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ABSTRACT Owing to their high surface area, their high stability and their hydrophobicity, 

periodic mesoporous organosilica (PMO) materials represent promising catalytic support for 

environmental-friendly chemical processes in water. We investigate here how the calcination of 

PMO material with benzene linkers (PMOB) allows its functionalization. Conventional and 

Dynamic Nuclear Polarization (DNP)-enhanced NMR spectroscopy, diffuse reflectance infrared 

Fourier transform spectroscopy and X-ray photoelectron spectroscopy prove that calcination at 

450°C results in the oxidation of phenylene bridges into (poly)phenols but also in carboxylic 

acids. Ketone, aldehyde as well as allyl and aliphatic alcohol functionalities are also observed but 

their amount is much lower than that of carboxylic acids. The calcination also cleaves the Si-C 

bonds. Nevertheless, N2 adsorption-desorption measurements, powder X-ray diffraction and 

transmission electron microscopy indicates that the PMOB materials calcined up to 600°C still 

exhibit ordered mesopores. We show that the phenol and carboxylic acid functionalities of 

PMOB calcined at 450°C protonate the NH2 group of 1-(3-aminopropyl)imidazole (API) in 

water at room temperature but no formation of covalent bond between API and the calcined 

PMOB functionalities have been detected. 
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1. Introduction 

Green chemistry is today a major scientific and societal challenge. The development of 

environmental-friendly chemical processes requires that chemists inspire from chemical 

reactions occurring in living organisms. Nature has notably evolved efficient and selective 

catalysts to control chemical transformation. However, the cost of enzymes, their inherent 

instability and their restricted operating window limit their application in industry. In such 

context, it is highly desirable to design simpler synthetic catalysts that are inspired from enzyme 

and can perform similar chemistry. A key feature of enzyme is the hydrophobicity of the active 

site nanoenvironment, which increases the affinity of the hydrophobic substrates for the active 

site in water.1  

Building on this bio-inspiration, an opportunity in catalyst design is to develop mesoporous 

organic materials, where organic active sites are present on the surface. In particular, owing to 

their high surface area, their high stability and their hydrophobicity, periodic mesoporous 

organosilica (PMO) materials represent promising supports for the synthesis of these catalysts. 

PMO materials have been discovered, in 1999, by three different research groups. They reported 

the possibility to condensate organosilicon precursors in order to create highly ordered 

mesoporous hydrophobic materials.2–4 Since this discovery, PMO materials have already been 

reported with different organic bridging moieties, like methylene5–7, ethylene4,7,8, ethylidene3,9–11, 

phenylene7,12–17, biphenylene18,19, thiophene12,20,21, anthracene22–24, and even chiral organic 

groups25. The diversity of organic linkers has led to a vast chemical versatility of these materials 

and the possibility of fine-tuning of their chemical environment. Benzene bridging materials are 

the most reported materials in the literature for catalysis application because they benefit from 

homogeneous distribution of organic moieties, thermal stability, hydrophobicity, and 
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crystallinity.13,14,16 PMO materials with benzene linkers (PMOB) have already been used to 

immobilize enzymes26 and organometallics27 using hydrophobic interactions. Furthermore, the 

hydrophobicity of PMOB materials can facilitate the elimination of water from the vicinity of the 

active site for reactions, for which water is an undesirable product.28 This material can also 

preferentially adsorb hydrophobic molecules rather than hydrophilic ones.29 Recently, 

researchers studied the mechanic stability of PMOB material under calcination using different 

gases. They showed that it was possible to generate quinoid species on the surface of PMOB 

material.30  

We study here the controlled calcination of PMOB materials in order to generate carbonyl 

groups, and carboxylic ones in particular, on the surface of their pores while keeping high 

specific area, their 2D hexagonal structure and the benzene ring arrangement conferring a 

suitable hydrophobic core. Furthermore, we study the reactivity between these surface carbonyl 

groups and amines in water at room temperature without the use of reagent to create strong 

interaction between the acid moieties present on the silica surface and the basic moieties from 

the amine compound. The PMOB are characterized using thermogravimetry analysis (TGA), N2 

adsorption-desorption measurements, powder X-ray diffraction (XRD), transmission electron 

microscopy (TEM), diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), 

conventional 29Si and 13C NMR spectroscopy, dynamic nuclear polarization (DNP)-enhanced 13C 

NMR spectroscopy and X-ray photoelectron spectroscopy (XPS). DNP can enhance the 

sensitivity of NMR spectroscopy by one to three orders of magnitude through the microwave-

driven transfer of polarization from unpaired electrons to the surrounding nuclei.31–33 Such 

technique has notably been employed to probe the atomic-level structure of material surfaces.34–

36 Nevertheless, to the best of our knowledge, DNP-NMR spectroscopy of PMO has been limited 
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to the characterization of phenylpyridine-based PMO and its organometallic derivatives.37 To the 

best of our knowledge, this technique has not yet been applied to study the defects formed during 

the calcination of PMOs. 

