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Abstract 

To increase the efficiency and selectivity of homogeneous catalysts, particularly useful in the synthesis 

of fine chemicals and drugs, fine tuning of the steric and electronic properties of the complexes can be 

achieved by modification of the ligands in the coordination sphere of the metal center. Considerable 

efforts have been devoted in order to immobilize such well-defined catalysts on solid substrates, e.g., 

silica, to facilitate catalysts’ recovery and to reduce contamination of desired products by metallic 

impurities. However, the presence of the silica surface can play a very important role in tuning the 

electronic properties of the metal, its steric environment, or in participating in the reactivity of the 

complex. In this context, several moieties have been used to anchor metallic catalysts on surfaces, but 

one of the most interesting is phosphine. Herein, we report on the addition of PPh2Cl which leads to the 

grafting and the oxidation of the phosphine species, even in absence of oxygen, and that the nature of the 

surface plays an important role in secondary interactions, e.g., hydrogen bonding, and modifies the 

spectroscopic properties of the functional groups on the surface.  In particular, the chemical shift of the 

phosphorous resonance in the 31P NMR spectra is altered by hydrogen bonding between available silanol 

or water molecules present on the silica surface and the phosphorous oxide. The DFT models developed 

for this process are in direct accordance with the experimental results and demonstrate firmly that the 

oxidation of the phosphine after grafting of ClPR2 is highly favored thermodynamically and occurs with 

the formation of Si-Cl bonds on the surface. Passivation of the surface with hexamethyldisilazane limits 

the extent of the H-bonding between the surface and the oxide, but also leads to some substitution 

reaction between bound phosphorous species and the trimethylsilyl (TMS) moieties. These findings 
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offer new knowledge critical to fully ascertain the environment and the stability of immobilized 

phosphine-containing catalytic systems and, thus, further broaden the range of their reactivity.  

Introduction 

Global interest in green chemistry has led to great initiatives in order to reduce undesirable by-

products generated in industrial-scale chemical reactions, notably using catalysis. In order to increase 

the efficiency and selectivity of homogeneous catalysts, particularly useful in the synthesis of fine 

chemicals and drugs, fine tuning of the steric and electronic properties of the complexes can be done by 

modification of the ligands in the coordination sphere of the metal. However, one of the major 

limitations of homogeneous catalytic systems is often the need for purification steps in order to remove 

residual metals.1 To solve this problem, considerable effort has been done in order to immobilize well-

defined catalysts on solid substrates to facilitate the catalysts’ recovery and to reduce the contamination 

of desired products by metallic impurities.2 Although many solid supports have been used and 

developed, one of the most desirable is silica.3 Silica materials are cheap, robust, and inert under most 

synthetic and catalytic conditions, but most importantly, the presence of silanol moieties on the surface 

allows for easy functionalization of the surface by condensation reactions or protonolysis. In addition, 

there are nowadays many known synthetic procedures to generate a large array of well-defined 

structures and morphologies for silica that can provide a wide range of physical properties of interest for 

fine-tuning catalytic systems.4  

Several moieties have been used to anchor metallic catalysts on surfaces, but one of the most 

interesting is phosphine.5 Although other methodologies have been developed, the incorporation of 

phosphines on silica has been mostly designed through the post-functionalization of surfaces by tailored 

molecules containing a terminal trialkoxy- or trichlorosilane.6 One of the advantages of the linker is to 
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increase the flexibility of the bound complex and to limit the interactions with the surface. However, in 

the context of catalysis, the presence of the silica surface can play a very important role in tuning the 

electronic properties of the metal, its steric environment, or in participating in the reactivity of the 

complex. For example, Schrock and Copéret used silica as a support for molybdenum carbenes and have 

demonstrated that the support acts as a ligand, replacing one of the alkoxide groups in the analogous 

homogeneous Schrock catalyst.7 In this regard, it could be tempting to incorporate a phosphine moiety 

directly on the surface of silica without the presence of a linker, so to act as a very bulky phosphine. To 

our knowledge, the only mention of a phosphine being directly immobilized on a silica surface through a 

