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1. Introduction 

 

Porous materials play an ever expanding role in many 

technologically important fields including separation science, 

catalysis, advanced electronics and alternative energy 

technologies [1-5].  In particular, heterogeneous catalysts 

involving active metal sites bound to the surfaces of porous 

metal oxide supports are used extensively in many important 

chemical industries [6,7].  A long standing challenge in 

heterogeneous catalysis centers around involves the 

development of rational strategies to make supported catalysts 

composed of high densities of exactly one type of active site 

on the surfaces of support materials.  While several 

technologies have been developed for the preparation of 

micro- and mesoporous oxides, it is generally difficult to 

combine these protocols with the single site axiom that is 

essential to obtain high selectivity in chemical catalysis.  The 

development of a general, broadly applicable synthetic 

protocol in which specific elements of the structures of 

extended, porous solids are controlled at several length scales 

(atomic, nano, meso and macro) represents a current challenge 

in nanoscience, catalysis and materials science in general. 

Mesoporous (2 nm < pore width < 50 nm) metal oxide 

materials are in many ways ideally suited to be used as 

supports in catalysis.  The surface area and number of surface 

sites in such materials can usually be kept high (>100 m
2
/g) 

leading to high activity for a catalyst.  Equally important is the 

fact that the internal surfaces of mesoporous systems are 

accessible to most small molecules substrates of interest in 

catalysis and diffusional processes can usually be made fast 

relative to the inherent kinetics of the catalysis.  Surfactant 

templating of aqueous based sol-gel solids is a very powerful 

technology that has been developed to prepare mesoporous 

supports [8,9].  However, the use of templates that must be 

removed after the solid is formed adds to the cost, time and 

complexity of these technologies and in many cases are 

incompatible with the conditions required to obtain single site 

metal-supported catalysts.  Hence, avoiding the use of 

templates to obtain porous solids is of great technological and 

scientific interest.  Furthermore, incorporating active metals 

onto the surface structures of mesoporous supports in a 

targeted fashion is still quite challenging due to heterogeneity 

in the functional groups typically found on the surfaces of 

metal oxides [10].  Thus preparing single site catalysts in 

mesoporous support systems remains difficult in the field of 

heterogeneous catalysis and represents a type of nanostruc-

turing challenge in which the identity and dispersion of active 

sites in the system must be carefully controlled while 

simultaneously engineering the porosity of the support matrix 

to a desired range for application. 

We have recently described a simple, broadly 

applicable synthetic methodology with which to target and 

prepare homogeneous distributions of well-defined metal sites 

on the surfaces of silicate support matrices [11-13].  This 

synthetic methodology involves the use of a nanometer sized 

silicate building block (Si8O20), nonaqueous sol-gel linking 

reactions and a sequential dosing strategy for cross-linking the 

matrix together (Figure 1). 

In the case of atomically dispersed metal sites, the 

connectivity, i.e. the number of bonds that holds a metal cation 

in place on the silicate surface, can be targeted at the time of 

synthesis.  In the work described here we explore how this 

strategy to obtain single site catalysts may be expanded to 

include controlling the surface area and porosity of the final 
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metal-silicate matrix.  Ultimately we seek to articulate a simple 

synthetic protocol in which specific, single site, metal-based 

active sites on a silicate support may be targeted while also 

achieving both high surface area and a pore size distribution in 

the mesopore range.  Brunauer Emmett Teller (BET) as well as 

DFT analyses of nitrogen adsorption isotherm data show that 

final surface areas and pore size distributions obtained for 

these materials may be controlled in a predictable fashion 

simply by adjusting the stoichiometric ratio of the precursor to 

the cubic Si8O20 silicate building block in the matrix to the 

linking agent used to cross-link cubes together.  These results 

can be rearticulated into a general methodology for preparing a 

dense array of targeted active metal sites while also controlling 

the porosity of the silicate support matrix. 