2. Experimental Section 

Products. We employed the following chemicals (the supplier being indicated within 

parentheses): HCl 36wt% (Fisher), ethanol (Fisher, 99%), 1.4-bis(triethoxysilyl)benzene (BTSB, 

Sigma-Aldrich, 96%), 1-(3-Aminopropyl)imidazole (API) (Sigma-Aldrich, ≥97%), tetraethyl 

orthosilicate (Sigma-Aldrich, 99%), Pluronic® P-123 (Aldrich). 

Synthesis of PMOB material. PMOB material was prepared by adapting the protocol of 

Sanchez-Vazquez et al.38, in which the HCl concentration (Fisher 36 wt %) was decreased to 

improve the uniformity of the pore channels. Briefly, 3 g of Pluronic P123 triblock copolymer 

was dissolved in 96 cm3 of water and 1 cm3 of HCl under stirring at 40°C. The BTSB precursor 

was subsequently added to the surfactant solution, which was stirred at 40°C for a further 72 h. 

The mixture was then aged at 130°C for 24 h and the resulting solid product filtered, washed 

three times with deionised water and dried at room temperature. 

Calcination. PMOB materials were calcined at different calcination temperatures ranging 

from 350°C and 600°C. The resulting materials are denoted PMOB-X°C, where X represent the 

calcination temperature. For example, PMOB-400°C was calcined at 400°C for 5 h under static 

air condition. The sample PMOB-EXT denotes the uncalcined material, after template extraction 

using several washing with EtOH under reflux condition for 24 h. 
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Reaction with API. 500 mg of PMOB-450°C was mixed with 50 mL of distilled water. After 

2 minutes, X drop of pure 1-(3-aminopropyl)imidazole is added to the solution. The solution is 

stirred for one hour. The color solution changes from yellow to brown color (Figure S7). Then, 

the material was recovered by filtration and washed with water. The final material was dried at 

room temperature overnight. The obtained materials are denoted PMOB-450°C-XD. 

Thermogravimetry Analysis. Thermogravimetric analysis (TGA) was performed using a 

Stanton Redcroft STA780 thermal analyser on ∼10-20 mg samples under air flow (100 

cm3.min−1 total flow) during heating at 10 °C.min−1 between 20 °C and 1000 °C. 

Porosimetry. Nitrogen adsorption-desorption was measured using a Quantachrome Nova 

2000e porosimeter using NOVAWin software. Samples were degassed at 120 °C for 2 h before 

analysis by N2 adsorption at −196 °C. Surface areas were calculated from BET model applied 

over the relative pressure range 0.01–0.2. Pore diameters and volumes were calculated applying 

the BJH method to the desorption isotherm for relative pressures >0.35. 

Low-Angle XRD. Low-angle powder XRD patterns were recorded on a PANalytical 

X’pertPro diffractometer fitted with an X’celerator detector and Cu Kα (1.54 Å) source 

calibrated against a Si standard (PANalytical). Low angle patterns were recorded for 2θ = 0.3–8° 

with a step size of 0.01°.  

Transmission Electronic Microscopy. TEM pictures were obtained with a JEOL 2100 

transmission electron microscope operated at 200 kV, with images recorded by a Gatan 

Ultrascan 1000XP digital camera. 
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Conventional NMR. The solid-state NMR experiments were performed at 9.4 T (i.e. 1H 

Larmor frequency of 400 MHz) on a Bruker BioSpin Avance II NMR spectrometer equipped 

with 4 or 7 mm double-resonance HX MAS NMR probe for 13C and 29Si nuclei, respectively. 