Si-O-PR2 linkage has been reported by Verdonck et al. where they used ClPPh2 to generate a 

diphenylphosphine moiety on silica that was further used as ligand to coordinate RuCl3.
8 According to 

FTIR and XPS studies, it was proposed that the addition of the chlorodiphenylphosphine yielded 

discrete Si-O-PPh2 moieties on the surface that could be later used as ligands for coordination of the 

ruthenium center in a monodentate or bidentate fashion. However, this report contrasts drastically with 

the work carried out by Morrow and Lang9 on the chemisorption of Me2PCl where they showed IR 

evidence of generation of Si-O-P(O)Me2 on the surface, resulting from the oxidation of the phosphine by 

the surface according to a general equation (eq. 1) summing up to: 

2 [Si]OH + 2 PMe2Cl → [Si]Cl + Me2PH + HCl + [Si]OP(O)Me2 (eq. 1) 

These contrasting results led us to investigate more thoroughly this reaction using multi-nucleus nuclear 

magnetic resonance (NMR) spectroscopy, attenuated total reflection infrared spectroscopy (ATR-IR) 

and density functional theory methods (DFT) in order to understand the actual behaviour of ClPPh2 

immobilized on silica, notably to see whether the presence of an aryl group rather than an alkyl group 

could help preventing the oxidation of the phosphorous moiety by the surface. We wish to report that the 
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addition of PPh2Cl to mesoporous silica supports leads to the grafting and the oxidation of the 

phosphine, even in absence of oxygen, and that the nature of the surface plays an important role in 

secondary interactions, such as hydrogen bonding, modifying the spectroscopic properties of the 

functional groups on the surface.   

 

Results and discussion 

Grafting of Ph2PCl on SBA-15 and MCM-41 mesoporous silica 

For this study, ordered mesoporous SBA-15 and MCM-41 silica materials were selected as hosts 

for the grafting of ClPPh2. SBA-15 and MCM-41 were synthesized according to optimized procedures 

developed by Choi et al. in 200310 and by Grün et al. in 1999,11 respectively. The typical nitrogen 

adsorption-desorption isotherms of these two mesoporous materials are presented in Figure S1 

(Supporting Information) with their textural parameters, all being in agreement with previous reports.12 

In a first series of experiments, the addition of ClPPh2 to the mesoporous SBA-15 and MCM-41 

materials was carried out under reflux conditions for 4 hours under a dry nitrogen atmosphere yielding 

materials designated as SBA-Ph and MCM-Ph, respectively. Both materials were analyzed using 

13C{1H} CP/MAS NMR spectroscopy and exhibited very similar spectroscopic features with a single 

resonance at 129 ppm typical for the phenyl groups on the phosphorous (Figure 1). 31P{1H} MAS NMR 

spectroscopy also revealed simple spectroscopic features with a single resonance at 22 ppm for both 

materials (Figure 2). It therefore seems that the nature of the solid substrate does not affect the bonding 

mode of the phosphorous moiety, although the signal of SBA-Ph is significantly larger than that 

observed for MCM-Ph (w1/2 = 1300 Hz and 1000 Hz, respectively). The two materials were then either 



6 

 

exposed to air for a period of 12 hours or Soxhlet-extracted under refluxing conditions in CH2Cl2 under 

air for a period of 20 hours, yielding the materials SBA/MCM-Ph-O2 and SBA/MCM-Ph-sox, 

respectively. Although all of the species exhibit very similar spectroscopic features to the parent 

materials according to 13C{1H} CP/MAS NMR spectroscopy (Figures S2, Supporting Information), the 

31P{1H} MAS NMR signature of the four materials differ significantly (Figure 3). In the case of SBA-

Ph-O2 and SBA-Ph-sox materials, a single sharp resonance at 29 ppm was observed, downfield from 

the materials SBA/MCM-Ph at 22 ppm. On the other hand, both  materials MCM-Ph-O2 and MCM-

Ph-sox also exhibit the same species at 29 ppm, but have in addition another resonance at 25 ppm in 

somewhat lower intensity that the former resonance.  