 

2. Experimental Details 

 

All reagents and solvents were handled under air and 

water free conditions (Schlenk techniques and N2 glove box).  

The linking reagents used in these studies are metal 

tetrachlorides or the pyridine adduct of silicon tetrachloride, 

SiCl4py2 [14].  In the studies described here, these reagents can 

be used interchangeably with one another as the pyridine 

ligands decoordinate from silicon and are removed from the 

system as chloride ligands are replaced with oxide links.  TiCl4 

was distilled and stored in a Teflon sealed bulb.  ZrCl4 was 

used as received (Strem).  The trimethyl tin cube, 

Si8O20(SnMe3)8 was prepared according to the literature [15].   

2.1. General synthesis of nanostructured silicate building 

block supports 

Nanostructured silicate building block supports were 

synthesized following our previously reported procedure [13].  

In general, varying amounts (Table 1) of the “tin cube” 

(Si8O12(OSnMe3)8) and SiCl4py2 are transferred to a Schlenk 

reaction vessel followed by the addition of approximately 30 

mL of toluene.  The solution is stirred at 80°C under static 

vacuum for up to 24 hours whereupon all volatiles (solvent, 

trimethyltin chloride, pyridine) are removed under dynamic 

vacuum.  The resulting solid is analyzed without further 

treatment.  Other metal chlorides (TiCl4, ZnCl4) are handled in 

an identical fashion but do not contain coordinated pyridine 

ligands. 

 

2.2. Gravimetric analysis and determination of connectivity 

of linking atoms (Si or Ti) to Si8O20 matrix 

In a typical experiment, weighed amounts of the tin 

cube, Si8O20(SnMe3)8 and the silicon tetrachloride pyridine 

complex, SiCl4py2 (or TiCl4) that satisfied the targeted 

stoichiometric ratio (see Figure 5) were combined and allowed 

to react to completion in a sealed, tared Schlenk vessel.  All 

volatile components were then removed from the reaction 

mixture and collected quantitatively in a cold trap (77 K).  

NMR spectra of the volatiles verified that only solvent, 

trimethyltin chloride and pyridine were present.  The total 

weight loss that accompanied each reaction was determined 

and, together with the ratio of pyridine to ClSnMe3 obtained 

 
 

Figure 1. General illustration of the building block solids formed from nonaqueous sol-gel reactions described herein. 

 
Table 1.  Calculated parameters from the nitrogen adsorption analysis at 77K. 

 

Sample aVSP (cm3/g) bVmi (cm3/g) cSmi (m
2/g) dSBET (m2/g) ewDFT (nm) 

1.5 eq SiCl4py2 0.18 0.09 125 288 1.1 

2.5 eq SiCl4py2 0.80 0.13 165 767 4 (2.7) 

4.0 eq SiCl4py2 1.78 0.05 60 732 ~5 (1.7) 

6.0 eq SiCl4py2 0.77 0.003 3.6 466 2.7, >50 
 

a single point pore volume from adsorption isotherms at p/p0 ~0.98;  
b, c  micropore volume and surface areas calculated from cumulative plots derived from DFT models of the total adsorption isotherm 

for pore sizes up to 2 nm  
d specific surface area calculated using the BET equation in the relative pressure range of 0.05-0.20;  
e major (minor) maxima in the PSDs obtained from DFT models assuming slit-like pore geometries.  Values in parentheses are 

maxima in the meso or macropore ranges 

 



 

3 

 

 

Journal of Nanoscience Letters                                                                                                                                      J. Nanosci. Lett. 2015, 5: 6 

Cognizure 

www.cognizure.com/pubs    © Cognizure. All rights reserved. 

  

 

from NMR, the moles of both free pyridine and the 

trimethyltin chloride generated in a reaction were determined.  

In all reactions, NMR and gravimetric data indicated that 

pyridine was quantitatively removed in these reactions.  As 

illustrated in Figure 2, the amount of ClSnMe3 produced in the 

reaction defines the average number of chlorides lost from the 

linking atoms between cubes (the average number of bonds 

formed between the linking atom and surrounding cubes in the 

matrix, i.e. linking group connectivity) as well as the average 

number of trimethyl tin groups lost from a cube in the matrix.   

