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Abstract 

The presented research work is devoted to the investigation of the adsorption properties 

of biologically active molecules in mesoporous silicas. In particular, the interaction of 

ibuprofen with unique hydrated and functionalized silica carriers is unraveled by means 

of DFT-D calculations and experimental NMR experiments. The effects of temperature, 

degree of hydration, and adsorption site have been analyzed in detail to provide a 

molecular scale description of the adsorption and vectorization of a well-known drug, 

ibuprofen, on functionalized silicas. We are capable to conclude that the hydrated state, 

by the presence of a monolayer of water surface molecules on silica, plays the starring 

role. 
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1. Introduction 

During the last decade, the use of mesoporous silicas for the encapsulation and the 

controlled release of bioorganic molecules attracted a lot of interest1-7. The accessible 

pore volume of mesoporous silicas, such as MCM-41 silicas8, can store and release a large 

amount of different molecules including, organic solvents or biologically active 

molecules.9 

In the field of medical applications, the molecular encapsulation of active pharmaceutical 

compounds allows a controlled release of biologically active molecules. For example, 

encapsulation of ibuprofen in mesoporous silica increases the solubility rate in 

physiological-like fluids.10 This property leads to the reduction of drug dosage and 

potential side-effects. A comprehension at the molecular level of the interactions involved 

in the adsorption phenomenon of ibuprofen onto the silica surface could lead to improve 

the conception of amorphous silica-based pharmaceutical vectors through a better control 

of the drug release over time11. Recent progress in structural studies of active 

pharmaceutical ingredients embedded in different drug carriers in the application of solid-

state NMR spectroscopy has been reviewed by Skorupska et al.12 

Ibuprofen release rate is related to the mesoporous silica’s structural parameters and to 

the affinity between the molecule and the silica surface. The stronger the interactions the 

slower the release rate.3 In particular the functionalization of the pore surface with 

aminopropyl groups strongly affects the release kinetic.4 Moreover, the size and the 

geometry of the pores of textured mesoporous silicas also affect the release rate3, 5 as 

follows: small pores induce a slow release and thus a longer time of efficiency of the drug.  

However, while the release settings are well known experimentally, the theoretical 

characterization of the surface interactions between ibuprofen and the silica surface can 

still be improved. A very complete study by the group of Ugliengo13-14, presented a new 

realistic model for MCM-41, introducing hybrid functionals corrected for dispersion 

forces. They showed that electronic dispersion contributions to the interaction are critical 

for the correct description of the interactions. Recently, our group also built an MCM-41 

DFT-D model and went one step further by investigating the important effect of 

hydration.15 Indeed silica is highly hydrophilic and the presence of water on the surface 

silanol groups has been proved to have an important effect on the adsorption complex’s 

final molecular picture14, and thus also on the spectroscopic finger prints of the adsorption 

phenomenon on amorphous silica materials. 
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In this paper we confront density functional calculations to solid state nuclear magnetic 

resonance (NMR) data in order to determine the origin and the strength of the interactions 

at the molecular level for ibuprofen and a small model molecule, benzoic acid, 

encapsulated in hydrated MCM-41 modified or not with organic moieties. To do so, 

different amorphous silica models were built:  the influence of the presence of water on 

silica was first investigated, as well as the possible modification of the involved 

interactions following aminopropyl functionalization of the silica surface.  

 

2. Experimental Details  

2.1 Material preparation 

MCM-41 is obtained by mixing under stirring at room temperature H2O, NaOH, 

cetyltrimethylammonium bromide and silica (Aerosil® 200), in a given molar ratio of 

20:0.25:0.1:1, respectively. The resulting white precipitated powder is filtered and 

plentifully washed with distilled water up to neutral pH, then dried at 70°C for at least 48 

hours. Samples are then calcined at 600°C for 6 hours under air flux to remove surfactant 

molecules. Functionalization of MCM-41 by aminopropyl groups was carried out through 

post-grafting synthesis by reacting 1 g of the mesoporous materials in an oven at 120°C 

for 2 hours with 1.33 mL of (3-Aminopropyl)triethoxysilane (APTES - 

(C2H5O3Si(CH2)3NH2) in 15 mL of acetonitrile under magnetic stirring. The mixture 

was stirred under argon overnight and the product was filtered, washed with a 

water/ethanol solution (50/50) and dried at 70°C overnight. APTES-functionalized 

mesoporous silica material is denoted as MCM-F in the forthcoming text. 

The silica nanoparticles are obtained through the Stöber process: 5 mL of a solution of 

tetraethoxysilane (TEOS) in absolute ethanol (0.90 M) is dropwise added to a solution of 

ammonia (1,44 M) in a mixture of 46 mL of absolute ethanol and 10 mL of water. 

Vigorous stirring is maintained during 4 days during which time the solution turns turbid. 

