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Abstract
Ordered mesoporous silica (OMS) is an important and useful material for a variety of applications, including catalysis, 
adsorption, sensing and controlled drug delivery. The surface chemistry and the silanol groups on OMS pores are key 
properties for the potential modification and application of this material. This research aimed to synthesize (using standard 
protocols) and differentiate the accessibility and strength of the H-acceptor Si–OH from FDU-12, SBA-16, MCM-41 and 
SBA-15 by pyridine (Py) donor, where the first two have cubic pore structures and the last two have hexagonal pore struc-
tures. Donor–acceptor properties were assessed by calculation of the surface Si–OH densities by thermogravimetry (TG), 
H2O-TPD/MS, and 29Si MAS and CP/MAS NMR. The nature of the Si–OH groups on these materials was determined to 
be hydrogen-bonding sites using FT-IR spectroscopy of Py adsorption. The reactivity of these silanol groups was probed 
by Py-TG and slurry microcalorimetry of Py adsorption in cyclohexane. Differences in accessibility and reactivity were 
discussed considering the total potential sites on the surface (nOH) versus the actual sites that can react with the Py molecule 
(nPy). By using microcalorimetry, it was possible to quantitatively distinguish the strength of the sites: The acidity order was 
approximately the same as the relative amount of silanol groups (Si–OH) and Py on the surface of the OMS materials (αPy): 
FDU-12 > MCM-41 ≥ SBA-16 > SBA-15.

Keywords  Ordered mesoporous silica (OMS) · Microcalorimetry of pyridine adsorption · Water-TPD/MS · 
Thermogravimetry · Accessibility to Si-OH · Strength of silanol groups

1  Introduction

A breakthrough was achieved in the 1990s with the syn-
theses of nanostructured materials with large mesopores 
(2 nm < diameter < 50 nm), which are known as ordered 
mesoporous silica (OMS) and named the M41S family: 
MCM-41, MCM-48 and MCM-50 [1, 2]. This discovery 
revealed a variety of possible applications in catalysis, 
adsorption, sensing, and controlled drug transportation, 
among others, which immediately triggered many research 

groups to study these new mesoporous materials. The num-
ber of published synthetic processes was so large that it was 
mandatory to certify reliable and reproducible methods to 
obtain these new OMS materials [3–5] and benefit nonex-
perts in this field. The expected applications of these materi-
als rely primarily on the properties of the siloxane and the 
variety and distribution of silanol groups on the OMS sur-
face. This is expected to affect the development of different 
modifications, such as the introduction of a metal (e.g., Al, 
Ni, V) to enhance the acidity in different reactions in which 
pure OMS is inactive [6–10].

Another important application involves modification of the 
OMS adsorption capacity. The expected loading efficiency will 
depend on the size of the adsorbate, as well as the pore size 
of the OMS adsorbent [11]. Applications involving enzyme 
adsorption are reported to be strongly affected by the elec-
trostatic interactions between the enzyme and OMS, with a 
crucial dependence on the isoelectric point of the enzyme 
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[12]. The electrostatic forces on the OMS surface rest on the 
combination of their siloxane and silanol groups. Thus, quan-
titative information on the location and strength of the silanol 
groups on OMS is very significant for adsorption studies [11, 
12]. Additionally, many OMS structures have been studied 
in recent years for their potential as drug transportation and 
delivery systems, which rely on the adsorption capacity of 
these materials. Thus, many revisions and papers have been 
published confirming these correlations [12–18].

Although considerable progress has been made in the 
synthesis and characterization of these porous materials, 
much less emphasis has been placed on the accessibility and 
mainly silanol acceptor capacity of mesoporous silica. The 
literature has many data on MCM-41 and SBA-15 accessi-
bility, for example [19, 20], but little or no data are available 
for others (e.g., FDU-12 and SBA-16). The accessibility and 
donor–acceptor capacity of such OMS silanols are key prop-
erties for their modifications and further applications. Sev-
eral techniques, such as Fourier transform infrared (FT-IR) 
spectroscopy, temperature-programmed desorption (TPD), 
solid-state nuclear magnetic resonance (MAS NMR), and 
calorimetric-adsorption (Cal-Ad) method by means of probe 
molecules (e.g., NH3, Py, CO), have been used to reveal 
the acidity properties of different materials [21–23]. These 
properties are accessibility, nature, strength, quantity, and 
distribution of active sites, which in most cases are measured 
as a function of the donor–acceptor interaction [22]. Because 
the donor–acceptor strength of surface groups may change 
substantially with structure and morphology, there is always 
a demand for knowledge about those parameters [10, 14].

Thus, the aim of this research was to synthesize using 
standard protocols of the literature and investigate the 
H-acceptor capacity of four OMS types (FDU-12, SBA-
16, MCM-41 and SBA-15) by means of a donor molecule. 
These four OMSs were chosen to analyze the influence of 
the pore structure properties (cubic and hexagonal structures 
and specific surface areas) on acidity. This characterization 
involved the investigation of structural and acidity proper-
ties, which were studied by FT-IR, small-angle X-ray scat-
tering (SAXS), 29Si MAS and CP/MAS NMR spectroscopy, 
low-temperature adsorption/desorption of N2 (− 196 °C), 
thermogravimetry (TG), TPD of water or pyridine followed 
by continuous mass spectrometry (TPD/MS), and microcalo-
rimetry in liquid-phase pyridine adsorption. The accessibil-
ity and reactivity are discussed.