 

2.3. Instrumentation and measurement protocols 

Nitrogen at 77 K adsorption isotherms were measured 

using a Micromeritics ASAP 2020 instrument. Solid powders 

were transferred into adsorption sample tubes inside a nitrogen 

filled glove box.  All samples were outgassed under vacuum at 

80
o
C for at least 12 hours before measurement.  The specific 

surface areas were calculated using the BET method [16,17] in 

the relative pressure range from 0.05 to 0.20 [18].  The 

cumulative pore volume and surface areas were calculated 

using DFT method (Micromeritics MicroActive software 

package [19]) of the adsorption branch of each isotherm 

assuming slit-like pore geometry.  The pore size distributions 

(PSDs) were calculated by taking the derivative of the 

cumulative pore volumes as a function of pore widths from 

DFT models. 

SEM was performed using a FEI Quanta 400 FEG 

instrument.  Samples were mounted on aluminum stubs with 

conductive carbon tape adhesive and sputter-coated with 10 

nm of Au prior to imaging.  Images were obtained at an 

accelerating voltage of 30 keV. 

 

3. Results and Discussion 

 

The chemical reaction that is used to construct these 

building block matrices involves a metathesis reaction wherein 

a free trialkyltin chloride molecule is formed as each new M-

O-Sicube linkage is formed (Figure 2).   

Gravimetric analysis of the weight change (loss of 

ClSnMe3 and pyridine) in these reactions indicates all 

chlorides on MCl4 cross-linking reagents are reactive and 

conversely, that each corner of the cube remains reactive as all 

the trimethyltin groups are lost from around the cube. 

Figure 3 shows the dependence of the average 

connectivity achieved around linking silicon atoms between 

cubic building blocks on the stoichiometric ratio of precursor 

chloride SiCl4py2 to the tin cube.  At low ratios of SiCl4py2 to 

cube, high connectivities close to the maximum of four are 

achieved.  As this ratio is increased the connectivity decreases 

monotonically.  At large excesses of linking reagent (> 6) a 

limiting connectivity close to one is achieved.  It is important 

to note that except for the very low and very high ends of this 

range the connectivity represents an average of the population 

weighted distribution of all cross-linking sites in the matrices 

that are formed in these reactions (1C-, 2C-, 3C-, and 4C-Si 

centers) [13].  At either high or low ratios of SiCl4py2 to cube, 

limiting connectivities are achieved which can be used as part 

of a synthetic strategy to obtain homogeneous distributions of 

identical linking centers throughout the matrix [11].   

The solids that result from these linking reactions are 

all amorphous, porous glasses.  As such, they exhibit no 

evidence of coherent X-ray scattering.  SEM images, typical 

for any of the solids described here, are shown in Figure 4.  

Broad distributions in particle size (1 – 100 microns) are 

observed for all samples.  The particles have irregular shapes 

and show no sign of long range order, uniform crystal faceting, 

or regular fracture geometries typical of crystalline materials.  

At higher magnification (4b), the surfaces of these particles are 

seen to be very rough and cavitated on a length scale of a few 

microns.  At the highest magnification studied (4c), much 

smaller (~0.1 microns) particles are observed on the surfaces 

of the particles.  These images are consistent with the sudden 

precipitation of non-annealed, irregular solids from solvent as 

cross-linking progresses, causes oligomers to grow to a critical 

 
 

Figure 2. Schematic illustration of the reactions leading to the formation of Si-O-M links between cross-linking reagents and the tin cube, 

Si8O20(SnMe3)8.  The maximum connectivity (four for MCl4 reagents) is reached when the ratio of chloride reagent to cube is kept below 

one.  

