with
hydroxyl terminated SiO, surface (A). Structures B, C, and E represent four-coordinate (4c)
metal sites while structure D represents three-coordinate (3c) metal site. Structure B
represents metals with a terminal OH bond. Additional covalent and dative bonds are
formed with support oxygens. The numbers of such bonds though depend on the type of
metal ions. For example, Ga in 1B forms two Ga—O0Si covalent and one Ga---HOSi dative
bonds while Zn in 2B forms one Zn—-0Si covalent and two Zn---HOSi dative bonds. Structure C
represents metals with a physisorbed water molecule, which is formed when the OH on the
metal abstracts proton from a neighboring hydroxyl group. Desorption of water from C
results in the formation of structure D. Finally, structure E is a spatial isomer of D, in which
an additional dative bonding interaction between surface silanol and Lewis acid metal ion is
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Figure 2. Schematic representation of the structures considered in this study. 1B—1E represent Ga(lll) on silica
while 2B-2E represent Zn(ll) on SiO,. B, C, and E are four-coordinate sites while D is a three-coordinate site.
The siloxane rings surrounding the metal ion are marked with /, m, and n, respectively, where the letters
represent the number of Si—O units in each ring.

Note that the metal ions in Figure 2 are located at the center of three different siloxane
rings. They are marked with /, m, and n, respectively in structures D, where, the letters



represent the number of Si—O units in each ring. Although one of them is actually an M-0
(M = metal) unit, we will count it as another Si—O unit since the M occupies a Ty site
generally occupied by Si. The smallest of these rings may contain only two Si—O units.
However, ring strain is so high that such rings are formed only at a very high temperature
(>800 °C). Therefore, the two-membered rings (2MR) have been excluded in the current
analysis. Similarly, rings with more than seven Si—O units (> 7MR) have not been considered
as their concentration is expected to be very low. This leaves five different ring sizes
containing three to seven Si—-O units (3MR—7MR). To represent size of rings around the
metal ion, we have used the notation “S;,,” where 3 </, m, n £ 7. Their combination
provides a significantly large number of configurations (5P3 = 60) for a single metal ion in one
structure. For all four structures (B—E) shown in Figure 2, a total of 480 (60 x 4 x 2)
configurations are possible. Calculations involving geometry optimizations for all these
configurations are computationally demanding. Instead, in the current analysis, we have
only changed the size of one ring, say n in Figure 2, from three to seven while keeping the
size of the other two rings fixed at / = 4 and m = 4, respectively. Though this significantly
reduces the number of configurations to 40, we believe that this subset is good enough to
understand the trend in relative stability of the structures in Figure 2 as a function of

siloxane ring size and the corresponding ring strain energy.

Figure 3. Cluster models representing 1B—1E structures of Ga(lll) (blue) in the S46 configuration. The remaining
configurations are shown in the Supporting Information (Figure S2).

The absence of long range structural order is a major disadvantage of modeling
amorphous materials. In recent years, three different approaches have been adopted to
model amorphous silica surfaces. The first two approaches involve calculations imposing
periodic boundary conditions (PBC) on slabs representing amorphous silica. The slabs are
generated either from quartz’ or from melted glass structures'® pre-optimized using
molecular dynamics simulations. For example, the (100) and (111) planes of B-cristobalite

d>? to represent amorphous silica surface as they both have similar

crystal are routinely use
surface OH density (4.6/nm?), especially in hydrated conditions. However, because of the
uniform spatial distribution of OH on the crystalline surfaces, the resulting metallasiloxane
rings do not vary in sizes, making surface models derived from these crystal planes
inadequate to study the ring size effect. In the second approach, amorphous silica structures
are obtained from MD simulations®® which contain siloxane rings of varying sizes. However,

the large number of configurations mentioned above make periodic slab calculations
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practically very difficult. The third approach involves truncated cluster models to represent
silica structure locally. In this study, we have adopted the cluster approach and
silsesquioxane cages are used to model silica. It has been shown'? in the past that
silsesquioxane cages are good representatives of amorphous silica.

The size of siloxane rings in the cluster models has been systematically varied. For
example, the Sa46 configuration (/ = 4, m = 4, n = 6) shown in Figure 3 represents Ga(lll) at
the center of two 4MR and one 6MR. The models of the remaining configurations used in
this study, i.e., Sa43, Saas, Sass, and Sa47 are shown in the Supporting Information (SI). The
atoms in the bottom half of the clusters were kept frozen during the structure optimization.