2 � Experimental

2.1 � Syntheses of ordered mesoporous silicas

Syntheses of all the OMS materials (FDU-12, SBA-16, 
MCM-41 and SBA-15) followed standard procedures from 

the literature with a few modifications [5, 22, 24–27]. All 
reagents were analytical grade and used without any fur-
ther purification and included aqueous ammonia (NH4OH, 
28–30%, Vetec), hydrochloric acid (HCl, 37%, Vetec), 
tetraethylorthosilicate (TEOS, 98%, Sigma–Aldrich), cetyl-
trimethylammonium chloride (CTAC, Sigma–Aldrich), 
1,3,5-trimethylbenzene (TMB, Aldrich), Pluronic P123 
(Aldrich), Pluronic 127 (Aldrich), anhydrous pyridine 
(99.8%, Aldrich), KCl (99.9%, Vetec), deionized water 
(Merck Millipore, Milli-Q, model direct 8), and N2 or syn-
thetic air (O2 + N2, with 20 ± 0.5% O2), where both special 
gases 5.0 were obtained from White Martins/Praxair Inc. 
The detailed procedures are described in the Electronic Sup-
plementary Material.

2.2 � Structural characterization of OMS

The OMS materials were structurally characterized by 
FT-IR, SAXS, TEM, 29Si MAS and CP/MAS NMR spec-
troscopy, and adsorption and desorption of N2 gas at low 
temperature (− 196 °C) for textural analysis. A detailed 
description of these characterizations is provided in the 
Electronic Supplementary Material.

2.3 � Measurements of accessibility and donor–
acceptor properties

The OMS materials were studied using the following tech-
niques: desorption of water or pyridine by thermogravim-
etry (TG), temperature programmed desorption of water or 
pyridine followed by mass spectrometry (TPD/MS), and 
microcalorimetry in liquid-phase with pyridine adsorption.

The H2O-TPD and Py-TPD experiments were performed 
on a TA Instruments thermal analyzer (model SDT 2960) 
using Pt crucibles and the following program under N2 flow 
(110 mL min−1): heating ramp at 10 °C min−1 up to 100 °C, 
isothermal treatment at 100 °C for 30 min, and heating ramp 
at 10 °C min−1 from 100 up to 950 °C. Pyridine was pread-
sorbed onto the OMS materials according to the procedure 
described in the Electronic Supplementary Material. Once 
the samples with adsorbed pyridine were prepared, they 
were stored in a glove bag with N2 and analyzed immedi-
ately by TG/DTG. The number of OH groups (nOH) was 
quantitatively calculated in the samples, without pyridine, 
by water desorption, according to the calculations described 
in the literature [28, 29]. The number of pyridine molecules 
bonded to the silanol groups (nPy) was quantitatively deter-
mined by analysis of the mass loss of the materials before 
and after pyridine adsorption, taking into consideration the 
hydration of each sample. The method developed in our 
laboratory [30] is detailed in the Supplementary Material.

The H2O-TPD/MS and Py-TPD/MS experiments 
were performed by means of a temperature-programmed 
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desorption reactor coupled with a mass spectrometer (TPD/
MS). The reaction system obtained from Altamira Instru-
ments (AMI-90R) has and consisted of a TCD detector 
coupled to a Dycor Ametek mass spectrometer (range 
0–100 m/e) with continuous and simultaneous detection 
in up to eight channels. The OMS material (100 mg) was 
placed in a "U"-shaped quartz reactor tube that was inserted 
into the furnace of the equipment. The TPD experiment was 
performed using the following program: (i) the OMS was 
dried at 100 °C (25 to 100 °C, heating ramp of 10 °C min−1) 
for a total of 60 min under N2 flow at 20 cm3 min−1; (ii) a 
heating ramp of 10 °C min−1 was applied under N2 flow 
of 10 cm3 min−1 up to 950 °C. The reaction products were 
monitored via their respective mass fragments (m/e): 18 and 
17 (base peak and additional peak of water); 79, 78, 52 and 
51 (base peak and additional peaks of pyridine; according to 
NIST Webbook [31]. In all cases, the peak at m/e = 28 (N2) 
was used as a reference for the background.

Liquid-phase microcalorimetry of pyridine in cyclohex-
ane slurries was used to measure the evolved heat and to cal-
culate the enthalpies of OMS (FDU-12, SBA-16, MCM- 41, 
and SBA-15). All prepared OMS materials were activated 
at 200 °C for 4 h before the experiments. A diluted pyridine 
solution (0.100 mol L–1) in cyclohexane was added by titra-
tion to the solid slurry in anhydrous cyclohexane using a 
calibrated gas-tight syringe (Hamilton, 5 mL), and the heat 
evolved was determined in an isoperibol calorimeter (model 
ISC 4300, Calorimetry Sciences Corporation). The thermal 
bath of the calorimeter was regulated at 28.0000 °C before 
starting the experiment. Samples (0.5 g) of OMS were 
weighed and transferred to an isothermal calorimetric cell, 
followed by the addition of 25 mL of anhydrous cyclohex-
ane. These operations were carried out in a dry nitrogen 
glove box. The pyridine solution was added incrementally 
(e.g., 0.05 mL per injection) to the slurry at intervals of 
4 min, which was sufficient to the system equilibrate. The 
heat of diluted pyridine added to cyclohexane was measured 
separately and considered negligible for the heating system. 
The equivalent energy of the system was measured by a cali-
bration curve before and after each titration.