(Insert Figures 1-3) 

Because of the lack of model compounds available to compare these chemical shifts with, DFT was used 

to probe the possible interactions between the phosphorous moiety and the support materials and to 

provide predictive values for the 31P chemical shift of these species. In a previous work,13 based on the 

rigidity of the ligand, the surface density of silanol groups and the silanol IR frequencies of hydroxyl 

groups, five realistic molecular models of silica surface (mainly amorphous silica thermally treated at 

200°C) were defined to describe satisfactorily the presence of different silanol groups onto a SiO2 

surface (isolated, vicinal, germinal or a mixture of vicinal and germinal silanol groups). In order to 

model the mesoporous materials, these five different surface models were used to account for different 

silanol coverage of the surface (see Figure 4 and Figures S3 and S4, Supporting information).  In all of 

the cases, two silicon atoms represent the emerged part of the silica surface and thus the different silanol 

groups. The emerged part is surrounded by a layer built around four silicon atoms, themselves connected 

to O–SiH3 groups which are chosen as model to mimic the continuity of the surface. Finally, a second 
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layer formed by two silicon atoms, connected by a siloxane bridge, is added to increase the rigidity of 

the model. Both silicons are connected to hydroxyl groups in order to saturate the model. In a same way, 

SiH3 groups are added, on the emerged part of the silica, to saturate the lateral siloxane bridges formed 

during the dehydroxylation reaction of the silica surface. 

 

(Insert Figure 4) 

 

Table 1. Relative Gibbs-free energies (kcal.mol-1) and {31}P NMR (ppm) of the intermediates in the 

grafting reaction and oxidation of Ph2PCl on the ac, c and b  SiO2-200 models. The labels A to B refer to 

the intermediates shown in Figure S5. 

 Grafting reaction Oxidation reaction 

 ΔrG {31}P ΔrG {31}P ΔrG {31}P ΔrG {31}P 

c model  (A)c (B)c - - 

 5.1 120 -80.0 32     

ac model (A)ac (B)ac (B)’ac - 

 3.9 122 -84.2 38 -79.5 34   

b model (A)b (B)b (B)’b (B)’b 

 5.6 141 -85.9 32 -79.1 36 -80.0 41 

 

However, since all of the models displayed similar trends, only the results of the Si12O20H16 

model (ac model) are reported here. In a first pathway, the grafting of Ph2PCl to one silanol moiety was 

explored. The resulting product (A) was shown to be slightly endergonic with a rG of +3.9 kcal.mol-1. 
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On the other hand, the oxidation reaction, to generate the phosphine oxide (B), is highly favored by 84.2 

kcal.mol-1. It was also experimentally demonstrated that the addition of a trialkyl- or triarylphosphine on 

mesoporous silica could lead to the formation of a phosphonium species either by the presence of 

residual HCl or by a silanol having a significant Broensted acidity.14 The phosphonium species resulting 

from the protonation of A was also evaluated as a potential species grafted on silica (C) (see Figures S6 

and S7, Supporting Information). Interestingly, the calculated 31P NMR chemical shift values for species 

for A, B, and C are quite distinct, at 122, 38, and 53 ppm, respectively, allowing a possible 

discrimination of the species using NMR spectroscopy.  

  

Scheme 1. Reaction of the supported phosphine species with HCl. 

Therefore, according to the DFT models, it is more likely that in all SBA/MCM-Ph materials 

synthesized, even in the absence of air, phosphine oxide species are generated, which would support 

Morrow’s report.9 The oxidation process as proposed by Morrow was modeled using computational 

chemistry and is described in Scheme 1. Once the grating of the surface to generate A, it is possible for 

the bound species to react with the outcoming HCl to generate Ph2P(H)(O) and generate a (RO)3SiCl 

moiety (rG = -1.5 kcal.mol-1) (See Scheme 2). The diphenylphosphine oxide can subsequently react 

with diphenylphosphine chloride to generate PPh2PH and the oxide of diphenylphosphine chloride (rG 
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= -6.7 kcal.mol-1), which in turn will react with the silanol groups to generate the silica-bound phosphine 

oxide (rG = -3.8 kcal.mol-1) (Scheme 3). 