The free energies of grafting Zn(ll) and Ga(lll) on silica are computed on the basis of the
following equations:

A + Ga(OH)s = 1B/1C + 2H,0 (1)
A + Ga(OH)s = 1D/1E + 3H,0 2)
A +Zn(OH), = 2B/2C + H,0 (3)
A + Zn(OH), = 2D/2E + 2H,0 (4)
AGi/1c = E1g/ac — Ea + 2GHoo — Gea(oH)3 (5)
AGip/ie = E1p/1e — Ea + 3Ghao — Gaa(oH)3 (6)
AGap/2c = Ezp/2c — Ea + GH20 — Gzn(oH)2 (7)
AGap/2e = Eapj2e — Ea + 2GH20 — Gzn(oH):2 (8)

As noted above the free energy contributions are included only for the gas phase species
while for the surface species, zero-point corrected electronic energies are used in the
calculations. The calculations are performed using the B3LYP*® density functional and triple
zeta basis sets (TZVP)' for all atoms as available in the D.01 version™ of Gaussian-09
program.

While the computational limitations of using periodic slab calculations in the study of ring
size effect are understandable, such calculations incorporate long range electronic and
geometric effects which are important in some systems. In comparison, clusters only
represent local structures and sometimes the accuracy of cluster calculations may depend
on the size of the clusters. There are several studies comparing the accuracy of computed
energies, vibrational frequencies, and other parameters obtained from periodic and cluster

111618 £ example, Tielens and coworkers' have performed extensive studies

calculations.
to compare energies of different Cr(VI) species on silica obtained from periodic slab and
cluster calculations. They have found while the absolute energies may vary sometimes, the
relative stability of different Cr(VI) species remains almost always similar for these two
different approaches, suggesting that electronic and geometric effects on silica are mostly
confined within the local boundary. We have also found a similar trend in our own test

calculations on Ga(lll) species. The PBC calculations are performed using the plane wave
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basis functions™® and PBE functional® available in VASP*®?! (further details can be found in
the supporting information), while the cluster calculations are performed as mentioned
above. As shown in Table 1, the relative stabilities of three different Ga species follow a
similar trend. Moreover, the differences in relative energies between PBC and cluster
calculations are not much, further validating that the size and termination of clusters may
have marginal effect on the accuracy of relative stability of different surface species.

Table 1. Relative energies (kcal/mol) of different Ga(lll) species on silica computed using periodic slab and
cluster calculations at the DFT level. See text for more details.

structure periodic slab model cluster model
1B -34.4 -30.5
1C -26.6 -27.6
1D 0.0 0.0

The ring strain energies (AEgs) are computed following Eq. (9)

AEgs = (Enmr — Enmc) — (Esmr — Eomc) (9)

where, E,vr and E,vc represent zero-pointed corrected energies of n membered silica ring
and the corresponding open chain structure, respectively.22 The ring strain energy is
computed relative to the strain energy of the six-membered ring, commonly observed in
both crystalline and amorphous silica materials. The details of the procedure used for ring
strain energy calculations can be found in the supporting information. The computed ring
strain energies of 3—7 membered siloxane rings are listed in Table 2. The results are
consistent with previous calculations. For example, AEgs in 3MR were predicted to be
between 20.3-25.1 ki/mol.”?* The variation in the predictions is due to the different levels
of theory as well as different approaches used in the calculations.

Table 2. Ring strain energies (AEgs) as a function of siloxane ring size.

ring size (n) AEgs (kJ/mol)
3 28.07
4 4.80
5 1.10
6 0.00
7 0.33

The experimental details of XANES and EXAFS measurements of Zn/SiO, and Ga/SiO, are
available in our previous publications.”?