After 4 days, the nanoparticles are washed by 4 cycles of centrifugation and dispersion in 

absolute ethanol. The average diameter is 360 nm and the BET surface area is 30 m2.g-1 

(Figure S1). 

The loading of MCM-41 calcined materials and the adsorption on the Stöber silica 

particles was realized according to the incipient wetness procedure. The powders are 

loaded using a solution of ibuprofen, or benzoic acid in ethanol (∼ 0.310 mol.L-1). Then, 

0.500 g of powder is impregnated four times successively, with a small amount of the 

solution just allowing the powder to be wetted. The solvent is removed between two 
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impregnations by evaporation at 70°C overnight. Afterwards, samples are quickly washed 

with 5 ml of ethanol to remove the excess of non-encapsulated molecules. The control of 

this step is particularly crucial as an insufficient amount of ethanol can cause 

crystallization of the organic molecules in the samples, whereas an excess of ethanol leads 

to the partial release of the molecules. The MCM-41 (functionalized or not with APTES) 

samples loaded with ibuprofen and benzoic acid will be referred in the forthcoming text 

as MCM-Ibu/MCM-F-Ibu and MCM-BA/MCM-F-BA, respectively. Benzoic acid 

adsorbed Stöber silica particles will be refered as Stöber-BA in the forthcoming text.  

 

2.2 Solid-state NMR experiments 
1H and 13C solid state NMR experiments were performed on an AV300 Bruker 

spectrometer operating at Ξ(1H) = 300.13 MHz and Ξ(13C) = 75.48 MHz. 4 mm zirconia 

rotors were spun at MAS frequency of 5 (for 13C CP MAS spectra) or 14 kHz (for 13C 

MAS spectra). For 1H MAS spectra, 2.5 mm zirconia rotors were used and spun at MAS 

frequency of 25 kHz. Recycle delay for 1H and 13C experiments was set to 2s. Spectra of 

functionalized samples were recorded using 1H-13C cross-polarisation (CP) experiments 

with proton decoupling (spinal-64) during acquisition. The chemical shift reference (0 

ppm) for 1H and 13C was tetramethylsilane (TMS). 

 

2.3 Computational Details 

2.3.1 Geometry optimizations and molecular dynamics calculations 

All calculations were performed using the ab initio plane-wave pseudopotential approach 

as implemented in the VASP code16-17. The Perdew-Burke-Ernzerhof (PBE) functional18-

19 was chosen to perform the periodic DFT calculations with an accuracy on the overall 

convergence tested elsewhere20-25. The valence electrons were treated explicitly and their 

interactions with the ionic cores are described by the Projector Augmented-Wave method 

(PAW),26-27 which allows to use a low energy cut off equal to 400 eV for the plane-wave 

basis. The integration over the Brillouin zone was performed on the Γ−point, in all 

calculations. 

In the geometry optimizations at 0 K, the positions of all atoms in the supercell are relaxed 

in the potential energy determined by the full quantum mechanical electronic structure 

until the total energy differences between the loops is less than 10-4 eV. In a second step, 

the Density Functional Theory – Dispersion (DFT-D) approach28 was applied as 

implemented in VASP, which consists in adding a semi-empirical dispersion potential to 
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the conventional Kohn-Sham DFT energy. In particular we used the DFT-D method of 

Grimme29 up to D2 correction and the vdW-DF2 functional of Langreth and Lundqvist.30 

The potential energy surfaces (PES) were systematically explored by ab initio molecular 

dynamics at 300 K, starting from several configurations. The time step was set at 1.5 fs; 

several starting conformations were considered (but no statistic was performed on the 

starting conformations) and the run was stopped when an average stable conformation 

was reached after 500 fs or more; we used a micro-canonical ensemble in the NVE 

(constant number of molecules, constant volume and constant energy) approach. To avoid 

fluctuations due to the large time step chosen, the mass of hydrogen atom was set to 3. 

The local minima found in the PES were then optimized at 0 K. It is noticeable that this 

ab initio molecular dynamics (MD) approach allowed us to find the minima of the PES 

showed in the present paper, which were not intuited beforehand. 
 

2.3.2 Calculation of interaction energies 

The energies of adsorption on the surface were calculated following different reactions: 

First, the neutral molecule (NM) was considered as the adsorbant. The adsorption energy 

∆Eads was calculated as follows: 

 

∆Eads = E(NM, Sil, H2O) - E(NM) - E(Sil) – n.E(H2O) (1) 

 

where E(NM), E(Sil), and E(H2O) are the total electronic energies of neutral molecule, 

silica surface, and one water molecule obtained after separate geometry optimization. 

E(NM, Sil, H2O) is the energy of the optimized (NM + silica + n.water) system with the 

molecule adsorbed on the silica surface. 