The rotor was spun at the MAS frequencies, νR = 10 and 5 kHz for 13C and 29Si nuclei, 

respectively. The 1D 1H29Si CPMAS spectra of Fig. 4 were recorded using a π/2 1H excitation 

pulse lasting 4.5 μs and a CP contact time of 5 ms. During the CP transfer, the rf nutation 

frequency on the 29Si channel was constant and equal to 35 kHz, whereas the 1H nutation 

frequency was linearly ramped from 27 to 55 kHz. The 1D 1H29Si CPMAS spectra result from 

averaging 2048 transients with a relaxation delay τRD = 3 s. The 29Si isotropic chemical shifts 

were referenced to tetramethylsilane (TMS). The 1D 29Si NMR spectra displayed in Fig.4 were 

simulated using Gaussian lineshapes and TopSpin software in order to determine the signal 

fractions shown in Figs. S3 and S4 and in Table S2. The 1D 1H13C CPMAS spectra of Fig. 5 

were recorded using a π/2 1H excitation pulse lasting 3 μs and a CP contact time of 1 ms. During 

the CP transfer, the rf nutation frequency on the 13C channel was constant and equal to 50 kHz, 

whereas the 1H nutation frequency was linearly ramped from 41 to 83 kHz. The 1D 1H13C 

CPMAS spectra result from averaging 1024 transients with a relaxation delay τRD = 5 s. The 13C 

isotropic chemical shifts were referenced to tetramethylsilane (TMS) using the deshielded 

resonance of adamantane (38.5 ppm) as a secondary reference. 

DNP-NMR. DNP-NMR experiments were performed on PMOB-450°C and PMOB-450°C-1D 

samples impregnated with a solution of AMUPol nitroxide biradical.39 The AMUPol biradical 

was purchased from SATT Sud-Est (Marseille, France). The samples were prepared by 

impregnating, during 1 h at room temperature, about 30 mg of PMOB material with 30 μL of 15 

mM AMUPol solution in [2H6]-DMSO/H2O (78/22 w/w) mixture. Such mixture forms a glass 
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under temperatures of about 100 K used for DNP-NMR experiments. The formation of such 

glass insures a uniform distribution of the AMUPol biradicals. For DNP-NMR experiments, the 

samples were placed in 3.2 mm sapphire rotors since this material is transparent to microwaves 

at 263 GHz. 

The DNP-NMR experiments were performed at 9.4 T on a Bruker BioSpin Avance III DNP-

NMR spectrometer equipped with a triple-resonance 1H/X/Y 3.2 mm low-temperature MAS 

probe and a 263 GHz gyrotron.40 The microwave irradiation was transmitted through a 

corrugated waveguide to the probe. The microwave power delivered to the sample was ∼ 6 W. 

The samples were spun at MAS frequencies of νR  = 8 and 10.5 kHz. The NMR spectra were 

acquired at a temperature of ∼ 105 K, which was stabilized using a Bruker BioSpin MAS 

cooling system.  

The build-up curves of the 1H polarization with and without microwave irradiation were 

measured using a saturation-recovery experiment, involving a burst of presaturation pulses (50 

π/2 pulses separated by 1.0 ms) followed by a relaxation delay (ranging from 0.1 to 60 ms). For 

each relaxation delay, 4 transients were accumulated. The signal intensity of the saturation-

recovery experiments as function the relaxation delay was fitted to stretched-exponential 

function.41,42 Such fit yielded the effective build-up time of the DNP-enhanced 1H polarization, 

TB,on(
1H), for the experiment with microwave irradiation and the 1H longitudinal relaxation time, 

TB,off(
1H), for that without microwave irradiation.  The 1D 1H13C CPMAS spectra were 

acquired with and without microwave irradiation. SPINAL-64 1H decoupling43 with a 

radiofrequency (rf) nutation frequency ν1,dec(
1H) = 90 kHz was applied during the acquisition. 

The 1H π/2 pulse duration and the CP contact time were 2.8 μs and 1.5 ms, respectively. During 

the CP transfer, the 1H rf nutation frequency was linearly ramped from 66 to 93 kHz, whereas the 
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rf nutation frequency on 13C channel was constant and equal to 76 kHz. For 1H13C CPMAS 

experiments with and without microwave irradiation, the relaxation delay, τRD, was fixed to 1.3 

times TB,on(
1H) and TB,off(

1H), respectively.44 The 13C isotropic chemical shifts were referenced to 

TMS using the deshielded resonance of adamantane (38.5 ppm) as a secondary reference. 

DRIFTS. The IR measurements were recorded with a Nicolet Protege System 460 equipped 

with a MCT detector in transmission mode. The analysis was made with in-situ cell, under He 

flow at 200°C, to remove the physisorbed water present in the material. All samples were 

acquired after 2 h under He flow. All spectra were normalized with respect to the band at 1850 

cm-1 (characteristic vibration of SBA-15) for better visualization of changing in silanol region. 