3. RESULTS AND DISCUSSION
3.1 Free energy of grafting Zn(ll) and Ga(lll) ions on SiO,

The primary objective of this work is to understand relative stability of surface species in
hydrated and dehydrated conditions and how it is affected by the presence of silica rings of
different sizes. However, at first, we have looked at the strength of interaction between the
metal ions and oxide surface. For this, we have computed the reaction free energies (Table
3) involved in the process of grafting zinc and gallium precursors, Zn(OH), and Ga(OH)s,
respectively, on hydroxylated silica surface following Eqgs. (1)—(8). The cluster models
representing hydroxylated silica surfaces (A) can be found in Figure S1. In most cases, the
reaction free energies are negative, suggesting grafting of both Zn(ll) and Ga(lll) on silica
surface is thermodynamically favorable both in hydrated (25 °C) and dehydrated (550 °C)
conditions. This is consistent with EXAFS analysis that shows both Zn(ll) and Ga(lll) are
bound to silica as isolated ions forming Zn—0-Si and Ga—0-Si linkages, respectively, even at
high temperature. However, binding strengths of different surface species change with
temperature no matter what are the sizes of the silica rings. In general, B and C have higher
binding strengths at low temperature while at high temperature structures formed
following the elimination of water (D and E) are thermodynamically more stable. This is true
for both Zn(ll) and Ga(lll) ions.

Table 3. The effect of siloxane ring size on DFT computed reaction free energies of grafting Zn(ll) and Ga(lll) on
silica surface at 25 °C and 550 °C.

Ga(lll) at 25 °C Zn(ll) at 25 °C
n 1B 1C iD 1E 2B 2C 2D 2E
3 -155 -123 3.2 -12.8 -7.9 0.9
4 -16.4 -17.0 -3.2 164 -139 -17.3 -12.2
5 -16.1 -18.5 -7.6 -6.2 -13.1  -194 -16.3 -7.9
6 -16.8 -195 -10.8 -13.2 -13.1  -202 -181 -12.0
7 -16.6 -19.2 -11.7 -143 -123 -20.0 -186 -12.0
Ga(lll) at 550 °C Zn(ll) at 550 °C
3 -20.1 -16.8 -26.3 2.0 6.9 -9.2
4 -209 -215 -327 -13.1 0.9 -2.5 -22.2
5 -20.7 -23.0 -37.1 -357 1.8 -4.6 -26.4 -17.9
6 -21.3 -241 -40.2 -42.7 1.8 -5.4 -28.2 -22.1
7 -21.1 -23.7 -41.2 -4338 2.5 -5.2 -28.7 -22.1

3.2 Relative stability of surface species and ring size dependence

Relative Gibbs free energies (AAG) of four-coordinate B, C, and E with reference to three-
coordinate D have been plotted as a function of siloxane ring size in Figure 4. The top two
figures are for gallium at 25 °C (left) and 550 °C (right), respectively. The bottom two figures



are for zinc under similar conditions. For Ga at 25 °C, the most stable structure is
represented by 1C, a 4c-Ga(lll) with physisorbed water, except for the Ss43 configuration, in
which case, 1B with a terminal Ga—OH bond is slightly more stable. However, desorption of
water from 1C and subsequent formation of either 1D or 1E is endothermic at this
temperature. Interestingly, the size of siloxane rings significantly affects the extent of
endothermicity. Small siloxane rings significantly favor 1C over 1D and 1E. For example, in
the cubic silsesquioxane cage structure (Sass, n = 4), which is exclusively used in the
literature as silica surface model, 1C is approximately 33 kcal/mol more stable than 1E and
13kcal/mol more stable than 1D. However, in the Sa46 configuration (n = 6), both differences
are significantly reduced to within 7 kcal/mol.
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Figure 4. Relative free energies (AAG) of four-coordinate B, C and E with reference to three-coordinate D for
Ga(lll) (top) and Zn(Il) (bottom) on silica at 25 °C (left) and 550 °C (right) for different siloxane ring size
distributions (S;,,,). Here, only the size of n is varied keeping | and m fixed at 4. See text for more details.

When the temperature is raised to 550 °C, there is a significant change in the relative
stability of the structures. 1C is no longer the preferred state for gallium. Instead 1D, and,
for limited configurations (Sa4s, Sass, and Sas7), 1E become significantly more stable. The
relative stability of 1D and 1E is, however, very sensitive to the distribution of siloxane rings.
Smaller rings such as Sas3 significantly favor the formation of 1D. Its superior stability is
reflected in our failed attempt to optimize 1E in Ss43 configuration. In the Ss44 configuration



also, a large energy difference, approximately 20 kcal/mol, is found in favor of 1D over 1E.
Interestingly, as ring size increases further, the energy difference between the two
structures begins to merge. At n = 6 (Sa46), there is a shift in the relative order of stability,
and 1E now becomes lower in energy than 1D. After n = 6, 1E continues to be the most
stable structure and there is almost no change in AAG, which indicates that any further
change in siloxane ring size should not affect the relative stability of the two structures.