3 � Results and discussion

3.1 � Basic structural and textural characterizations 
of OMS

The successful syntheses of OMS materials could be proven 
by different standard methods that are used in the literature, 
such as FT-IR, SAXS, textural analysis by N2 adsorption, 
TEM, and 29Si MAS and CP/MAS NMR. A detailed descrip-
tion and discussion of these characterization techniques is 
provided in the Supplementary Material. However, SAXS 

is presented with more detailed explanation to demonstrate 
the correct synthetic procedure and a brief description of the 
other results is also included for the sake of clarity.

The FT-IR spectra of calcined OMS materials showed 
the characteristic absorptions of the silica framework vibra-
tions (Fig. S1), in agreement with the literature [8, 22, 28]. 
The bands at approximately 1640 cm–1 and 3450 cm–1 were 
attributed to the presence of adsorbed water molecules on 
the silanol surface. Generally, these bands are not specific 
to different silicas and are independent of their structure.

The SAXS patterns of the mesoporous silicas are 
shown in Fig. 1. All samples display typical diffraction 
peaks, confirming the ordered structural arrangement of 
pores. The SAXS diffraction pattern of the FDU-12 sam-
ple exhibits eight characteristic peaks that can be attrib-
uted to the indexed reflections (111), (220), (311), (400), 
(331), (442), (531) and (533) of a cubic structure with 
Fm3m symmetry, indicating successful synthesis [25]. In 
the curve for MCM-41, three peaks, corresponding to the 
indexed reflections (100), (110) and (200), are observed. 
The (100) plane shows high intensity, and its position 
was observed to shift to lower 2θ after the removal of the 

Fig. 1   SAXS patterns of the OMS materials FDU-12, SBA-16, SBA-
15, and MCM-41, with displaced intensities on a logarithmic scale
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template and subsequent condensation of silanol groups 
[5, 22]. The last two reflections confirm that the synthe-
sized material was composed of a highly ordered bidi-
mensional hexagonal arrangement of pores in space group 
P6mm. Regarding the SBA-15 material, five Bragg reflec-
tions were observed, indexed as the (100), (110), (200), 
(210) and (300) diffraction facets. The occurrence of these 
reflections corresponds to the mesoporous silica whose 
diffraction signals are attributed to the periodic arrange-
ment of the parallel channels, suggesting the formation 
of a mesostructured solid with bidimensional hexagonal 
P6mm symmetry [26]. The structure of SBA-16 is char-
acterized by a three-dimensional network of cage-like 
pores arranged in a cubic structure with body-centered 
symmetry connected through small mesopores. The results 
of the SAXS analysis indicate that the obtained SBA-
16 had well-resolved diffraction patterns, suggesting an 
ordered mesostructure representative of the cubic space 
group Imm [26, 27, 32], where the (110), (211), (220) and 
(310) reflections are present. The unit cell parameters (a0), 
which are the distances between the centers of two adja-
cent pores, are correlated with the values of q (100) and d 
(100) that were calculated according to the literature [33].

The textural properties of the OMS materials were 
examined by low-temperature nitrogen sorption isotherms 
and pore size distribution (Fig. S2-A and B) using the 
Brunauer–Emmett–Teller (BET), t-plot, and NLDFT (non-
local density functional theory) models.

All isotherms were predominately type IV(a), consistent 
with mesoporous materials with different hysteresis behav-
iors, but a contribution of microporosity (type I) is also evi-
dent, with a high N2 adsorption at low relative pressures (p/
p0 < 0.1). In the region of relative pressure values 0.2 < p/
p0 < 0.95, adsorption of the second and third layers of N2 
occurred, which was accompanied by the characteristic cap-
illary condensation in the mesopores at p/p0 ≈ 0.65, 0.42, 
and 0.43 for SBA-15, FDU-12 and SBA-16, respectively. For 
MCM-41, the important adsorption at low p/p0 is considered 
mainly due to monolayer coverage of the pore walls [1]. 
These observations agree with IUPAC classification [34].

About hysteresis behaviors, practically no hysteresis 
was observed for MCM-41, because of small width pores 
(~ 4 nm), which is typical of materials with ordered uniform 
pores [1, 2, 34]. In the case of SBA-15 with hexagonal pore 
structure, the isotherms present a similar profile, but now 
it shows hysteresis type H1 loop, which is associated with 
porous materials composed of ordered uniform pores, but 
larger than those of MCM-41. SBA-15 showed type H1 loop 
characteristic of narrow range of mesopores. FDU-12 and 
SBA-16 samples exhibit type H2(a). This type of hysteresis 
is associated with different mechanisms of condensation and 
evaporation in pores with a narrow neck and broad body 
(cage-like pores, pore entrances narrower than cages). All 

those behaviors are compatible with standard samples in the 
literature [5].

The main properties of the investigated samples are sum-
marized in Table 1. The total pore volume (Vtot) for iso-
therms of type IV(a) can be obtained at a relative pressure 
close to unity (e.g., p/p0 = 0.98) by assuming the pores filled 
with nitrogen in the liquid state (i.e., application of Gur-
vich rule). The pore volume calculated by NLDFT (Vp(DFT)) 
is fair close to Vtot confirming that the model employed is 
well fitted. In addition, it can be observed that the calculated 
microporous area has contributed to the total area of OMS 
materials, as well as the volume of micropores in Vtot. Thus, 
an overview of the contribution of the micropore parameters 
clearly shows a significant role in the distribution of silanols 
on the accessible surface. It is known that micropores origi-
nate high silanol group concentration (hydroxyl nests), 
which may be accessible by different probe molecules [35].