XPS. XPS characterization was carried out with a Kratos AXIS UltraDLD instrument using a 

monochromatic Al KaX-ray source (10 mA,12 kV). High resolution spectra were obtained using 

a 40 eV pass energy. All spectra were charge corrected to give to the adventitious C 1s 

component a binding energy of 284.8 eV. Spectra were analyzed using Casa XPSsoftware 

(version 2.3.16, Casa Software Ltd.). Quantifications were performed after a Shirley background 

subtraction. 

3. Results and discussion 

3.1. Structural characterization of calcined PMOB 

TGA. We first characterize the structural modifications of PMOB during calcination. TGA 

analysis (under air) of as-synthesized PMOB material show a degradation of the template, i.e. the 

Pluronic P123 triblock copolymer, around 300°C, which is followed by the oxidation of the 

benzene rings around 600°C (Figure S1). Therefore, we focus here on the PMOB materials 
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calcined at temperature ranging from 350 to 600°C. The PMOB sample prepared by calcination 

at temperature T is denoted PMOB-T, whereas PMOB-EXT denotes the uncalcined PMOB 

sample, for which the template was extracted under ethanol reflux.  

Porosimetry. As seen in Figure 1, all of the PMOB materials keep the type IV isotherms with 

H1 hysteresis loops, according to the IUPAC classification. Such results indicate that all these 

materials contain ordered mesopores. The isotherms of PMOB-EXT, PMOB-350°C and PMOB-

400°C materials are similar to SBA-15 isotherm, confirming the presence of long channel with 

regular large pore diameter. When the calcination temperature increase above 450°C, the 

isotherm profile change slightly to an isotherm corresponding to ordered porous network with 

interconnections between channels and large pore size (as in KIT-6 material). These 

interconnections stem from the partial degradation of the benzene-silica wall above 450°C. As 

seen in Table S1, the specific surface area and the porous volume decrease for increasing 

calcination temperature.  Furthermore, as seen in Figure S2 and Table S1, the average pore 

diameter decreases from 4.0 to 3.6 nm, when the calcination temperature increases from 350 to 

600°C.  
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Figure 1. N2 adsorption-desorption isotherms of PMOB-EXT and PMOB-T materials with T = 

350, 400, 450, 500 and 600°C. The isotherms are vertically separated for better visualization. 

XRD and TEM. The powder XRD pattern recorded at low-angle values for the different 

PMOB materials are displayed in Figure 2. The low angle diffractions, corresponding to 100, 

110 and 200 planar symmetries of the p6mm structure, show a good degree of ordering in the 

mesostructures, even for samples calcined at high temperature. The d100 spacing recorded for the 

different materials shift at higher angle when calcination temperature increases (see the inset A 

of Figure 2). This is consistent with a decrease of the unit cell parameter and corresponding pore 

diameter (see Table S1). TEM pictures (Figure 3) show the porous structure of the PMOB-EXT 

material, which is preserved after calcination at 450°C. 
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Figure 2. Powder XRD patterns of PMOB materials. The inset A shows the variation of 2θ angle 

corresponding to the planar symmetrie (100) as function of calcination temperatutre. The inset B 

shows a zoom of the XRD patterns on the angle region corresponding to the planar symmetrie 

(110) and (200) for PMOB-EXT, PMOB-450°C and PMOB-650°C. 
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Figure 3. TEM pictures of (A,C) PMOB-EXT and (B,D) PMOB-450°C.  

Conventional NMR. Figure 4 displays the 1H29Si CPMAS NMR spectra of PMOB 

materials under magic-angle spinning (MAS). The 29Si spectrum of PMOB-EXT displays intense 

signals resonating at −61, −70 and −78 ppm, which are ascribed to silicon sites T1 

[(SiO)SiPh(OH)2], T2 [SiPh(OH)(OSi)2] and T3 [SiPh(OSi)3], respectively.12 That sample also 

displays weak 29Si signals at −91 and −100 ppm, which are assigned to Q2 [(SiO)2Si(OH)2] and 

Q3 [(SiO)3SiOH] environments.45 Even if the signal intensity in 1H29Si CPMAS NMR spectra 

depends on the CP transfer efficiency between 1H and 29Si nuclei and hence, these spectra are 

only semi-quantitative, the weak intensity of Q sites with respect to T ones indicates that in 

PMO-EXT material, most Si atoms are covalently linked to benzene ring. During the calcination, 

when the temperature increases, the amount of T sites decreases, whereas that of Q sites 

increases (see Figures S3, S4 and Table S2). These changes indicate the oxidation of T sites into 

Q ones. According to 29Si NMR data, the fraction of T sites in PMOB-500°C and PMOB-600°C 

materials is close to zero, which indicates the cleavage of almost all Si-C bonds.  
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Figure 4. Conventional 1D 1H29Si CPMAS NMR spectra of PMOB materials at B0 = 9.4 T 

with νR = 5 kHz. 