The adsorption energy can be decomposed into interaction and deformation energy, 

following: 

 

∆Eads = ∆Eint – ∆Edeform-mol – ∆Edeform-surface  (2) 

 

where ∆Edeform-mol and ∆Edeform-surface, being the energy required for a molecule or the 

surface, respectively, to adapt to the constraints induced by the surface or the molecule, 

respectively, and ∆Eint is the interaction energy between the surface and the molecule, in 

the geometries of the relaxed adsorption configuration. ∆Eads is negative, for an 

exothermic process. 
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The interaction energy of a dimer (∆Eint.dimer) is calculated as follows: 
 

∆𝐸𝐸int.dimer = 2 ∗ ∆𝐸𝐸int./molec. = 𝐸𝐸dimer −  2 ∗ 𝐸𝐸molec.  (3) 

 

2.3.3 Description of the pore surface models 

The adsorption of ibuprofen and benzoic acid was studied using a silica model structure 

described and characterized in a previous work.20 In summary the model consists of a 

Si27O54 slab hydrated with 13 H2O molecules, forming 26 silanol groups. The silanol 

density at the surface is 5.8 nm-2, and unit cell dimensions are 12.77 × 17.64 × 25.17 Å3. 

The slab has a density of approximately 1.7 g.cm-3. The number of Si atoms belonging to 

exposed tetrahedra on the surface is approximately 8 nm-2. The same slab has been used 

to build model systems for catalyst supports and adsorption surfaces.11, 15, 37-50 Despite the 

fact that the global silanol density is higher than the one usually reported for MCM-4151, 

locally the different expected types (terminal and geminal) are present on the model 

surface, enabling thus, a correct local description of the interaction sites. Bearing in mind 

that the proportion and type of silanol groups depend on the type of silica; as an example 

the geminal silanols represent 25% of all silanols for aerosil® 380 silica while it is only 

10% for a mesoporous silica MCM-419, the model is expected to be representative. 

In this work we used the above silica model to investigate several combinations of H-

bonds between ibuprofen or benzoic acid and the silica surface model (bare silica 

surface). Moreover, the influence of a silanolate group (SiO-) was also investigated. In 

order to introduce this charged group, a proton was removed from one silanol and placed 

at the other side of the slab to form a SiOH2
+ group, i.e. keeping the electroneutrality of 

the periodic model. 
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Figure 1. Microsolvated hydroxylated amorphous silica model used in the calculations. 

On every exposed silanol group a water molecule was added, i.e. 26 water molecules. 

 

 

Finally, we also used the above model to study the effect of grafted aminopropyl groups 

on the adsorption properties of Ibu and BA. The functionalization of the silica is modeled 

by substitutions of OH-groups from surface silanols by an aminopropyl group (-

C3H6NH2) in order to obtain a final coverage of 3 chains per surface slab; i.e. 1.33 nm-2 

which is coherent with experimental data4. 

 

2.3.4 Ab initio calculations of NMR parameters 

The first principles NMR calculations were performed within Kohn-Sham DFT using the 

QUANTUM-ESPRESSO software (available online)31. The PBE generalized gradient 

approximation18-19 was used and the valence electrons were described by norm 

conserving pseudopotentials32 in the Kleinman-Bylander33 form. The wave functions 

were expanded on a plane wave basis set with a kinetic energy cut-off of 1088 eV. The 

integral over the first Brillouin zone was performed using a Monkhorst-Pack 1 × 1 × 1 k-

point grid for the charge density and chemical shift tensor calculation. The shielding 

tensor is computed using the GIPAW34 approach which permits the reproduction of the 

results of a fully converged all-electron calculation. Absolute shielding tensors are 

obtained and the 13C scale was fixed so that experimental35 and calculated chemical shifts 

of all carbon sites in bulk ibuprofen36 coincide. 
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3. Results and discussion  

3.3 Results 

3.3.1 Interactions with the bare silica surface 

In order to investigate the dispersion of the investigated molecules on the silica surface, 

the interaction energy between two molecules of either benzoic acid (BA) or ibuprofen 

(Ibu) was first studied. The comparison of the interaction energy (∆Eint.dimer; Eq. 3) with 

the interaction with the bare silica surface, at a coverage of one molecule/slab (= 0.45 nm-

²), provides a thermodynamic assessment of the driving force to segregate or to disperse 

on the substrate’s surface. The starting conformation for the geometry optimization was 

chosen with a close (i.e. between 2 – 3 Å) proximity of the adsorbed molecule to the silica 

surface, to form a maximum number of hydrogen bonds between the molecule’s 

carboxylic acid groups and the surface silanols. After geometry optimization, the highest 

adsorption energy DEads, calculated using (eq. 1) with n = 0, for one BA molecule on the 

surface is -0.64 eV while for Ibu it is -0.95 eV (See Table 1). The adsorption energy is 

more favorable for Ibu in interaction with the surface than between two Ibu molecules 

(dimer formation), due to the formation of hydrogen bonds with the silica surface. In the 

case of BA the opposite is found.  