Transmission electron microscopy (TEM) is an essential 
technique for investigating the structures of materials. It can 
produce images that are the projections of three-dimensional 
structure and contain crystallographic information. Fig. S3 
shows the images of the synthesized OMS materials (i.e., 
FDU-12, SBA-16, MCM-41 and SBA-15). TEM images 
show the mesoporous structures, in addition to fringes that 
are a consequence of different interactions between the elec-
tron beam and the ordered pores, which can be hexagonal, 
square, etc. generating the image pattern with high or low 
absorption. The detailed analysis of the images confirmed 
the proper syntheses of hexagonal pores in MCM-41 and 

Table 1   Unit cell parameters obtained by SAXS and textural proper-
ties from N2 adsorption/desorption isotherms at − 196 °C

a Calculated according to the literature [33]
b Specific surface area obtained by the BET method in the p/p0 range 
of 0.02 to 0.2. The standard error (2σ) was ± 10 m2/g
c Microporous surface area obtained by the t-plot method
d Mesoporous surface area was obtained by the SBET – SMic
e Total pore volume calculated by the amount of gas adsorbed at p/
p0 = 0.98
f Pore volume calculated by NLDFT Model
g Micropore volume calculated by t-plot
h Mesopore volume calculated by Vtot – VMic

OMS/parameter FDU-12 SBA-16 MCM-41 SBA-15

a0 (nm)a 25.9 ± 2.7 14.01 ± 0.02 4.18 ± 0.01 11.92 ± 0.07
SBET (m2/g)b 672 705 1109 684
SMic (m2/g)c 184 300 205 187
SMes (m2/g)d 488 405 904 497
Vtot (cm3/g)e 0.56 0.48 0.85 1.05
Vp(DFT) (cm3/g)f 0.52 0.40 0.83 0.92
VMic (cm3/g)g 0.22 0.13 0.19 0.09
VMes (cm3/g)h 0.34 0.35 0.66 0.96
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SBA-15 and the cubic space group of FDU-12 and SBA-16, 
according to the literature [5, 24].

Solid-state 29Si NMR is an important tool for silicon 
chemical environment determination in different silicates 
[5, 36], confirming the species formation designated Q4 
[Si(OSi)4], Q3 [SiOSi)3(OH)], and Q2 [Si(OSi)2(OH)2]. Fig. 
S4 shows the 29Si MAS NMR spectra of calcined FDU-12, 
SBA-16, MCM-41, and SBA-15, as well as the respective 
deconvolutions, providing more specific information regard-
ing species Q4, Q3 and Q2 [32, 33, 36, 37]. The relative 
intensities attributed to the different Qn groups are presented 
in Table 2. Among the studied OMS materials, FDU-12 
showed the highest concentration of Q3 and Q2 species or 
SiOH groups, whereas SBA-15 presented the lowest SiOH 
concentration. The lower amount of Q3 and Q2 species in 
the mesoporous silicas may indicate a lower number and 
accessibility of these OH groups. The correlation of these 
parameters to the strength and accessibility of Si–OH groups 
will be further discussed. In addition, 29Si CP/MAS NMR 
spectra of OMS materials (Fig. S5) were obtained and con-
firmed the presence of Q2 and Q3 silicon sites [38].

3.2 � Acidity of synthesized OMS materials

3.2.1 � Accessibility of sites by temperature programmed 
water desorption

First, it is important to understand and demonstrate the 
accessibility of the acid sites of a molecular sieve. Once 
an OMS material is prepared, calcined, and exposed to a 
certain atmosphere (humidity, for instance), the silicon 
chemical environment will be created. Thermal and/or vac-
uum treatments will change the amount and distribution of 
surface silanol and siloxane groups on silica-based materi-
als [39–41]. In this sense, the use of H2O-TPD/MS is very 
advantageous because the water signal (m/e = 18) can be 
monitored by mass spectrometry. The pattern of H2O-TPD/
MS of the molecular sieves is shown in Fig. 2. All OMS 
materials showed the same general behavior: (i) the first sig-
nal (between 110 and 300 °C) is associated with desorption 

of surface water from the Si–OH of the most condensed 
structure (i.e., bridge silanols); (ii) the second signal is 
associated with the dehydroxylation between the remaining 
silanol groups, mainly the isolated silanols, generating silox-
anes and water (Si–OH···OH–Si → Si–O-Si + H2O) [19, 42]. 
It should be noted that the OMS materials were pretreated 
at 100 °C under dry N2 for 2 h before these measurements.

The presence of different Si–OH groups on the surface of 
silica and OMS materials has been extensively studied in the 
literature by FT-IR, mainly DRIFTS. We observed (Fig S6) 
two main bands in the range of 3767–3700 cm−1 related to 
O–H vibrations from isolated Si–OH groups and a broader 
band at 3600 cm−1 assigned to surface silanol groups with 
hydrogen bonds (bridge silanols) [43–45]. The positions of 
these bands may shift slightly depending on the nature of 
the silica material and demonstrate the presence of different 
silanol groups on it.