 

 
 

Figure 3. Connectivity of the cross-linking silicon to surrounding 

cubes vs. ratio of bis-pyridine precursor, SiCl4py2 linker to tin 

cube 
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size where the free energy of the solid phase becomes lower 

than the solvated oligomers.  Precipitation of large particles is 

then followed by the development of smaller solid bodies on 

their surfaces derived from smaller oligomers of cross-linked 

cubes. 

We have investigated how the surface areas and pores 

size distributions depend on the extent of cross-linking that is 

achieved for several 4-connecting cross-linking reagents.  

Figure 5 summarizes the dependence of the BET (77 K; N2) 

surface areas that develop in these matrices as a function of the 

same ratio of linking reagent to cube.  Virtually no surface area 

is observed when small amounts of SiCl4py2 linking reagent 

react with the tin cube.  However, above ~1 eq of SiCl4py2 to 

Si8O20 cube the surface area rapidly rises to a maximum value 

in the range of 800 – 900 m
2
/g.  This rapid increase in surface 

area is followed by a small drop (100 – 200 m
2
/g) in a ratio 

range of three to four.  Finally, as the amount of cross-linking 

reagent increases beyond a mole ratio of four, the measured 

surface area stabilizes in the range of 600 and 700 m
2
/g. 

For most values of the linker to cube ratio, the solid 

matrices produced in these nonaqueous sol-gel reactions are 

found to be porous, high surface area solids.  The surface area 

that is developed is a sensitive function of the initial 

stoichiometric ratio of cross-linking agent to building block at 

the time of synthesis.  The samples in Figure 5 may be divided 

into three types based on how their surface areas vary with the 

stoichiometric ratio used in preparing them.  The first (region 

I) is defined by a steep increase in surface area at low 

stoichiometric ratios, between 1.0 and 2.5.  This is followed by 

samples involved with the maximum in the surface areas of 

these solids for ratios between 2.5 and 4.0 (region II).  Finally 

the surface area levels off over a broad range of stoichiometric 

ratios (4 – 7) which we label as region III.   

Representative adsorption isotherms (N2; 77 K) for 

samples from each of the regions shown in Figure 5 are 

presented in Figure 6 and calculated parameters from both 

BET and DFT analyses are summarized in Table 1.  The 

isotherm for the 1.5 eq SiCl4py2 sample may be classified as 

Type I according to IUPAC recommendations typical of 

microporous materials [16].   

The small increase in adsorption across the p/po scale 

from 0.1 to 1 suggests that a small component of mesopores is 

also present in the 1.5 eq sample.  The isotherms for samples 

2.5 and 4.0 are classified as Type IV and are consistent with 

solids that are predominantly mesoporous.  The hysteresis 

loops observed for these samples are typical of materials 

having constricted mesopores such as those formed between 

small particles [18].  Increasing the stoichiometry from 2.5 to 

4.0 eq. shifts the hysteresis loops toward higher relative 

pressures and a higher gas uptake indicates larger mesopore 

widths and volumes for samples at the end of this range.   

 
 

Figure 4. SEM images of a titanium containing silicate building block sample (Ti:Si8O20 ~1.0 followed by SiCl4 dose of 2.5).  The boxes in 

images a and b indicate where the image for the next highest magnification was taken. 

 

 
 

Figure 5. Dependence of surface area on stoichiometric ratio of 

linker to building block derived from a 13 point BET analysis of 

adsorption isotherm data. 

 

 
 

Figure 6. Overlay plots of the adsorption isotherms for samples 

in each of the regions in Figure 5. 
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In addition to clear signs of mesoporosity, the 

relatively high amount of gas adsorbed at low relative 

pressures for these samples indicates the presence of additional 

micropores.  Finally, the isotherm for sample 6.0 is Type II, 

characteristic of macroporous solids.  At low relative pressure, 

significantly less adsorption of nitrogen occurs than in any of 

the other samples.  The rise in adsorption across most of the 

adsorption range suggests the presence of mesopores but the 

shape of the isotherm at high p/p0 also signals the presence of 

very large mesopores or macropores (>50 nm).  