 

Scheme 2. Generation of a chlorinated silica support from a grafted phosphine. 
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Scheme 3. Generation of a supported phosphine oxide from Ph2P(O)Cl. 

Table 2. Relative Gibbs-free energies (kcal.mol-1) and {31}P  MAS NMR (ppm) of the intermediates in 

the generation of silica-bound phosphine oxide on the ac, c and b SiO2-200 models via the formation of 

an Ph2P(H)(O) complex.  

 Chlorination 

of the silica 

surface 

Formation of 

Ph2P(O)(Cl) 

Grafting of Ph2P(O)(Cl) 

on dehydroxylated silica 

surface. 

Grafting of 

Ph2P(O)(Cl) 

on chlorinated silica 

surface. 

 ΔrG ΔrG ΔrG {31}P ΔrG {31}P 
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c model  -2.5 -6.7 -2.4 32 - - 

ac model -1.5 -6.7 -7.8 38 -3.8 32 

b model -2.4 -6.7 -7.7 32 -2.8 36 

 

Although these results are strong arguments in favor of the oxidation of the phosphine on the 

surface, it does not explain the nature of the two similar, but spectroscopically different, species 

observed by 31P NMR upon exposure to air. A more in depth look at the DFT data does show that two 

possible conformations are possible for the grafted phosphine oxide on the surface, one involving a 

hydrogen bond with a surface silanol and another without such interaction. Looking at the calculated 31P 

NMR shift, it can be observed that the hydrogen bound species (δ = 38) is at lower field than the free 

species (δ = 32) by 6 ppm (see Scheme 3), a difference that is close to the spectroscopic data observed 

for the materials reported above. Therefore, prior to exposition to air, the addition of 

chlorodiphenylphosphine to silica would lead to a high coverage of phosphines on silica and of Si-Cl on 

the surface, but at the same time would lead to an important removal of the silanol and water coverage 

on the surface, which could get rehydrated upon exposure to air, possibly by hydrolysis of the Si-Cl 

moiety. 

 In order to probe this possibility, ATR-IR of the materials synthesized prior and after exposure 

to air was obtained (Figure 5). It can be seen that the characteristic bands for the silanols and water 

coverage are more or less absent from the materials after functionalization under inert atmosphere, but 

that after exposure to air, one large band centered at 3400 cm-1 and an additional one at 3650 cm-1 are 

present, confirming that the silanol and/or water coverage is drastically increased, which could explain 

the spectroscopic difference between both phosphine-containing species, which are observed using 

NMR spectroscopy.  
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(Insert Figure 5) 

 

Passivation of the silica surface 

In order to support the idea that the source of the phosphorous chemical shift originated from the 

hydrogen bond with silica materials, passivation of the surface using hexamethyldisilazane (HMDS) was 

carried out on materials SBA-Ph and MCM-Ph to yield materials SBA*-Ph and MCM*-Ph, 

respectively.14a Both the 13C CP/MAS and 29Si MAS NMR spectroscopic data confirm that the addition 

of the TMS groups has been successful, with the characteristic resonances at -2 ppm and 12 ppm in the 

13C and 29Si NMR spectra, respectively (Figures S8 and S9,  Supporting Information). For all materials, 

a single and large resonance is observed by 31P NMR spectroscopy at 21 ppm, suggesting that the 

phosphorous environment has not been significantly modified after passivation of the surface (Figure 6). 

Upon exposure to air, the chemical shift for the phosphorous of the SBA*-Ph material is downfield by 3 

ppm, at 24 ppm, whereas no difference in the chemical shift is observed for the MCM*-Ph material 

(Figure 7). These results contrast somewhat with the observed results for the non passivated samples, 

but are not surprising when keeping in mind that silanol density could be different in SBA-15 materials 

compared to MCM-41 since the surface area of the former sample is significantly higher and that the 

presence of inter-wall microporosity in SBA-15 can affect the distribution of reagents on the surface.15 

The ATR-IR results shown in Figure 8 demonstrate once more that upon exposure to air, the OH content 

in both MCM*-Ph and SBA*-Ph is somewhat enhanced, but that the effect is much less important than 

the one observed for MCM-Ph and SBA-Ph, as expected for the more hydrophobic passivated samples.  