The nature of Si–OH groups was also probed by a com-
bination of 29Si and 1H-29Si CP/MAS NMR experiments for 
each OMS. It has been shown by 1H-29Si CP/MAS NMR 
that geminal and free Si–OH groups can be promptly dis-
criminated (Q2 and Q3 environments) and are not affected 
by the presence of water molecules for quantification pur-
poses [46, 47]. The Si–OH groups are more influenced by 
the surfactant used, which forms a hydration layer on the 
interface surfactant-silica wall [48]. The results of fitting 
the experimental spectra clearly showed that two of the three 
chemical environments of the OMS are related to silicon 
nuclei that are coupled to nearby protons. The areas under 
the deconvoluted signals are directly proportional to the spe-
cies of the respective structural units of the sample, which 
allowed calculation of the relative proportion of silicon 

Table 2   29Si MAS NMR relative magnitudes of Qn environments 
obtained by deconvolution using the composite Gaussian–Lorentzian 
function (Origin v 8.0)

a Relative amount of silanol groups (mol% Si) = [(2Q2 + Q3)/
(Q2 + Q3 + Q4)] × 100
b Condensation degree (CD) = Q4/(Q2 + Q3 + Q4)[35]

OMS Q4 Q3 Q2 SiOH (%)a CDb

FDU-12 77 22 1 24 0.77
SBA-16 81 17 2 21 0.81
MCM-41 80 18 2 22 0.80
SBA-15 85 11 4 19 0.85

Fig. 2   H2O-TPD/MS curves for the OMS: (a) SBA-15; (b) FDU-12; 
(c) MCM-41, (d) SBA-16
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environments (Table 2) and the molar percentage of silanol 
groups [32, 33, 36, 37]. For all studied OMS materials 
under our experimental protocol synthesis and calcination 
conditions, the integrated relative intensities of the signals 
indicated that most of the silicon atoms belong to Q4 sub-
structures (> 77%), whereas Q2 environments had the lowest 
concentration (< 4%). Among the studied OMS, FDU-12 
showed the highest concentration of Q3 and Q2 species and 
SiOH groups (24%) and consequently the lowest condensa-
tion degree (0.77), whereas SBA-15 presented the lowest 
SiOH concentration (19%) and the highest condensation 
degree (0.85). It is important to keep in mind that the rela-
tive amount of the respective environments of Si–OH is an 
indication of distribution and not of the relative strength.

A quantitative measurement of the total Si–OH groups on 
the OMS was performed by the thermogravimetric method, 
which has been largely conducted in the literature [29, 48, 
49]. Thus, using the proposed equations [29] and based on 
the Zhuravlev model, the total number of OH groups was 
determined (Table 3). As observed in Fig. 2, according to the 
H2O-TPD/MS experiments performed on these OMSs, only 
water was released from the heating treatment.

The nOH value represents the maximum number of sites 
that each OMS can provide and be accessed by a suitable 
probe molecule to directly react with. A suitable probe has 
an appropriate size and conditions of adsorption. The nOH 
is an important parameter that may drive the design of any 
modified OMS material. It can be noted that the obtained 
data in Table 3 are close to some other values calculated 
under approximately the same conditions of preparation and 
calcination (e.g., 3.6 and 3.5 mmol g−1 for MCM-41 and 
SBA-15, respectively, but a larger difference were found for 
SBA-16, 8.3 mmol g−1) [28, 35]. It should also be noted 
that the nOH data for FDU-12 were not found in the litera-
ture. Nonetheless, these data should be carefully considered 
because there are a variety of silanol density data in the 
literature, mainly due to different experimental methods of 
preparation, calcination, calculation and the chosen stage 
boundary point, discussed by Zuravlev [39], which have 
been pointed out in the literature [28, 35, 50]. If one looks 
at literature, no systematic procedure can be found for OMS 

materials to calculate silanol densities. The accessibility for 
Py probe (columns 4 and 5) will be discussed in the next 
section.

3.2.2 � Accessibility of sites by pyridine and acid strength

First, the nature of the silanol interaction with pyridine was 
examined by two methods: (i) FT-IR of adsorbed pyridine 
and (ii) gas-phase dehydration of ethanol. The FT-IR spectra 
(Fig. 3) of FDU-12, SBA-16, MCM-41 and SBA-15 clearly 
showed that the sites present on these OMSs formed practi-
cally only hydrogen bonds with pyridine; i.e., they function 
much more as H-acceptors than H-donors through py inter-
action. The main absorption bands are located at 1489 and 
1447 cm–1. The absence of a clear band at approximately 
1540 cm−1 confirms that no Brønsted sites (proton donor) 
are present on these samples. Additionally, the shift in the 
band at 1447 cm–1 is not large enough to indicate Lewis sites 
(electron acceptance) [10]. Furthermore, a model reaction 
for OMS materials was conducted using dehydration of etha-
nol. This reaction did not show any detectable conversion 
(Fig. S7) because it depends on the presence of Brønsted or 
Lewis acid sites forming mainly ethylene or diethyl ether 
products [51]. Thus, these results corroborated the presence 
of only hydrogen-bonding sites in these materials.

Once the nature and the total number of sites were 
disclosed, the number of sites accessed by pyridine was 
examined with different experiments. First, Py-TPD was 
employed, which took into consideration the mass losses 
associated with desorption of water and pyridine in sepa-
rate experiments, as detailed in the supplementary material 
[52]. The unique profiles of the TG/DTG curves of all OMS 
samples (Fig. 4) show a mass loss attributed to the release of 
physically adsorbed water (up to approximately 100 °C) and 
another loss between 100 and 350 °C due to pyridine desorp-
tion. The range of pyridine desorption on the OMS materials 
was much lower than that of other catalysts with stronger 
acid sites [30, 50, 51]. To ensure that the assignment of des-
orption in the TG experiment was correct, Py-TPD/MS was 
conducted under similar conditions (e.g., MCM-41). It could 
be seen (Fig. S8) that there was simultaneous desorption of 