In the case of Ibu a ∆Eads. (eq. 2, See Table 1) between -0.8 to -1.2 eV is found, 

corresponding to the formation of four hydrogen bonds (typically 0.25 eV/H-bond). 

Regarding the molecular dimers (in trans or cis conformation), an interaction energy of -

0.8 eV is calculated, being equivalent to a stabilization of -0.4 eV per molecule. A similar 

value is found for BA. 

 

Table 1. Calculated interaction (∆Eint) and adsorption energies (∆Eads) for the different 

investigated systems. Energies in eV. 

 System ∆Eint 

Dimer BA -0.79 

Ibu - cis dimer 

Ibu - trans dimer 

-0.86 

-0.75 

 System ∆Eads 

Silica surf. BA -0.64 
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Ibu -0.95 

micro-solvated silica surf. H2O -0.67 

BA -0.25 

Ibu -0.38 

Aminopropyl - 

functionalized silica surf. 

BA 0.03 

 Ibu 0.22 

Aminopropyl - 

functionalized/micro-

solvated silica surf. 

BA 

Ibu 

-1.09 

-1.27 

Silica surface with 

silanolate 

  

Geminal Silanolate BA -0.92 

 Ibu -0.69 

   

Vicinal Silanolate BA -1.75 

 Ibu -1.71 

 BA/µsolvated -1.24 

 Ibu/µsolvated -1.40 

 

Overall one can conclude that Ibu is stabilized on the silica surface, compared with the 

formation of dimers in vacuum. The geometry optimization allows us to conclude that the 

bonds between the two studied molecules and the silica surface are strong enough to allow 

adsorption at 0 K. 

In order to investigate if the entropy does not compensate the adsorption trend at 0 K, the 

effect of temperature was investigated using ab initio molecular dynamics (AIMD) as 

implemented in the VASP code. The starting position of the molecules was the optimized 

adsorption geometry discussed above. At 300 K, BA and Ibu were seen to detach from 

the surface during molecular dynamics. The thermal energy is thus sufficient to desorb 

the molecules.  

 

3.3.2 Interactions with a micro-solvated amorphous silica surface 
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Some NMR experimental results indicate the micro-solvation of sol-gel silica surfaces11, 

47 through the presence of water molecules close to silanols. A silica surface was modeled 

accordingly, where a water molecule is positioned on each silanol group, i.e. 

microsolvated (See Fig. 1). 

The position of BA and Ibu on the micro-solvated surface was optimized. Similarly to the 

bare surface, the adsorption energy between the molecules and the surface is calculated. 

The adsorption energy of the water molecules (∆Eads,H2O) of the micro-solvated system is 

defined as the difference between the hydrated silica surface (Ehydr.Surf), the isolated water 

molecules (EH2O) and the (dehydrated) dry silica surface (Esurf): 

 

 ∆Eads,H2O = Ehydr.Surf – n.EH2O– Esurf  (4) 

 

An adsorption energy of -0.67 eV is found. To interpret this value, one can compare it 

with the water/water energy of interaction. In water, each H2O molecule forms 2 - 3 

hydrogen bonds at 273 K, leading to thea stabilization energy for a water molecule in 

water estimated at -0.2 to -0.3 eV (experimental solvation energy = -0.28 eV52). 

Consequently, the water molecules have clearly a higher affinity for the silica surface 

than for other water molecules. This result can explain (i) the difficulty to remove entirely 

by conventional drying procedures water molecules from the surface of sol-gel silicas and 

(ii) why bioorganic molecules hardly displace these adsorbed water molecules11, 47. 

 

Adsorption energies for BA and Ibu on the microsolvated silica surface are calculated by 

the difference between the surface, the micro-solvated isolated molecule and the molecule 

on the micro-solvated surface. Each molecule is adsorbed via two water molecules on the 

surface (See Fig. 2). 

The interaction energy is nevertheless much smaller than the adsorption energy calculated 

on the bare silica surface, a decrease of 0.39 eV and 0.57 eV is calculated for BA and for 

Ibu, respectively (See Table 1). Thus, the adsorption at 0 K seems to be less favorable 

than onto bare silica. 

The same structures were then subjected to a MD calculation at 300 K. In contrast to the 

bare surface, the molecules of BA and Ibu do not desorb immediately. The ibuprofen 

desorption phenomenon is much slower (observed after 0.3 ps), compared to the bare 

silica surface, where it was observed after a few fs. Indeed, the number of hydrogen bonds 
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formed is higher in the case of micro-solvated surface thanks to the mediation from H2O 

molecules. 