Carbon, hydrogen and chloride elemental analyses on four selected materials (SBA-Ph, SBA-

Ph-O2, SBA*-Ph, SBA*-Ph-O2) were carried out.16 In SBA-Ph, the carbon, hydrogen and chlorine 
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contents were found to be 10.4, 1.0, and 0.7%, respectively. Albeit lower than expected, the chlorine 

content confirms that some residual Cl remains, therefore supporting the presence of Si-Cl moieties. 

After the exposure to air, however, no detectable amount of Cl could be observed, suggesting that the 

later moieties could undergo hydrolysis to restore the Si-OH groups and releasing HCl which is removed 

after washing. Another interesting feature of SBA-Ph-O2 is the significantly lower amount of carbon on 

the surface (9.9%), whereas the hydrogen content remained more or less constant. Such values could be 

once more attributed to the presence of water on the surface. Surprisingly, whereas a larger carbon 

content would be expected from addition of trimethylsilyl groups, SBA*-Ph materials exhibit a slightly 

lower carbon content than SBA-Ph (9.1 and 10.4%, respectively), but higher hydrogen content (1.6 and 

1.0%, respectively). Such result would suggest that the phosphines could partially be displaced by a 

TMS group upon passivation. Once more, DFT was used to monitor whether such displacement was 

likely to occur, using TMSCl as a modeled silylation agent (see Figure S10 for details). Accordingly, 

this transformation is slightly exothermic, by a factor of -0.5 kcal.mol-1 as shown in Scheme 4, therefore 

suggesting that such transformation could indeed take place. Upon exposure to air, the SBA*-Ph-O2 

material exhibits a slightly smaller carbon content (0.2%) and higher hydrogen content (0.1%), which 

could be attributed to some water incorporation, as supported by the above results, but the effect remains 

negligible compared to SBA-Ph.  

 



14 

 

Scheme 4. Exchange of a bound phosphine oxide for a trimethylsilyl group on the silica surface. 

 

Conclusion 

 The introduction of chlorodialkylphosphines on mesoporous silica leads to the formation of 

supported -P(O)R2 moieties, as evidenced by solid-state NMR spectroscopy. A factor that modifies the 

chemical shift of the phosphorous resonance in the 31P NMR spectra is hydrogen bonding between 

available silanol or water molecules present on the silica surface and the phosphorous oxide. After 

grafting of the phosphine, a low coverage of EOH (E = H or SiR3) on the surface was observed and 

could be correlated to a shielding of the 31P NMR resonance, which shifts to higher field upon exposure 

to air and moisture. The DFT models developed for this process are in direct accordance with the 

experimental results and demonstrate firmly that the oxidation of the phosphine after the grafting 

procedure of ClPR2 is highly favored thermodynamically and occurs with the formation of Si-Cl bonds 

on the surface. Passivation of the surface with hexamethyldisilazane limits the extent of the hydrogen 

bonding between the surface and the oxide, but also leads to some substitution reaction between bound 

phosphorous species and the TMS moieties, as confirmed by the elemental analysis results. In 

conclusion, we believe that these findings offer new understanding regarding surface interactions 

between mesoporous silica supports and phosphine species. This knowledge is essential to fully 

ascertain the environment and the stability of immobilized phosphine-containing catalytic systems and, 

thus, further broaden the range of their reactivity.  In particular, it should be useful to promote the use of 

metal-phosphorous coordination chemistry on solid surfaces, involving more oxophilic species such as 

early transition metals and lanthanides, with prospects for catalytic reactions or metal 

sequestration/extraction applications.17        
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Experimental section 

Materials. All grafting manipulations were carried out under an atmosphere of nitrogen, using standard 

Schlenk and glove box techniques. All support materials were outgassed under vacuum overnight, at 

200 °C. Dry dichloromethane and toluene were distilled from sodium/benzophenone.  