Table 3   Calculated number of 
Si–OH groups and the number 
of Py by TG methods for OMS 
materials

a nOH = 2H2O = 2 (Wi – Wf)/100 MMH2O, where Wi and Wf are the mass losses (wt%) in the temperature 
range (110–950 °C) and MMH2O is the water molar mass
b The number of OH groups (αOH) per 1 nm2 was calculated from the equation: αOH = nOH NA 10–18/SBET, 
where: nOH (10–3 × mmol g−1); NA—Avogadro constant, SBET—OMS specific surface area obtained by 
BET method (m2 g−1), 10–18—conversion factor from m2 to nm2

OMS nOH (mmol g−1)a αOH (OH nm−2)b nPy (mmol g−1) αPy (Py nm−2)

FDU-12 3.23 2.89 0.84 0.75
SBA-16 3.36 2.87 0.71 0.61
MCM-41 2.92 1.59 1.25 0.68
SBA-15 5.14 4.52 0.68 0.60
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Py and water in the same region, which confirmed that not 
all Si–OH sites of OMS reacted with pyridine during its 
adsorption.

This was reinforced by the quantitative calculation of the 
total number of Py molecules desorbed (nPy) from accessed 
sites (Table 3, column 4). The nPy is lower than nOH, which 
corroborates the results of Py-TPD/MS experiments. There 
are a number of reasons that could lead to site concentra-
tions obtained by a probe molecule (nPy) being lower than 
the actual number of OH groups (nOH) on the OMS inner 
surface, e.g., inactive hydroxyl groups and steric interactions 
between adjacent probe molecules that preclude an OH site 
from being accessible [53]. Thus, the data confirm those 
reasons and agree with others.

The data in Table 3 account for the number of sites on 
OMS accessible to pyridine, but equally important would be 
to know if they are homogeneous and have similar strength. 
Enthalpy has been used as an important measure of acid 
strength, providing a temperature-independent relative acid-
ity scale [54–56]. Application of microcalorimetry in liquid 
phase in the preparation and design of new catalysts has 
shown great quantitative merit in that the nature and energy 
of adsorbed species can be addressed [57]. It is important 
to note that titration in liquid phase makes possible to dis-
criminate the acid strength more accurately than in conven-
tional gas–solid phase titration [58–60]. Differences between 
intrinsic and effective acidity that surface acidic groups of 
a catalyst present in a liquid is an important issue in the 
relationship between acidity and activity [59], which is 
addressed by slurry calorimetry.

The calorimetric analysis was based on obtaining data 
from the curves of heat evolved versus total amount of pyri-
dine added, which was plotted as enthalpy versus total pyri-
dine added for an easier comparison (Fig. S9). The model 
employed linearization of straight portions of the original 

curve, assuming a two-acid site present in a solid acid, based 
on the best fitting parameters for these OMS materials. Then, 
the strength of the acid sites of OMS was probed by liquid-
phase microcalorimetry of pyridine adsorption. Enthalpies 
are calculated as a measure of acid strength by measuring 
the heat of interaction between a diluted probe base and the 
acid sites of a solid in a noninteracting solvent. The aver-
age strength and number of sites in the mesoporous silicas 
are reported in Table 4. It should be noted that the total 
amount of pyridine (nPy) obtained by Py-TPD is similar to 
that obtained by microcalorimetry (i.e., n1 + n2, Table 4, 
column 6). This confirms that both experiments assessed 
approximately the same sites on each OMS material.

Based on the strength of the most acidic sites, the order of 
OMS acidity was FDU-12 > MCM-41 ≥ SBA-16 > SBA-15, 
with − ΔH1 = 74.5, 66.8, 66.1 and 36.8 kJ mol–1, respec-
tively. The acidity order is approximately the same as the 
order of accessibility of pyridine to the silanol groups (αPy) 
for both Py-TPD and calorimetry measurements, as well as 
the relative amount of silanol groups (Si–OH or Q3 + Q2) 
inside the pores and on the surface of the OMS materials 
(Table 2). Although all pores are large enough to permit 
the entrance of pyridine (kinetic diameter = 0.54 nm), the 
presence of different amounts and the location of the most 
acidic sites for its hydrogen bonding is not the same. These 
are probably related to the synthesis conditions, the geomet-
ric environment of OMS that leads to their distribution, the 
accessibility (diffusion) inside the pores and the presence 
of relative amount of microporous in the OMS. Addition-
ally, pyridine molecules could be bonded to some extent the 
external surface area of the OMS, which has other chemical 
environments with weaker strength. The most acidic sites are 
those with the highest potential energy surface (negative free 
energy) inside the pores [19, 20, 22]. The nature of the most 
reactive sites for hydroxylated silica surfaces (Fig. 5) are 
those with three mutually hydrogen-bonded hydroxyl groups 
[55, 56]. Nonetheless, one should be aware that the strength 
of surface groups on OMS materials can be tuned either by 
different morphologies, grafting silyls or other organic func-
tional groups, or the addition of heteroatoms (e.g., Al, Ni, V) 
[10, 19, 21, 58, 61, 62]. Thus, it is essential to understand the 
pure OMS acidity for adequate modification.