For Zn(ll), similar to Ga(lll), the structure with physisorbed water (2C) is also the lowest
energy state at room temperature for all ring sizes except Sas3, in which case, 2B with a
terminal Zn—OH bond has significantly lower energy. Although the increase in ring size tends
to favor desorption of water from 2C and subsequent formation of 2D, their relative order
of stability does not change at 25 °C. At 550 °C, however, 2D is clearly significantly more
stable than 2C for all configurations. Here again, we failed to optimize 2E in Ss43 and Sss4
configurations. Such calculations always converged into corresponding 2D structures,
suggesting that 2D is significantly more stable than 2E in small rings. As ring size increases,
2D continues to be more stable than 2E although the energy difference between the two
slowly converges before hitting a plateau. For example, 2D in S4s is approximately 10
kcal/mol more stable than 2E. When the ring size increases in Sa46, the energy difference
between the two is reduced to 7.5 kcal/mol in favor of 2D. However, if the ring size
increases further, the difference does not change much suggesting that the 2D is always
more stable than the 2E for Zn(ll). This is in sharp contrast with Ga(lll) for which the order of
stability of the two structures changes when the ring size increases.

3.3 Interpretation of EXAFS data of Ga/SiO, and Zn/SiO,

Based on these results we propose that four-coordinate Ga(lll) seen in EXAFS for as-
prepared Ga/SiO, at room temperature is represented by 1C. The Ga-O bond distance of
1.87 A computed for 1C is slightly longer than the estimated bond length (1.81-1.84 A) from
the EXAFS data. The size of siloxane rings has negligible effect on the computed Ga—0 bond
distance. Although the room temperature structure is represented by 1C, at 550 °C this is no
longer the most stable state. We predict that the high temperature structure is represented
by 1E. The relative stability of 1E versus 1D, however, depends on siloxane ring size.
Especially if the small rings consisting of three and four Si—O units are present on the
surface, 1D is energetically preferred over 1E. However, such small rings are primarily
formed above 700 °C.>® Therefore, it is more likely that structure 1E, which is preferentially
formed in the presence of large siloxane rings, is present on the surface at 550 °C. This is not
surprising given that silica sample in the experiments was used as it was received without
further thermal pretreatment at a higher temperature. On the other hand, our results also
imply that 3c-Ga(lll) can be stabilized by increasing concentration of small rings on the silica
surface.

Similar to Ga(lll), the room temperature 4c-Zn(ll) is represented by structure 2C. The
computed Zn—0 bond distance is again marginally longer (2.01 A) than the experimental Zn—
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O bond distance derived from EXAFS data (1.95 A). The reduction of coordination number of
zinc from four to three at 550 °C is due to the formation of 2D. In fact, our thermodynamic
analysis suggests that water desorption from 2C may occur at a much lower temperature. In
a previous study, Schweitzer et al. observed such reduction in zinc coordination starting at
approximately 200 °C. The Zn—0 bond distance (1.95 A) in 2D is slightly reduced from 2C
(2.01 A), which is consistent with high temperature EXAFS data.

The free energy analysis of the structures presented here reveals that at low
temperature, tetrahedral metal sites are formed with either a terminal metal-hydroxyl bond
(B) or a physisorbed water (C). The relative stability of these two structures is sensitive to
ring size with smaller rings favoring the structure with terminal OH bond. We have also
noticed that the relative stability of B and C depends on the cluster truncation methods,
especially on atoms and groups used to saturate the dangling bonds at the cluster boundary.
While the general trend remains the same, the crossover point from B to C and the
associated structural parameters may significantly change depending on whether the
clusters are terminated with hydrogens (H) or hydroxyls (OH). While the latter approach is
more accurate, it is also computationally expensive, especially for clusters comprising large
siloxane rings. The calculations using hydrogen truncated cluster models suggest that 2C
overcomes the stability of 2B at n = 4. In comparison, the same calculations using hydroxyl
truncated cluster models suggest that 2B to 2C crossover takes place at a slightly larger ring
size. The hydroxyl truncated clusters also yield structural parameters similar to experiments.
For example, the Zn—-0 bond distance in 2C is computed to be 1.95 A using OH-truncated
clusters, which is similar to EXAFS, while the Zn—0 distance computed using H-terminated
clusters appears to be significantly stretched (2.01 A).