The 1H13C CPMAS spectra of PMOB materials are shown in Figure 5. The spectrum of 

PMOB-EXT is dominated by a peak at 134 ppm, which is assigned to the CH site of the 

phenylene ring.7,14 The weak shoulder at 129 ppm is assigned to the quaternary C site of the 

phenylene ring. This signal is less intense than that of CH since (i) the number of quaternary C 

atoms in phenylene ring is twice lower than that of CH groups and (ii) the 1H13C CPMAS 

transfer is less efficient for quaternary C atoms than for CH groups as the quaternary 13C nuclei 

are more distant from protons than the CH ones. After several extractions with ethanolic HCl 
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ppm are assigned to the CH2 and CH3 sites of ethoxy groups, whereas those at 70 and 18 ppm are 

assigned to the CH2 and CH3 sites of template Pluronic 123.46,47  

After calcination, the 13C signals of ethoxy groups and template are not visible, which indicates 

that the calcination evacuates those species from the PMOB pores. Besides, the relative intensity 

of the peak at 129 ppm increases with respect to that at 134 ppm at higher calcination 

temperature. Such increase stems from the cleavage of Si-C bonds and the formation of Si-Ph 

groups.47 Such cleavage of the Si-C bonds during calcination is consistent with the decrease of 

the integrated intensity of T signals in the 1H29Si CPMAS  spectrum at higher calcination 

temperature (see Figure S3). Furthermore, new peaks at 154, 121 and 114 ppm appear during the 

calcination and their relative intensity with respect to the signal at 134 ppm increases for 

increasing calcination temperature. These peaks are assigned to phenolic groups, such as Si-

PhOH or Si-Ph(OH)-Si, or polyphenolic groups, such as Si-Ph(OH)n or Si-Ph(OH)n-Si, resulting 

from the oxidation of the phenylene bridge, with or without the cleavage of the Si-C bonds.47,48 

We can also notice a broadening of the peak at 134 ppm for higher calcination temperature. Such 

broadening indicates a greater distribution of local environments for the aromatic CH sites at 

higher calcination temperature. Such increased disorder is consistent with the cleavage of some 

C-Si bonds and the formation of phenol groups during calcination. No 13C carbonyl signal, which 

usually resonate in the range 170-220 ppm, is detected in the conventional 1H13C CPMAS 

spectra of PMOB material. The 1H13C CPMAS spectrum of PMOB-600°C does not exhibit 

any 13C signal in the aromatic region. Such result is consistent with the lack of T signals in the 

29Si spectra of Figure S3 and indicates that most C atoms are eliminated in the form of volatile 

molecules (CO2, etc) during the calcination at 600°C. 
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Figure 5. 1D 1H13C CPMAS NMR of PMOB materials. The * symbol denotes the spinning 

sidebands of aromatic group at 138 ppm. The $ symbol denotes the residual organic template or 

ethoxy groups. The + symbol denotes new signals observed after calcination, which are notably 

intense in the spectrum of PMOB-450°C. 

DNP-NMR. In order to identify more dilute chemical functionalities formed during the 

calcination of PMOB material, DNP-enhanced 1H13C CPMAS experiments were conducted on 

PMOB-450°C. The sample was impregnated with a solution of nitroxide biradical, AMUPol, 

which served as DNP polarizing agent.39 The build-up of the 1H polarization is faster with 

microwave irradiation than without it (see the inset in Figure 6a). Furthermore, as seen in Figure 

6, microwave irradiation yields a 60-fold signal enhancement for dimethylsulfoxide (DMSO) 
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aromatic 13C sites of PMOB for the employed relaxation delays (see the experimental section). 

These observations indicate a heterogeneous polarization in the sample. The spin diffusion 

transports the DNP-enhanced 1H polarization but the size of domains to be polarized exceeds the 

spin diffusion length.33,42 The AMUPol radical does not thoroughly penetrate into the pores. As 

the dimensions (about 1.28 nm for the O−O distance) of the AMUPol molecules are smaller than 

the pore size of PMOB-450°C (3.6 nm, see Table S1), the inhomogeneous distribution of 

radicals within the pores must stem from the occlusion of some pores during the calcination. 