BA is found to be much more mobile than Ibu and can easily switch from silanol 

adsorption site on the micro-solvated surface. It desorbs and re-adsorbs thanks to the 

presence of water molecules 

One can therefore predict that the adsorption/desorption of the organic molecules on a 

micro-solvated surface is dynamic; the molecules stay close to the surface and move along 

it. Moreover, the mobility of these molecules in all dimensions of space during the 

desorption phase is in agreement with the experimental NMR data, showing the mobility 

of the molecules in the mesoporous silicas as mentioned previously.53 Thus, the rapid 

reorientation of the molecules inside the porous network of mesoporous silica could be 

due to both a confinement effect and the specific dynamic phenomenon of 

adsorption/desorption induced by the interaction of the encapsulated BA or Ibu with water 

adsorbed molecules. 

 

Thus, the micro-solvated silica surface is found to adsorb better BA and Ibu than the bare 

silica surface at 300 K. The H2O layer can be compared to an adhesive layer between the 

organic molecules and the silica surface. The H2O molecules tend to stay close to the 

same silanol group throughout MD simulation, indicating a strong interaction with this 

group. Nevertheless, in some cases H2O molecules were found to desorb, and this only if 

a hydrogen bond is reformed, either with another organic molecule or with another 

desorbed H2O molecule. The low mobility of H2O molecules on the surface can be 

explained by the strength of the interaction between these molecules and the silanol 

groups and thus the difficulty for them to desorb efficiently. Overall, Ibu or BA adsorption 

is not strong enough to remove a H2O molecule from the silica surface. 
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Figure 2. Optimized geometries of Ibu and BA on micro-solvated hydroxylated 

amorphous silica. 

 

3.3.3 Charged silica surface 

The study of the micro-solvated surface has allowed to highlight the central role of water 

in the adsorption of ibuprofen and benzoic acid in mesoporous silicas. The aim to study 

the different surfaces discussed above is to compare the influence of a strong interaction 

with the surface with the influence of microsolvation, as well as to simulate the effect of 

pH in an hydrated environment. The presence of a silanolate (Si-O- group) in geminal or 

vicinal position is also investigated. Considering a silanolate on the surface can be a local 

approach to simulate pH variation.  

The interaction energies are calculated using eq. (1). In the case of the charged surface, it 

was found that the silanolates (both germinal and vicinal) show a strong interaction with 

the studied organic molecules (Table 1). 

It should be noted that in our model the geminal silanolate was involved in a proton shift 

with a neighboring silanol group, which reorganizes its excess charge more efficiently by 

the formation of more hydrogen bonds. 

These results allow confirming that interactions with silanolate are stronger than for a 

silanol. 

Finally, a molecular dynamics simulation for a surface containing a silanolate was 

investigated. Placing the BA molecule on the vicinal silanolate adsorption site generated 

its deprotonation. BA remains adsorbed very strongly for a period of 0.6 ps, the H-bonds 

strength being due to the charge of the carboxylate group which is shared by 4 H-bonds 
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with the vicinal silanols. It is observed that the carboxylate group moves very little 

contrary to the carbon-carbon bond between the carboxylate and the aromatic ring which 

shows a bending reflecting the strength of the H-bonds. 

A low mobility of the carboxylic acid around the charged geminal site is observed. Proton 

exchange is observed during this process (a dozen hydrogen bonds give rise to proton 

exchange). These proton exchange interactions lead to a strong adsorption of BA 

throughout the molecular dynamics simulation. 

In the case of Ibu adsorbed on a charged surface in vicinal position the same behavior as 

BA is observed. The proton of the carboxylic acid is exchanged with the silanolate and a 

very stable adsorbed carboxylate is formed. 

If Ibu is placed in the neighborhood of a geminal silanolate, a very fast desorption is 

observed, due to the breaking/formation dynamics of the hydrogen bonding with the 

silanolate. However, after 0.1 ps the hydrogen bonding network does not resist desorption 

of the molecule and acts similarly to the dehydrated (dry) silica surface. From these results 

one can conclude that a very strong interaction does not necessarily keep an adsorbed 

molecule on the surface: unlike the micro-solvated surface, no dynamic mechanism 

similar to the action of H2O molecules allows a desorbed molecule to re-adsorb. 

Therefore, it seems that the adsorption/desorption process of Ibu and BA molecules in 

mesoporous silicas is governed by entropy rather than by the formation of hydrogen bonds 

with the surface. 

 

3.3.4 Functionalized silica surface 

 

Another effect, which is expected to influence strongly the adsorption effects of silica is 

the functionalization of its surface by an aminopropyl group (Si-CH2-CH2-CH2-NH2). 

Aminopropyl functionalization is known to slow down the release of Ibu encapsulated in 

mesoporous silica.1 Looking at the results for the aminopropyl functionalized surface, an 

increase in interaction energy is found for BA and Ibu (See Table 1).  