Table 1 summarizes the cumulative pore surface area 

and volume characteristics for the four samples whose 

adsorption isotherms appear in Figure 6.  Micropore volume 

and surface areas were obtained from the calculated 

cumulative plots based on DFT modeling of the isotherms for 

pores up to 2 nm [20,21] whereas total pore volumes were 

taken from adsorption isotherms at p/p0 ~0.98.  The single 

point pore volume of these materials significantly increased 

from 0.18 cm
3
/g (1.5 eq SiCl4py2) as the ratio of SiCl4py2 

linkers-to-Si8 cube increased.  The largest pore volume was 

found for the 4.0 eq SiCl4py2 sample (1.78 cm
3
/g).   

Differential pore size distributions (PSDs), obtained 

from DFT analysis of the adsorption isotherm assuming slit-

like pores, are presented in Figure 7.  In contrast to zeolitic and 

samples produced using surfactant templating techniques, all 

of the samples exhibited broad distributions and multimodal 

PSDs.  At the same time the pore size distributions for each 

sample are quite distinct from each other.  Samples 1.5, 2.5 

and 4.0 exhibit microporosity with PSD maxima at 1.3, 1.4 and 

1.7 nm respectively, but each also contains mesopores.  In the 

case of sample 1.5, roughly equal amounts of micro and 

mesopores are present based either on surface area or pore 

volume.  The mesopore distribution is very broad in this 

sample and a maximum is hard to define.  The PSDs for 

samples in region II (2.5 and 4.0 eq SiCl4py2) may be 

described as bimodal with a narrow component of micropores 

and much larger, broad distributions of mesopores whose 

maxima move to higher values in concert with the 

stoichiometric ratios for these samples.  Furthermore, the 

contribution of mesopores to the total porosity in these 

samples is significantly larger than in region I samples.  

Mesopores account for roughly 80% (SA or volume) of the 

porosity in sample 2.5 and 94% in sample 4.0.  Although 

broad, the PSDs for the mesopore components of samples 2.5 

and 4.0 have reasonably well defined maximum that occur at 

2.5 and 6 nm, respectively.  Finally, sample 6 from region III 

has effectively no measurable micropore component in its 

distribution of pores.  The PSD begins at approximately 2.0 

nm and has a broad, asymmetric component of mesopores that 

has a maximum at ~2.7 nm and tails out to ~10 nm.  An abrupt 

rise in the PSD at very large pores (>50 nm) is also seen for 

this sample.   

There are several noteworthy observations that can be 

drawn from the data and the analyses presented above.  First, 

the cross-linking of the silicate building block, Si8O20(SnMe3)8 

by the 4-connecting reagent SiCl4py2 yields porous, high 

surface area solids for all but the lowest linking agent-to-

building block ratios (> 1.0).  Second, within this range, the 

nature of the pores in these matrices is a sensitive function of 

this ratio.  Low ratios lead to matrices that are predominantly 

microporous.  Increasing the ratio beyond two (linker : Si8O20) 

rapidly yield matrices in which mesoporosity dominates.  As 

this ratio increases through the range of 2.5 to 4 (region II), 

broader distributions of mesopores and larger mesopore 

volumes are obtained.  At the highest values of the ratio 

(region III) investigated in this study, microporosity is lost and 

a bimodal distribution of mesopores and macropores is 

obtained without sacrificing the total surface area in these 

materials.   

These observations are consistent a matrix growth 

mechanism that is more analogous to the development of cross 

linked polymers than classic metal oxides derived from sol-gel 

strategies [22] where reversible solvolysis and 

homocondensation processes are operative.  In the initial 

phases of growth and at low linker-to-building block ratios, 

small distributions of oligomers are formed until all of the 

cross-linking reagent has been consumed and the maximum 

connectivity around each linking atom is reached.  These 

oligomers are not large enough to exhibit significant surface 

area.  As more linking precursor is added to the system, the 

oligomers become a new generation of building blocks which 

when linked together form larger particles, thus developing 

pores and high surface area.  This process continues with 

larger and larger oligomeric building blocks being formed.  