These occlusions are consistent with the 44% reduction of the specific surface area of PMOB 

material, when the calcination temperature increases from 350°C to 450°C. Note that the DNP-

enhanced 1H13C CPMAS spectrum was acquired with a relaxation delay shorter than that used 

without microwave irradiation owing to faster build-up of the 1H polarization with microwave 

irradiation. Higher signal enhancement will be measured for identical relaxation delay with and 

without microwave irradiation. 
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Figure 6. 1D 1H13C CPMAS spectra of (a) PMOB-450°C and (b) PMOB-450°C-1D 

impregnated with 15 mM AMUPol solution in [2H6]-DMSO/H2O mixture at 9.4 T and 105 K 

with a MAS frequency of 8 kHz. The spectra acquired with and without μw irradiation are shown 

by red and black lines, respectively. For both samples, the build-up curves of the 1H signal as 

function of the polarization delay with (red) and without (black) μw irradiation are displayed as 

inset. The build-up curves are normalized so that the asymptotic intensity is equal to unity. The 

τRD delays were equal to 11.5 and 19.1 s with and without microwave irradiation in subfigure a 

and 7.4 and 21.6 s with and without microwave irradiation in subfigure b. The number of 
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transients were equal to 128 and 512 in subfigures a and b, respectively, in the case of 

microwave irradiation, and 64 in the absence of microwave irradiation. The intensity of the 

spectra are normalized with respect to the number of transients.  

The sensitivity enhancement provided by DNP allows the detection of additional 13C signals 

(see Figures 6 and 7) compared to conventional NMR. The signals ranging from 55 to 80 ppm 

are assigned to aliphatic and allylic alcohol functionalities. The peak at 169 ppm is assigned to 

carboxylic acids, in which the C=O double bonds is conjugated with C=C double bonds. These 

additional species are formed during the oxidative cleavage of benzene ring. At a MAS 

frequency of 8 kHz, the first-order spinning sideband of the 13C aromatic signal extends from 

190 and 220 ppm, which can mask the signals of aldehyde and ketone groups. Hence, we also 

acquired the DNP-enhanced 1H13C CPMAS spectrum of PMOB-450°C at MAS frequency of 

10.5 kHz (see Figure 7). Such spectrum exhibits an additional weak peak extending from 190 to 

200 ppm, which is ascribed to aldehyde and ketone groups. However, the intensity of the peak of 

ketone, aldehyde and alcohol groups are much weaker than that of carboxylic acid. Thus, the 

oxidative cleavage of benzene ring produces mostly carboxylic acid functionalities.  
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Figure 7. (a) Vertical expansion of the DNP-enhanced 1D 1H13C CPMAS spectra of PMOB-

450°C impregnated with 15 mM AMUPol solution in [2H6]-DMSO/H2O mixture at 9.4 T and 

105 K with a MAS frequency of 10.5 kHz and μw irradiation. The other experimental parameters 

are identical to those of Fig. 6. (b) Expansion of 240-90 ppm region of the DNP-enhanced 1D 

1H13C CPMAS spectra of PMOB-450°C and PMOB-450°C-1D impregnated with 15 mM 

AMUPol solution in [2H6]-DMSO/H2O mixture at 9.4 T and 105 K with a MAS frequency of 8 

kHz. The spectra are displayed with the same intensity for the peak at 134 ppm. The other 

experimental parameters are given the caption of Figure 6 and the experimental section.  
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The nature of organic entities formed during the calcination step was also investigated using 

DRIFTS. The analysis was made with in-situ cell, under He flow at 200°C, to remove the 

physisorbed water present in the material. The DRIFTS spectra are shown in Figure 8.  The 

spectrum of PMOB-EXT displays a broad and intense band between 3740 and 3200 cm-1 

assigned to the stretching mode of the various OH groups.49,50 Bands at 3060 and 3015 cm-1 are 

assigned to the stretching modes of C-H bonds in benzene rings, whereas those at 2964, 2934 

and 2870 cm-1 are assigned to the stretching modes of C-H bonds in the template and non-

hydrolysed ethoxy groups.47,51 The band at 1384 cm-1 corresponds the vibration of the covalent 

bonds between C atoms in disilylbenzene ring.49 Finally the intense band starting below 1300 

cm-1 is assigned to the vibration of Si-O bonds.  