The microcalorimetry of pyridine adsorption has proven 
to be an efficient tool to differentiate the strength of sites 
in many solid acids [52, 55, 56, 63]. Chronister et al. [56] 
calculated the thermodynamic data from Cal-Ad analysis of 
silica gel, which was treated at 28 °C for 12 h under vacuum. 
A two-site model was proposed with the following strength 
and quantities: − ΔH1 = 52.7 and − ΔH2 = 22.2 kJ mol–1; 
n1 = n2 = 0.86 mmol g–1. Under another hydration condition 
(200 °C, 12 h under vacuum), the enthalpy value for the 
strongest site (− ΔH1) was 23 kJ mol–1. These results con-
firm how important the thermal treatment is to preserve the 

Fig. 3   FT-IR spectra of pyridine adsorbed on OMS: SBA-16, FDU-
12, SBA-15, and MCM-41
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Fig. 4   Curves obtained by TG/DTG of OMS: MCM-41; SBA-15; FDU-12 and SBA-16 before (left) and after (right) adsorption of pyridine (Py-TPD)
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nature of silanol groups on the surface. Considering that for 
all studied OMS materials, the total number of acid sites 
reacting with pyridine is lower than the total number of 
available silanols on the solids, it may indicate that once the 
first pyridine molecules reach the most reactive sites, the fol-
lowing molecules may experience steric hindrance to react 
with the remaining silanol groups. Moreover, as observed 
by the number of the strongest sites (n1), there are fewer 
poly-hydrogen-bonded silanols (bridges). Figure 5 shows the 
arrangements of silanol groups on silicate materials. Those 
bridge silanols give rise to the strongest binding enthalp-
ies of hydrogen-bonded silanols (Fig. 5d) that are stronger 
acids than the mono-hydrogen-bonded silanols, i.e., vicinal 
(Fig. 5c). Different pore structures, crystallinities and dis-
tributions of chemical environments demonstrate that there 
is a distinction between the accessibility and strength of the 
sites.

The enthalpy values of the first and second sites allow 
us to assign the nature of the sites reacted with pyridine 
for each OMS. These results may be inferred based on a 
comparison with silica gel. Site one is related to pyridine 
hydrogen bonded to poly-hydrogen-bonded silanols (bridge 
Si–OH, Fig.  5d), whereas site two is related to mono-
hydrogen-bonded silanols (vicinal Si–OH, Fig. 5c), except 
for SBA-15, which is probably related to mono-hydrogen-
bonded silanols.

The higher enthalpies for the strongest sites (site 1) than 
for silica gel are explained by the highly polar silanol groups 
formed inside the pores of OMS, which expose the OH 
mainly on the mesoporous walls due to the rigidity of their 
framework in agreement with 29Si MAS NMR data. The 

confinement effect of the structure’s silanol groups within 
the pores will increase the O–H bond distance. In fact, this 
is one of the factors analyzed to evaluate accessibility, since 
the calculated chemical environments suggest this behavior, 
which strengthens the hydrogen bonding interaction with 
pyridine. The small differences in these distances probably 
caused the differences among the OMS materials. For SBA-
15, the smaller enthalpy value (− ΔH1 = 36.8 kJ mol–1) indi-
cated that either the inner Si–OH are much more uniform in 
distribution or access to the strongest sites was precluded. 
This OMS has a significant amount of microporosity, and 
reactions with the most acidic sites might have been blocked 
by the initial pyridine entrance, as we explained before. 
Nonetheless, based on many reports in the literature [21, 
23] that attribute no acidity to SBA-15 or even SBA-16, the 
hypothesis of a mixture of mono-hydrogen-bonded or even 
isolated silanols distribution may play a role, as well as mor-
phology of OMS material in adsorptive process [64]. It has 
been confirmed that a highly interconnected (3D-mesopore 
network for SBA-15 showed real constrictions and dead ends 
in the supposedly uniform cylindrical pores in the primary 
pore system [65]. Thus, both effects are probably account-
ing for the final lower average strength of SBA-15 sites. An 
important difference between the pore structures of SBA-
15 and MCM-41 is just that the pore walls contain these 
micropores and narrow mesopores, which is characteristic 
of synthesis with triblock copolymers [66]. The relatively 
high micropore volume and surface area of FDU-12, SBA-
16 and MCM-41 indicate that a higher density of accessible 
silanols may be present inside their pores. The strongest sites 
observed for FDU-12 and SBA-16 suggest that the access is 

Table 4   The total number of acid sites (nPy) obtained by Py-TPD, average enthalpy (− ΔH1 and − ΔH2), number of sites (nT = n1 + n2) and den-
sity of adsorbed Py (αPy) obtained by microcalorimetry of pyridine adsorption, considering a two-site model reaction

The standard deviations for − ΔH1 and − ΔH2 were ± 1 kJ mol–1, and those for n1 and n2 were ± 0.01 and 0.03 mmol g–1, respectively, based on 
triplicate experiments. For − ΔH1, the value was obtained by initial additions of pyridine in the titration using the limiting reagent approximation

OMS − ΔH1 (kJ/mol) n1 (mmol/g) − ΔH2 (kJ/mol) n2 (mmol/g) nT (mmol/g) αPy (Py nm−2)

FDU-12 74.5 0.05 56.2 0.62 0.67 0.60
SBA-16 66.1 0.05 58.6 0.55 0.60 0.51
MCM-41 66.8 0.10 45.8 0.91 1.01 0.55
SBA-15 36.8 0.08 24.3 0.38 0.46 0.40

Fig. 5   Different arrangements 
of Si–OH groups on silicate 
materials
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facilitated by the largest pore system of windows and cages 
in this cubic structure. The same is valid for MCM-41, but 
in this case the 1D-channel system does not have much dif-
fusion restrictions.