This is explained by the fact that the bare functionalized surface forms hydrogen bonds 

between the silanol groups and the amino groups by folding the aminopropyl carbon 

chains towards the surface (Figure 3). The absence of water molecules inhibits the 

interaction via H-bond formation between the amino groups of the aminopropyls and the 

organic molecules of interest. The H-bond network in both cases, i.e. dehydrated (or dry) 

and micro-solvated is shown in Figure 3. 
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Figure 3. Models for the dehydrated or dry and micro-solvated hydroxylated 

functionalized amorphous silica surface, showing the effect of the water molecules on the 

orientation of the aminopropyl groups. 

 

When adding an Ibu molecule to the surface, no interaction occurs with an amino or a 

silanol group since they are inaccessible due to the formation of an hydrogen bond 

between both functional groups, i.e. blocking the adsorption sites. 

The extra stabilization obtained for the global system corresponds to the additional 

stabilization of an hydrogen bond between a silanol group and an amine group with 

respect to a carboxylic acid-amine hydrogen bonding. However, when the surface is 

micro-solvated by H2O molecules, the stabilization obtained by the adsorption of 

molecules is very large (-1.09 eV for BA and -1.27 eV for Ibu). The adsorption energies 

obtained are larger than for the micro-solvated silica surface as well as for the bare silica 

surface. It should be noted that the interaction between the functionalized surface and Ibu 

occurs via H-bond between the amine group and the carboxylic acid group, without the 

presence of water molecules. Indeed, silanols are already stabilized by water molecules, 

the amine groups can thus interact with the organic molecules without destabilization in 

which the silanol loses hydrogen bonding with the amine (as in the case of the dehydrated 

functionalized surface). When observing the optimized structures, one can see that the 

aminopropyl groups allow the investigated organic molecules to interact more efficiently 

than on the bare surface by forming an hydrogen bond with both a water molecule and an 

amine group (See Figure 4). 
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Figure 4. Optimized geometry for Ibu adsorbed on micro-solvated functionalized 

hydroxylated amorphous silica showing the H-bond formation between the aminopropyl 

amino groups and the carboxylic group of Ibu. The role of the water molecules as “glue” 

can also be observed. 

 

Molecular dynamics on the functionalized surfaces by aminopropyl groups without 

micro-solvation confirms that the adsorption of organic molecules on this surface is very 

unfavorable. For both studied molecules, desorption occurs instantaneously. 

From the molecular dynamics simulations, microsolvated silica surface functionalized 

with aminopropyl groups and Ibu or BA show a behavior similar to the non-functionalized 

micro-solvated surface. Indeed, the molecules of Ibu and BA are attached to the surface 

by forming hydrogen bonds between the carboxylic acid and the H2O molecules or amine 

groups. However, after 0.15 ps the molecules are desorbed and have no longer any 

interaction with the surface. We also note that aminopropyl groups naturally bend and 

reorient towards the surface silanols at 300 K.  

 

The global behavior of the functionalized surface is very similar to that of the bare surface 

when placed in the presence of studied molecules. Indeed, the silanol groups of the bare 

surface prefer to form intermolecular H-bonds between them, rather than with the 

molecule. This behavior is always observed for the functionalized surface together with 

the fact that aminopropyl groups fold towards the surface to form H-bonds with the silanol 

groups. 
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BA and Ibu remain adsorbed on the surface through H-bonds formed with amine groups 

or H2O molecules. Nevertheless it shows a relative high mobility. 

Ibu interacts with a network of water molecules and amino groups, however the presence 

of aminopropyl has an impact on the mobility and adsorption strength. Although, the 

water molecules act as a glue, Ibu is very weakly adsorbed on microsolvated silica, the 

aminopropyl groups are able to fetch the almost desorbing molecule and bring it back in 

the hydrogen network formed by the water molecules and the aminopropyl groups. This 

behavior has an effect on the desorption kinetics, i.e. slower desorption which is in 

agreement with experiment.54 

 

The aminopropyl functionalized surface was found to improve the adsorption properties 

of silica towards the organic molecules investigated. The stronger adsorption is an 

indirect result of the geometry and flexibility of the amino groups (See Table 1). Due to 

their structure which can unfold and fold under the influence of hydrogen bonds with 

water molecules they allow a higher adsorption than on the unfunctionalized surface.  