From calcination at 350°C of PMOB material, the bands assigned to the template strongly 

decreases, which indicates its decomposition and from 400°C, we observe a total decomposition 

of the template. Conversely a band at 3650 cm-1 assigned to the stretching of O-H bonds in 

phenol moieties appears. Such result is consistent with the assignment of 1H13C CPMAS 

spectra (see Figure 5). The calcination also produces a band at 1710 cm-1, which is assigned to 

the stretching of C=O bond conjugated with C=C bond in α,β-unsaturated carboxylic acid. The 

intensity of this band is maximal for calcination under air at 450°C. Hence, DRIFTS data 

confirms the DNP-NMR data. For the calcined materials, four bands are also detected at 1595, 

1570, 1506 and 1477 cm-1. They are assigned to the stretching modes of carbon-carbon bonds in 

aromatic rings bonded to hydroxyl and silyl groups as well as alkenes.  
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Figure 8. (a) DRIFTS spectra of PMOB materials. (b) Expansion of 3800-2500 cm-1 and 2200-

1200 cm-1 regions of the DRIFTS spectra shown in subfigure a. 
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XPS. As seen in Figure S5, the intensity of C1s XPS spectra decreases for calcination 

temperature above 450°C. Such observation is consistent with the decreased 1H29Si CPMAS 

signals of T sites (see Figures 4 and S3) during calcination as well as the decrease of the 1H13C 

CPMAS signal of phenylene ring at high calcination temperature (see Figure 5). The calcination 

at 350°C decreases the intensity of the peaks assigned to C−O and C−OH (see Figures S5 and 

S6). This decrease confirms the elimination of ethoxy groups and template molecules. The peak 

of C−O groups increases again at higher calcination temperature because of the formation of 

(poly)phenolic groups (see Fig. S6). Furthermore, PMOB-450°C exhibits an additional peak at 

289.6 eV, which is assigned to carboxylate group. This observation is consistent with the 

1H13C CPMAS spectra of Fig. 7 and confirms the formation of carboxylic acid groups by 

oxidative cleavage of benzene rings. 

3.2. Reaction with API 

Optical absorbance. We investigated the reaction of PMOB-450°C with API in distilled water 

at room temperature. After the addition of a single drop of API to water solution containing 500 

mg of PMOB-450°C, the yellow powder become brown (Figure S7). Such color change may 

result from the partial deprotonation of phenol by the NH2 group of API since (i) the protonation 

state of the phenol-based PMOs affect their optical absorbance and (ii) the pKa constants of 

phenol and primary amines are 9.95 and 10.66, respectively.52  

Porosimetry. After recovering the solid, the N2 adsorption-desorption measurements shown in 

Figure S8 indicate that the adsorbed N2 volume decreases with the number of API drops added to 

PMOB-450°C. After the addition of 4 API drops, the specific surface area and the total pore 

volume of PMOB-450°C materials are strongly reduced (see Table S3). The addition of four API 
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drops reduces the specific surface area and the total pore volume by a factor larger than 10.  

Hence, the pores of PMOB-450°C-4D seems to be almost filled with API.  

DNP-NMR. Like for PMOB-450°C, we acquired DNP-enhanced 1D 1H13C CPMAS 

spectrum of PMOB-450°C-1D impregnated with AMUPol solution. Here again, we measured a 

build-up of 1H polarization, which is faster with microwave irradiation than without and a larger 

signal enhancement for the DMSO (ε ≈ 47) than for the aromatic carbons (ε ≈ 17) (see Figure 6). 

These observations indicate again a heterogeneous 1H polarization in the sample, which result 

from the occlusion of some pores of PMOB-450°C-1D, in which AMUPol radicals cannot 

penetrate. Furthermore, the dimensions of the regions inaccessible to these polarizing agents 

exceed the distance, over which 1H-1H spin diffusion can transport the DNP-enhanced 

polarization. Nevertheless, PMOB-450°C-1D exhibits a faster build-up of 1H polarization than 

PMOB-450°C. This difference can stem from the presence of protonated API and water in the 

pores, which accelerates the 1H-1H spin diffusion.   

The DNP-enhanced 1D 1H13C CPMAS spectrum of PMOB-450°C-1D is almost identical to 

that of PMOB-450°C (compare Figures 6a and b). The signals of [2H6]-DMSO and the first-order 

spinning sideband of the aromatic carbons overlap with those of propyl chain of API resonating 

at 34, 38 and 44 ppm in CDCl3 solution. Similarly the signals of the aromatic carbon nuclei of 

PMOB-450°C overlap those of imidazole ring resonating at 119, 129 and 137 ppm in solution. 