The strength and distribution of the hydrogen bond-
ing acid sites discussed here are quite consistent with the 
results of other spectroscopic experiments in the literature 
[20]. MCM-41 and SBA-15 have been studied by multinu-
clear (1H, 15N, 2D and 29Si) solid-state NMR techniques 
using pyridine-15N. In this work, the majority of isolated 
silanol groups were confirmed to be in the inner surface 
of their pores, which were hydrogen bonded to pyridine at 
low coverage. 15N MAS NMR spectra at low temperatures 
(− 150 °C) showed that pyridine can quickly jump among 
the silanols at room temperature, and the apparent nOH was 
smaller than the real value. By 1H MAS NMR, it was dem-
onstrated that most silanol groups arose from inner surfaces 
(pores) but not from walls or small pores, which were not 
accessible to pyridine. It also showed that there were small 
variations in the H–N distances from the hydrogen bonds of 
silanol to pyridine detected by 15N MAS NMR as broadness 
of lines, depending on the molecular sieve. However, there 
is not enough resolution in the MAS NMR spectra to detect 
chemical shifts of the possible different sites on those pores. 
Thus, in this work, we demonstrated that microcalorimetry 
with diluted pyridine was able to detect these small changes, 
showing average enthalpies that depend on the silanol OMS 
environment. The silanol groups are not able to protonate 
pyridine, forming pyridinium, a result that agrees with 
FT-IR measurements and ab initio calculations [67, 68].

In a recent paper, Velthoen et al. developed a method 
based on pyridine adsorbed on silica matrices with differ-
ent strengths (silica, alumina, amorphous silica-alumina and 
zeolite Y) using reflectance UV–Vis spectroscopy [69]. The 
method allowed us to distinguish different absorption bands 
based on different pyridine adsorption modes. The bonds 
related to pyridine electronic transitions could be associ-
ated with the strength of surface species on surface of the 
catalyst. Compared to the traditional FT-IR method using 
adsorbed pyridine, which can easily distinguish Brønsted 
and Lewis acid sites, the UV–Vis method could distinguish 
better in nature and strength between weakly acidic surface 
hydroxyl groups (H-bonding sites) bonded to pyridine. We 
also observed this effect in our experimental FT-IR, since 
all four studied OMS showed similar spectra for pyridine 
adsorbed. Thus, compared to our microcalorimetric meas-
urements, the UV–Vis method might be an alternative for 
in-depth characterization of solid acids with sites with dif-
ferent strengths.

Models of cylindrical pores using fused tridymite frag-
ments have been proposed to accommodate data concern-
ing the number of silanol groups [20, 28]. Based on these 
models and our results, we can suggest a qualitative picture 

of the arrangement of the different Si–OH groups inside 
cylindrical and cage-like pores (Fig. 6). This model proposes 
the presence of a relatively rough inner pore surface with a 
few highly hydroxylated silanol groups that are responsible 
for the strongest sites in the OMS materials, as detected by 
microcalorimetry. In addition, the geminal and terminal (iso-
lated) silanols are also present on the pore inner surface of 
OMS (Q2 and Q3 signals of 29Si MAS NMR spectra), which 
contributes to decreasing the strength and hence the average 
enthalpies of the second site.

4 � Conclusions

In this report, FDU-12, MCM-41, SBA-16 and SBA-15 
were synthesized using minor modifications of verified 
methods in the literature. The produced and characterized 
materials have well-defined pores of long-range structural 
ordering. Donor–acceptor properties were assessed by cal-
culating the surface Si–OH and Py densities. The nature of 
the Si–OH on these materials was confirmed as hydrogen-
bonding sites using FT-IR of pyridine adsorption. Addi-
tionally, a model reaction of ethanol dehydration at 350 °C 
showed negligible activity for those OMSs, confirming 
that Brønsted or Lewis sites were absent under those con-
ditions. The number of moles of pyridine adsorbed (nPy) 
was less than the number of hydroxyl groups (nOH, maxi-
mum reactive sites) for all OMS, which might indicate 
steric hindrance between adjacent pyridine molecules that 
precludes some Si–OH sites from being accessible. It was 
determined by slurry microcalorimetry in cyclohexane 
of diluted pyridine adsorption that the synthesized OMS 
samples have two different types of active sites and are 
stronger than those of pure silica gel. The polar silanol 
groups formed inside the pores of OMS expose the OH 
mainly on the mesoporous walls because the rigidity of 
their framework coupled to the confinement effect. This 
increases the O–H bond distance, which strengthens the 
hydrogen bonding interaction with pyridine. The small dif-
ferences in these distances probably caused the strength 
differences among the OMS materials. Pyridine reacts first 
with the most acidic silanol groups (bridge), which are 
related to three adjacent groups that can bind to hydrogen 
and are located within the mesopores. The second site, 
which is much more numerous, corresponded to mono-
hydrogen-bonded silanol (vicinal). The obtained enthalpy 
data showed that the strength of both sites was in the order 
FDU-12 > MCM-41 ≥ SBA-16 > SBA-15. This order is 
similar to the distribution of pyridine (αPy) and SiOH 
groups (Q3 + Q2). Based on models proposed in the litera-
ture and our results, we suggest qualitative illustrations of 
the arrangement of the different Si–OH groups inside the 
pores. The pores present a partially rough inner surface 
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with a few highly hydroxylated silanol groups that are 
responsible for the strongest sites in the OMS materials. 
Additionally, a higher number of vicinal silanols compose 
the majority of the second strongest sites. Complementing 
the surface structure, geminal and terminal silanols are 
present on the inner pores and external surfaces of OMS.
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