3.4 Effect of siloxane ring strain on metal-silica interaction

The free energy analysis suggests that structures D and E are, in general, more stable than
structures B and C at high temperature. This is not surprising and is because of the entropy
effect of water, which is released in the process. The relative stability of D and E, however,
depends on two factors, namely, the siloxane ring size and type of metal ion. The free
energy trend of 1E clearly shows that this structure becomes increasingly less stable as size
of siloxane rings decreases. This is also true for 2E, even though the numbers of data points
are limited for 2E. The major difference between structures D from E is the presence of an
additional dative bonding interaction between the metal ion and a neighboring silanol group
(Si—OH). In principle, such an interaction may also be present between a metal ion and a
siloxane bridge (Si—O-Si). The energy difference between D and E, therefore, can be defined
as the free energy of interaction (AG;) between metal ion and silanol (AG; - AGg - AGp). Since
we have seen that strain (AEgs) of siloxane ring increases as the ring size decreases (Table 2),
it is likely that AG; will also depend on AEgs. The two parameters are plotted against each
other in Figure 5a for Ga(lll) in S44, configurations, where n = 4-7. Although these results
need to be interpreted carefully because of the limited number of data points, there is
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clearly a trend, which suggests that the metal-silanol interaction becomes increasingly less
favorable (more positive) as ring size decreases. Therefore, higher ring strain is the reason
why small siloxane rings do not favor additional metal-silanol interactions, and, increase the
possibility of formation of low-coordinate metal sites.

6
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Figure 5. Relations between siloxane ring strain energy (AEgs) and (a) Ga—SiOH interaction energy (AG;) and (b)
free energy of water formation (AGy,0) on Zn(ll) (blue) and Ga(lll) (red) sites on SiO,.

Ring strain energy also explains the relative stability of structures B and C. The energy
difference between these two states can be defined as the free energy of water formation
on the metal site (AGHy0 = AGc — AGg). It appears that AGy,o is linearly correlated with AEgs
both for Zn(ll) and Ga(lll) (Figure 5b). As ring strain increases, AGy,o also increases and
becomes positive, suggesting that the dissociated state (B) is more stable in smaller rings.
This is not surprising as water dissociation results in the formation of a terminal M—OH bond
and an additional surface hydroxyl group. This helps to release some of the ring strain. In
contrast, in large rings, the ring strain is significantly reduced and the metal ion with
physisorbed water is already in a very stable state, and, therefore, water dissociation
becomes unfavorable.

As mentioned in the Introduction, the effect of the siloxane ring size on the structure of
metal ion active sites on SiO, is not completely unknown. Demmelmaier et al., for example,
have reported® that the size of choromosiloxane rings affects the olefin polymerization
activity of the Phillips catalyst (Cr/SiO,). They have shown that unstrained 4MR formed at
200 °C are incapable of initiating polymerization in ethylene while strained 3MR formed at
high temperature (~800 °C) spontaneously induce ethylene polymerization. They have
attributed the change in catalytic activity to ring strain. On the other hand, Delley et al. also
recently studied® the activity of the Phillips catalyst using a number of spectroscopic
characterization techniques and density functional theory. One of the key findings of their
study was that the activity of the Phillips catalyst is greatly enhanced when the silica is
pretreated at very high temperature (700 °C) due to the formation of under-coordinated
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Cr(Ill) site, which is catalytically active. While in both studies, silica was pretreated at a very
high temperature (700-800 °C), the origin of enhanced activity of the Phillips catalyst
proposed by these two groups appears to be completely different, i.e., metallasiloxane ring
strain versus formation of unsaturated metal site. Interestingly, our theoretical results
suggest that these two seemingly different properties are actually related. We have shown
that large siloxane rings favor interaction between a metal ion and SiOH. We expect that
large siloxane rings will also favor similar interaction between a metal ion and SiOSi
(siloxane bridge). Such interactions result in the formation of higher coordination metal
sites. In contrast, small rings with higher ring strain, disfavor metal-SiOH or metal-SiOSi
interactions and increase the chance of formation of lower coordination site. This may be
what is happening in the case of the Phillips catalyst. When silica is pretreated over 700 °C,
small siloxane rings are formed. When Cr(lll) ions are grafted on these sites, their
incorporation into the small rings result in the formation highly strained chromosiloxane
rings. Since strained chromosiloxane rings do not favor interaction of metal ions with SiOH
and SiOSi, the three-coordinate sites are energetically more stable than four-coordinate
sites in this condition. The low-coordinate sites are more reactive, and, therefore, activation
of C—H bonds in ethylene at these sites is comparatively easier, which results in better
activity. In fact, this is an example that shows how rings strain assists in the formation of
unsaturated metal sites and thus increases catalytic activity.