SBA-15 silica support. Mesostructured SBA-15 silica material was prepared under aqueous acidic 

conditions using poly(alkylene oxyde)-based triblock copolymer Pluronic P123 (EO20PO70EO20, MW = 

5800, Aldrich) dissolved in a HCl solution (0.3 M).10 The silica source was TEOS (ACROS 98%). The 

molar composition of the starting reaction mixture was 0.0012 P123 / 0.069 TEOS / 0.102 HCl / 6.771 

H2O. The reaction temperature with TEOS was fixed at 35 °C and the hydrothermal temperature was 

100 °C. A typical preparation of the mesoporous 2-D silica is as follows: 6.71 g of P123 is dissolved in 

121.87 g of distilled water and 3.72 g of 37 % wt HCl solution with stirring at 35 °C. After complete 

dissolution, 14.45 g of TEOS is added at once to the homogeneous clear solution. This mixture is left 

under vigorous stirring at 35 °C for 24 h. Subsequently, the mixture is aged at 100 °C for 24 h under 

static conditions. The white precipitated product is filtered hot without washing and dried at 100 °C for 

24 h in air. Surfactant-free mesoporous material is obtained after a brief ethanol/HCl washing and 

subsequent calcination at 550 °C in air. 

MCM-41 silica support. Mesostructured MCM-41 silica material was prepared under aqueous basic 

conditions using Cetyltrimethylammonium bromide  CTAB (CH3(CH2)15N(Br)(CH3)3, MW = 365, 

Aldrich) dissolved in an aqueous solution.11 The silica source was TEOS (ACROS 98%). The reaction 

temperature with TEOS was fixed at 25 °C and the hydrothermal temperature was 90 °C. A typical 

preparation of the mesoporous silica is as follows: 9.65 g of CTAB is dissolved in 480 g of distilled 

http://en.wikipedia.org/wiki/Cetyl_trimethylammonium_bromide
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water with stirring at 35 °C. After complete dissolution, 36.5 mL of NH4OH solution (29 % weight) is 

added to the solution. The temperature is reduced at 25 °C. After 15 minutes at 25 °C, 40 g of TEOS is 

added and the mixture is left under stirring for 2 h. Subsequently, the mixture is aged at 90 °C for 3 days 

under static conditions. The white precipitated product is filtered hot without washing and dried at 100 

°C for 24 h in air. Surfactant-free mesoporous material is obtained after a brief ethanol washing and 

subsequent calcination at 550 °C in air. 

Incorporation of the phosphines. To a suspension of a given silica (0.5 g) in dry dichloromethane 

(30 mL), chlorodiphenylphosphine (0.5 mL, 2.70 mmol) was added and the resulting mixture was 

further stirred for 4h at 40 °C. After filtration, the resulting powder was washed 2 times in CH2Cl2 for 

materials SBA/MCM-Ph and using Soxhlet extraction for materials SBA/MCM-Ph-sox. A white 

powder was obtained.  

Passivation with hexamethyldisilazane (SBA*-Ph and MCM*-Ph). Hexamethyldisilazane (Sigma-

Aldrich 97%) (0.8 mL, 3.9 mmol) was added to a suspension of silica (SBA-Ph or MCM-Ph) (0.5 g) in 

dry toluene (30 mL). The reaction proceeded for 24 h at 110 °C. After cooling, the powder was filtered, 

washed twice with dry toluene and drying under vacuum.  

Characterization. Solid state NMR spectra were recorded with a Bruker Avance 300 MHz  

spectrometer (13C: 75.4 MHz; 31P: 121.4 MHz; 29Si: 59.6 MHz) equipped with a MAS probe head 

using 4mm ZrO2 rotors and a sample spinning rate of 8000 Hz. The NMR spectra were recorded 

using cross-polarization/magic angle spinning (13C) or magic angle spinning (29Si and 31P). Infrared 

spectra were recorded using a Thermo-Nicolet Magna 850 FTIR spectrometer with a narrow band 

MCT detector and a diamond ATR Golden-Gate accessory (Specac Ltd., London). The spectra were 

obtained from 128 scans with a 4cm-1 resolution. 
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The elemental analysis was performed at Midwest Microlab, LLC. Carbon, Hydrogen was performed on 

the Exeter Analytical CE-440 Analyzer.  This method involves combustion of the sample at 1000 °C, in 

the presence of Sn under ultra-pure oxygen.  The resulting gases are passed through a copper tube at 670 