 

 

3.3.4 NMR experiments and calculations 
 
Experimentally, the weak interaction between Ibu and BA with the silica surface at 

ambient temperature (Tamb) can be evidenced through solid state NMR. It was shown that 

the molecules exhibit a rapid reorientation inside the porous network when they are 

encapsulated in MCM-41. Such dynamics induce the average of the homonuclear 1H-1H 

interaction leading to highly resolved 1H spectra in the solid state55 (Figure S2), and very 

poor efficiency of the 1H-13C cross polarization (CP) experiment56. This very specific 

highly mobile behavior is a consequence from both a physical confinement and the weak 

chemical affinity between Ibu and BA with the silica in good agreement AIMD at 300 K 

presented previously and showing that BA and Ibu molecules detach from the surface 

during molecular dynamics. This latter point can be investigated through the study of the 

adsorption of AB onto SiO2 spherical microparticles. This system allows to overcome 

confinement effect and to focus on the chemical affinity. The adsorption procedure was 

exactly the same than for MCM-41 (incipient wetness impregnation57) but the silica 

material was Stöber silica nanoparticles58. As a result, the amount of adsorbed molecules 

is rather low and correspond to a coverage of less than a single monolayer at the surface 



 18 

of the particles. The 13C solid state NMR spectra of AB-Stöber-BA and MCM-BA 

samples reflect these features and are displayed in Fig. 5: whereas MCM-BA exhibits 

intense and narrow 13C resonances characteristic of the high loading amount and the 

mobility of the molecules, in contrast Stöber-BA displays a weaker and broader signal 

corresponding to a lower amount of molecules.  

 

 

 
Figure 5. a) 13C MAS NMR spectra of MCM-BA and b) 13C CP MAS NMR spectra of 

Stöber-BA. 

 

The NMR results for Stöber BA are found to be in agreement with the molecular model. 

From this result it is assumed that another element (e.g. confinement effect) comes into 

play to stabilize Ibu and BA inside the pores of the MCM-41. 

The effect of functionalisation is presented in Figure 6 showing 13C solid state NMR 

spectra of MCM-(F)-BA and MCM-(F)-Ibu samples.  
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Figure 6. 13C MAS NMR spectra of a) MCM-BA and c) MCM-Ibu. 13C CP MAS NMR 

spectra of b) MCM-F-BA and d) MCM-F-Ibu. 

 

In contrast with non-functionalized samples, solid state CP MAS technique is efficient 

for MCM-F samples, implying a stronger heteronuclear 1H-13C dipolar interaction due to 

a lower mobility of the molecules. This can be explained either by the smaller available 

space in the pores and/or by stronger interactions between the molecules and the surface. 

According to modeling, the micro-solvated aminopropyl functionalized surface is found 

to improve the adsorption properties of silica towards the organic molecules investigated, 

as an indirect result of the geometry and flexibility of the amine groups. Overall, 

compared to non-functionalized systems, MCM-F-BA/Ibu 13C spectra show i) 3 

a)

(ppm)
020406080100120140160180200

b)

c)

d)
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additional signals around 9.5, 21.5 and 42.5 ppm corresponding to Si-CH2-CH2-CH2-

NH2 aminopropyl groups ii) larger signals for BA/Ibu signatures probably due to less 

mobility and/or wider distribution of chemical environments iii) a small shift towards 

higher ppm values for the position of the –COO carboxylic group (from 172 to 174 ppm 

for BA and from 181 to 184 ppm for Ibu).  

This later point is interesting to be investigated in more details since it might be related 

to a change in the interactions between the molecules and the surface. Therefore, the 

calculated 13C NMR chemical shift values of the COO groups in the different model are 

summarized in Table 2 (Full calculations are reported in SI, see Figures S3 – S8). 

 

Table 2. Calculated 13C chemical shift values of the COO groups for optimized 

geometries for BA and Ibu adsorbed on bare, micro-solvated, functionalized and micro-

solvated functionalized hydroxylated amorphous silica. (values in ppm) 

Model MCM-BA MCM-

µH2O-BA 

MCM-

F-BA 

MCM-F-

µH2O-BA 

MCM-

Ibu 

MCM-

µH2O-BA 

MCM-

F-BA 

MCM-F-

µH2O-BA 

δ(13C) of 

COO  

173.2 171.4 171.5 173.9 181.2 181.8 178.7 182.9 

 

Interestingly, considering the microsolvated models which are possibly closer to 

experimental conditions, a shift of +2.5/+1.1 ppm values is observed between MCM-

µH2O-BA/Ibu and MCM-F-µH2O-BA/Ibu. It is difficult to be sure whether it is 

significant, but it is at least consistent with experiments. 

 
4. Conclusions 

We showed the importance of the presence of water on a silica surface. This monolayer 

which has been proved and predicted to be present on different silica systems, and in 

particular revealed in amino acid adsorption, plays the role of “glue” permitting a high 

mobility. Molecular dynamics confirmed these results once again here for the cases of 

ibuprofen and benzoic acid, which is in agreement with the experimental findings. 

Concerning the functionalization of the silica surface with aminopropyl groups, the 

presence of water was shown to be crucial as well. The water molecules at the surface 

prevent the aminopropyl moiety to interact preferably with the surface silanols. The 

competition between water adsorption and interaction with the amino groups makes the 

aminopropyls available for interaction with ibuprofen or benzoic acid molecules. The 
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functionalizing moieties act as “fishing line” grabbing the molecules dynamically, 

continuously making and breaking H-bonds. 