As seen in Figure 7b, after the addition of API, the signal of 13C sites bonded to oxygen in 

silylphenol moieties is deshielded and its relative intensity with respect to the signal at 134 ppm 

decreases. Such modification stems from the partial deprotonation of phenol by the NH2 group of 

API, in agreement with the color change shown in Figure 7. This deprotonation reduces the 
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efficiency of the 1H13C polarization transfer for the 13C atom bonded to oxygen, which 

explains the decrease in its relative intensity. Furthermore, after the addition of API, the carbonyl 

signal is shifted towards higher isotropic chemical shift. Such shift can stem from (i) the 

deprotonation of the carboxylic acid or (ii) the hydroamination of the C=C bond conjugated with 

C=O bond of carboxylic acid. Given the pKa of acrylic acid is 4.25, the primary amine of API 

deprotonates the unsaturated carboxylic acids of PMOB-450°C. Furthermore, we do not observe 

peak around 163 ppm corresponding to the C=O function of an amide conjugated to a C=C bond 

and there is a decrease in the intensity near 150 ppm, the isotropic chemical shift of imine 

function conjugated to a C=C bond. Hence, no formation of amide or imine groups by reaction 

between carboxylic groups of PMOB-450°C and API is detected using DNP-enhanced 1D 

1H13C CPMAS experiments. 

DRIFTS. Figure S9 shows the DRIFTS spectra of the PMOB-450°C, -1D and -4D materials. 

After the addition of API, two bands are detected at 3338 and 3275 cm-1, which are ascribed to 

the asymmetric and symmetric stretching mode of the NH2 group of API. Furthermore, we also 

detect a band at 3105 cm-1 assigned to the stretching vibration of C-H bond in imidazole ring and 

bands at 2921 and 2852 cm-1 assigned to the stretching modes of the C-H bond in the propyl 

chain of API. Hence, the DRFITS data confirms the presence of API in the pores of PMOB-

450°C-1D and -4D. After the addition of API, we observe a decreased intensity for the peak 

resonating at 1708 cm-1 assigned to the stretching mode of C=O bond of carboxylic acid and the 

appearance of peaks at 1640 and 1430 cm-1 assigned to the antisymmetric and symmetric modes 

of the carboxylate group.53,54 These latter peaks are more intense for PMOB-450°C-4D than for 

PMOB-450°C-1D. These observations confirm the deprotonation of carboxylic groups by 

reaction with API.  
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XPS. The N 1s XPS spectrum (shown in Fig. S10) of PMOB-450°C-1D exhibits peaks at 402 

eV and 399.5 eV ascribed to -C-N- and -C=N- groups of imidazole moiety.55–59  The peak at 

400.7 eV is assigned to the amine group of API .60,61 Hence, the XPS spectrum confirms the 

presence of API molecules in the pores of PMOB-450°C-1D. 

4. Conclusions 

We characterized the structure of calcined PMOB using various techniques, including solid-

state (DNP)-NMR, DRIFTS, XRD, XPS, TGA and porosimetry. Calcination leads to the 

removal of non-hydrolyzed ethoxy groups and template molecules. These entities are already 

completely removed at 350°C. The calcination also leads to the cleavage of Si-C bonds and the 

oxidation of T sites into Q ones. The T sites disappear above 500°C. The calcination also 

oxidizes the phenylene bridges into (poly)phenolic groups. The amount of these groups is 

maximal at 450°C. DNP-enhanced 1D 1H13C CPMAS spectra also revealed the oxidative 

cleavage of some benzene rings at 450°C leading to the formation of carboxylic acids as well as 

allylic alcohols, ketones and aldehydes in much lesser extent. The formation of carboxylic 

functionalities during calcination is confirmed by DRIFTS and XPS data.  The degradation of the 

benzene rings produces interconnections between the pores. Although the surface area and the 

pore volume of PMOB decreases for increasing calcination temperatures above 350°C, the 

PMOB materials still exhibit porous structure after calcination at 600°C. DNP-NMR and 

DRIFTS experiments also reveal that API amine groups deprotonate the phenol and carboxylic 

acid functionalities of PMOB-450°C in water at room temperature. Nevertheless, no formation 

of covalent bonds between API and the calcined PMOB was detected in these experimental 

conditions. 
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