Consequently, the interparticle pores between connected 

building blocks scales with particle size, thus accounting for 

the shift in the pore size distributions that accompany 

increasing amounts of cross-linking reagents in the system.   

This model for how these matrices grow does not take 

into account changes in the rates of the metathesis reaction 

leading to links between the building blocks that presumably 

occurs as chloride ligands are replaced by oxygen and by much 

larger cubic silicate ligands around the linking atom.  This 

aspect in the growth of these solids is currently being 

investigated.  In the context of preparing supported catalysts, 

however, these results can easily be incorporated into a 

strategy to prepare single site catalysts while simultaneously 

controlling the porosity of the support.  Dividing the total 

amount of cross-linking reagents used in building the matrix 

 
 

Figure 7. Plots of differential pore volume for the samples whose 

isotherms are reported in Figure 6.  The plots are based on DFT 

fitting of the adsorption isotherm curve collected for each sample. 
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into two doses, the first of which incorporates the active metal 

into the developing matrix and the second continues cross-

linking building blocks together until the desired surface area 

and porosity are obtained should produce matrices that satisfy 

both criteria.  As illustrated in Figure 8, the first dose must be 

kept low such that limiting connectivity is reached.  This sets 

the connectivity and thus the identity of all metal atoms in the 

final matrix.  For 4-connecting linkers this is between 0.5 and 

1.0 equivalents relative to the tin cube.  A second dose of a 

non-reactive (in the context of catalysis) but chemically robust 

linker (e.g. SiCl4py2) is added to the system to knit the 

oligomers generated from the first dose together into the final, 

porous matrix.  If mesoporous matrices were desired, the total 

combined dose should be within regions II or III on Figure 8.   

To illustrate this strategy for 4-connecting metal 

linkers, the corresponding titanium and zirconium 

tetrachlorides TiCl4, ZrCl4, were used in a 2-dose strategy as 

described above.  The stoichiometric ratio of Ti or Zr to the 

Si8O20(SnMe3)8 cube was less than one in each case which was 

followed by a second dose of SiCl4py2.  Four points 

representing the titanium and zirconium containing matrices 

are shown in Figure 8.  The position of these points along the 

ratio axis represents the total dose of metal + silicon used to 

prepare the final, porous matrix.  These, new, mixed metal 

matrices follow the trends exhibited by single dose silicon 

matrices described above, thus illustrating our strategy for 

preparing supported single site catalysts while controlling the 

porosity of the support. 

 

4. Conclusions 

 

The textural properties of a family amorphous 

materials, built from the reaction of several four-connecting 

linking agents and the cubic silicate building block, Si8O20 

have been investigated as a function of the stoichiometric ratio 

of linking agent to building block.  It has been found that the 

porosity can be controlled simply by adjusting the 

stoichiometric ratio of linking reagents to building block used 

in the synthesis of these matrices.  These observations can be 

combined with a strategy in which catalytically active metal 

ions are inserted into these matrices to create well defined 

active sites by dividing the total amount of linking agent used 

into two doses.  This general strategy has been successfully 

illustrated for the preparation of titanium and zirconium 

containing silicate matrices where limiting amount of each 

metal chloride reacts with the tin cube initially to produce 

oligomers that contain primarily 4-connected metal linkers.  

The size of the second dose is then adjusted according to 

Figure 8 to obtain a final matrix with targeted metal sites and 

porosity.  Taken together, these results can be recast into a 

general methodology for preparing high valent, single site 

metal catalysts on silicate supports with control over both 

surface area and pore size distribution without the use of 

templating molecules.  These highly tailored matrices are clear 

illustrations of the structural control at several different length 

scales – atomic, nano, meso and macro - that is required for the 

further development of next generation materials and catalysts. 
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