3.5 Effect of cation charge density on metal-silica interaction

Ring strain is, however, not the only parameter affecting the metal ion coordination. The
type of metal ions may also affect the relative stability of D and E as has been seen for Zn(ll)
and Ga(lll). For example, 2E is always higher in energy than 2D for all ring configurations
considered in this study. In comparison, the energy of 1E becomes lower than 1D aftern=5
(Sa4s). Since zinc and gallium are in different oxidation states, we want to understand how
much the formal charge on metal ions affects AG;. For ionic crystals, generally a triangular
planar structure is observed when the cation to anion ratio (M"/0%) is between 0.155-
0.225. Similarly, if the ratio is between 0.225-0.414, a tetrahedral structure is observed. This
is known as the so called “radius ratio rule”.”® However, this correlation may not be
applicable for amorphous SiO,. Our calculations show that AG; depends on the charge
density of the metal ions. The AG; of several first-row transition metal ions embedded in the
Sase cage were computed. This includes V(III), Mn(ll), Fe(ll), Fe(lll), Ni(ll), and Cu(ll) besides

Zn(ll) and Ga(ll). The charge density of the ions was obtained using Eq. (10),

charge density (n.) =3 1 3 (10)

37T

where, g; and r; represent charge and ionic radius of the metal ions, respectively. The ionic
radii used to calculate the charge density of four-coordinate metal ions were obtained from
the work of Shannon.?”” The ionic radius of tetrahedral V3* was not available in this
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reference. The size of the tetrahedral ion was estimated from the ionic radius of an
octahedral V**(0.64 A) and the ionic radii difference (0.1 A) between tetrahedral V** and
octahedral V** ions, i.e., ri(Ty V3+)= 0.64 - 0.1 = 0.54 A. When AG, for different metal ions are
plotted against corresponding charge densities (Figure 6), the two appear to be linearly
correlated. The correlation suggests that metal ions with lower charge densities such as the
divalent transition metals have greater tendency to form three-coordinate structures
because of their weak interactions with surface silanols (Si—OH) and siloxane bridges (Si—O—
Si). On the other hand, metal ions with higher charge densities such as Fe*" and Ga** exhibit
stronger interactions with Si—-OH and Si—0-Si, and hence, favor four-coordinate structures.
Although V** has a similar formal charge as Ga**, the calculations suggest that the three-
coordinate V3* is more stable than four-coordinate V3* (AG; > 0) in the Sa46 configuration.
This emphasizes the importance of considering charge density over formal charge as V3* has
comparatively larger ionic radius and hence lower charge density. The linear relationship in
Figure 6 is, therefore, useful to predict the coordination number of unknown metal ions in
similar environments.
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Figure 6. The metal-silanol interaction energy (AG;) as a function of cation charge density (n.).