°C to scrub the excess oxygen from the reaction.  The final gasses CO2 and H2O are read by a thermal 

conductivity detector. Certified NIST standards of Acetanalide, Cyclohexanone and 2,4-Dinitrophenyl 

hydrazone were used for calibration of the instrument prior to any determinations.  The method error is 

+/- 0.30% absolute on both carbon and hydrogen. The method used for chlorine determination is by 

Schoeninger flask combustion and subsequent titration with AgClO4. The method error for chlorine is 

+/- 0.40% absolute. Para-chloro-benzoic Acid was used for calibration. Nitrogen adsorption-desorption 

isotherms were measured at liquid nitrogen temperature (-196 °C) using a Quantachrome Autosorb-1MP 

volumetric adsorption analyser. Before the measurements, the samples were outgassed under vacuum for 

24h at 200 °C. The Brunauer-Emmett-Teller (BET) equation was used to calculate the apparent surface 

area from adsorption data obtained at P/P0 between 0.05 and 0.2. Total pore volume of micro-mesopores 

was calculated from the amount of nitrogen adsorbed at  P/P0 = 0.95, assuming that adsorption on the 

external surface was negligible compared to adsorption in pores. The pore size distributions were 

determined by using non-local density functional (NLDFT) methods considering sorption of nitrogen at 

-196 °C in cylindrical silica pores. Both the kernel of equilibrium NLDFT isotherms (desorption branch) 

and the kernel of (metastable) NLDFT adsorption isotherms (adsorption branch) were applied for pore 

width determination.12 

 

DFT Methodological details 

All DFT calculations were performed with Gaussian 0318. Calculations were carried out at the DFT level 

of theory using the hybrid functional B3PW9119. Geometry optimizations were achieved without any 
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symmetry restriction. Calculations of vibrational frequencies were systematically done in order to 

characterize the nature of stationary points. Stuttgart effective core potentials and their associated basis 

set were used for silicon atoms20. The basis sets were augmented by a set of polarization functions 

(ζd=0.284). Hydrogen, Carbon, Oxygen and Phosphorous atoms were treated with 6-31G(d,p) double-ζ 

basis sets21. 

The optimized structures were used for {31}P NMR calculations. In all cases, among the various theories 

available to compute chemical shielding tensors, the Gauge Including Atomic Orbital (GIAO) method 

has been adopted for the numerous advantages it presents22. Typically, in order to compare our 

calculations with experimental values, {31}P chemical shielding has been converted to chemical shift 

using the usual equation: δiso = σiso(ref) – σiso(sample) where σiso(ref) is the isotropic {31}P chemical 

shielding of phosphoric acid calculated at the same level that the studied systems : σiso(ref) = 380.5993 

ppm.  
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Figure 1. 13C{1H} CP/MAS NMR spectra of the SBA-Ph and MCM-Ph  materials, as indicated. 
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Figure 2. 31P{1H} MAS NMR spectra of SBA-Ph and MCM-Ph materials, as indicated.  
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Figure 3 31P{1H} MAS NMR spectra of SBA-Ph-O2, SBA-Ph-sox, MCM-Ph-O2 and MCM-Ph-sox 

materials, as indicated. 
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Figure 4. Definition and nomenclature of the models used to represent mesoporous silica.  

 



28 

 

 

  

Figure 5. Selected region of the ATR-IR corresponding to the water and silanol vibrational modes of the 

selected materials prior (solid line) and after exposure to air (dotted line). 
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Figure 6. 31P{1H} MAS NMR spectra of SBA*-Ph and MCM*-Ph materials, as indicated.
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Figure 7. 31P{1H} MAS NMR spectraof SBA*-Ph-O2 and MCM*-Ph-O2 materials, as indicated. 
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 Figure 8. Selected region of the ATR-IR corresponding to the water and silanol vibrational modes of 

the selected materials after exposure to air, before (solid line) and after passivation (dotted line). 
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