Apart from Zn(ll) on silica, there are additional experimental evidences that support the
trend observed here. For example, Hu et al. recently reported? the synthesis of single site
Fe(l1)/SiO, catalyst for propane dehydrogenation using surface organometallic chemistry.
Fe(ll) is tetrahedral in the as prepared catalyst with average Fe—O bond distance of 1.95 A.
After calcination at 650 °C in H,, Fe(ll) becomes three-coordinate as confirmed from XANES
and EXAFS analysis and the Fe—O bond distanced is reduced to 1.82 A. The Fe—O bond
distances in the optimized four and three-coordinate structures of Fe(ll) in S446 configuration
are predicted to be 2.05 A and 1.96 A, respectively. The large deviations from experiments
are again partly due to the artifact of cluster truncation with H atoms and partly due to the
effect of different ring size distributions. Nevertheless, the significant change in Fe-O
distance from four to three-coordinate structures is consistent with experimental
observation. Hu et al. have also reported” the synthesis of single site tetrahedral Co(ll) on
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silica using SEA method but did not see any change in either oxidation state, coordination
number, or Co—O bond distance when the sample was calcined at 550 °C. This perhaps
indicates that even higher temperature is required to observe a change in the coordination
number of Co(ll) on silica. However, higher temperature may also favor reduction of the

9

metal into corresponding metal nanoparticles,2 in which case the change in metal site

coordination will remain obscure.
3.6 Relevance to catalysis

The general results of this study show that low coordinate metal ions are formed when
coordinated to small siloxane rings on SiO,. In addition, the temperature at which
coordinative unsaturation occurs, and potentially higher catalytic activity, depends on the
charge density. For example, Zn(ll) ions become three coordinate at 550 °C, while Fe(ll),
Ga(lll) and Co(ll) remain four coordinate. At 650 °C, Fe(ll) becomes three coordinate while
Co(ll) and Ga(lll) remain four coordinate. Below we have discussed one example where
formation of low-coordinate metal sites may be useful in the design of new catalysts.

We have found that the catalytic dehydrogenation of alkane to olefin by silica supported
37828 The first step in this

reaction is the heterolytic activation of alkane C—H bond over the metal-oxygen bond

single site metal catalysts involves a non-redox mechanism.

resulting in the formation of metal alkyl species. This is followed by the B-H transfer (or,
elimination) from alkyl to metal site and formation of olefin and metal hydride. The rate
determining step of this reaction depends on the type of the metals. For post-transition
metal ions such as Zn(ll) and Ga(lll), the B-H transfer step is the rate determining while for
transition metal ions such as Co(ll), the C—H activation is the rate determining step. The
presence of low-lying partially occupied d-orbitals in Co(ll) facilitates transfer of partially
negatively charged hydrogen in the transition state. However, because Co?* is a poor Lewis
acid, especially in the four-coordinate state, the Co—O oxygen bond is less polar, and
therefore, heterolytic activation of C—H bond requires more energy. This suggests that an
increase of Lewis acidity in single-site Co(ll) will bring down the C—H activation barrier and
improve overall catalytic activity. One way to achieve this is to create low-coordinate Co(ll)
sites. Our theoretical results suggest that the presence of strained cobaltosiloxane rings on a
silica surface will favor formation of 3c-Co(ll) sites. This can be achieved by pretreating silica
at a very high temperature before grafting of the metal. High temperature will improve the
concentration of small siloxane rings on the surface which, in turn, will favor the formation
of strained metallasiloxane rings. Studies to prepare coordinative unsaturated, single site
Co(ll) dehydrogenation catalysts is in progress.

4. CONCLUSIONS

In summary, the influence of siloxane ring size on the coordination number of single Zn(ll)
and Ga(lll) ions on a silica surface has been investigated using density functional theory
calculations. The following conclusions can be drawn:
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At room temperature, structures with terminal metal-hydroxyl bonds and
physisorbed water are energetically preferred. At high temperature, though, the
structure and metal-silica coordination depend on the interaction of metal ion and
surface silanol group.

Small siloxane rings with large ring strain energy do not favor such interaction, which
leads to the formation low-coordinate metal sites. Large siloxane rings, on the other
hand, favor metal-silanol interactions and higher coordination sites.

We have also found that when the ring size remains unchanged, the coordination
number depends on the charge density of different metal ions. Metal ions with
higher charge density, in general, show higher coordination number. This explains
why silica supported Zn(ll) is three coordinate but Ga(lll) is four-coordinate at high
temperature, as observed experimentally.

The linear dependence of coordination number and charge density with ring strain
energy found here provides a way to predict the structure of other silica supported
metal catalysts.

The theoretical results presented here showing how siloxane ring strain and metal ion
charge density affect the formation of low-coordinate metal sites can be used in future
studies of catalyst design.
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