These findings open the door to other similar functionalizations but with longer carbon 

chains to increase the flexibility or changing the amino group with an alcohol or 

introducing peptide bonds in the chains to generate a more rigid but well oriented self-

assembly to “grab” the target molecules. By carefully choosing the functionalization 

compatible with the pore geometry of the mesoporous silica, one should be able to slow 

down or speed up the release rate of the molecule of interest. 
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Figure S1: (a) Nitrogen adsorption/desorption isotherms and (b) SEM micrograph of 

silica Stöber nanoparticles. The BET surface area is 30 m2.g-1 and the average diameter 

is 360 nm.   

 

 
 

  

0

5

10

15

20

25

30

35

0 0.2 0.4 0.6 0.8 1 1.2

Vo
l.A

ds
.(c

m
3/

g)
 S

TP

Relative Presure (P/Po)

(a) (b)



 3 

Figure S2: 1H NMR spectra of (a) MCM-Ibu and (b) and MCM-BA with their respective 

assignment. * denotes adsorbed water  
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Table S3: Calculated 13C and 1H NMR chemical shift values for optimized geometries for 

BA adsorbed on bare or micro-solvated hydroxylated amorphous silica 

 

MCM-BA 

 

Site δiso calc 
(ppm) Site δiso calc 

(ppm) 
C1 135.5 H26 6.7 

C2 130.6 H27 6.8 

C3 134.5 H28 6.7 

C4 131.4 H29 7.6 

C5 134.3 H30 6.8 

C6 133.9 H31 7.8 

C7 173.2 H32 9.9 

MCM-µH2O-BA 

 

Site δiso calc 
(ppm) Site δiso calc 

(ppm) 
C1 134.7 H40 5.1 

C2 130.5 H41 6.8 

C3 133.9 H42 6.7 

C4 131.0 H43 7.6 

C5 134.7 H44 6.8 

C6 135.3 H45 7.9 

C7 171.4 H46 12.0 
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Table S4: Calculated 13C and 1H NMR chemical shift values for optimized geometries for 

BA adsorbed on bare or micro-solvated functionalized hydroxylated amorphous silica 

 
MCM-F-BA 

 

Site δiso calc 
(ppm) Site δiso calc 

(ppm) 
C1 14.8 H8 -0.5 
C2 27.4 H32 -0.6 
C3 49.2 H39 0.1 
C4 15.0 H45 0.4 
C5 34.3 H46 -0.5 
C6 48.8 H47 3.1 
C7 16.0 H48 7.0 
C8 31.2 H49 6.9 
C9 50.6 H50 7.7 

C10 137.3 H51 6.9 
C11 132.3 H52 7.8 
C12 135.5 H53 5.2 
C13 131.7   
C14 133.9   
C15 131.1   
C16 171.5   

MCM-F-µH2O-BA 

 

C1 16.9 H8 0.5 
C2 29.4 H32 1.4 
C3 51.8 H39 -0.7 
C4 14.8 H45 -0.1 
C5 37.5 H46 -0.9 
C6 53.0 H47 -0.7 
C7 16.6 H64 6.9 
C8 29.9 H65 6.7 
C9 49.3 H66 7.3 

C10 135.4 H67 6.9 
C11 130.3 H68 7.9 
C12 131.7 H69 16.7 
C13 131.6   
C14 135.2   
C15 136.2   
C16 173.9   
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Table S5: Calculated 13C and 1H NMR chemical shift values for optimized geometries for 

Ibu adsorbed on bare hydroxylated amorphous silica 

 

MCM-Ibu 

 

Site δiso calc 
(ppm) Site 

δiso cal

c 
(ppm) 

C1 181.2 H27 11.2 
C2 52.7 H28 2.7 
C3 20.8 H29 0.6 
C4 144.5 H30 0.8 
C5 133.2 H31 -0.2 
C6 131.1 H32 6.6 
C7 145.5 H33 6.5 
C8 133.2 H34 6.5 
C9 130.0 H35 6.9 
C10 50.6 H36 0.9 
C11 40.4 H37 2.0 
C12 26.0 H38 0.4 
C13 21.5 H39 -0.4 

  H40 0.3 
  H41 0.1 
  H42 -0.4 
  H43 -0.6 
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Table S6: Calculated 13C and 1H NMR chemical shift values for optimized geometries for 

Ibu adsorbed on micro-solvated hydroxylated amorphous silica 

 
MCM-µH2O-Ibu 

 

C1 181.8 H41 11.6 
C2 52.6 H42 2.8 
C3 19.4 H43 0.7 
C4 144.9 H44 0.4 
C5 134.6 H45 -0.2 
C6 132.4 H46 6.7 
C7 147.2 H47 6.6 
C8 131.9 H48 6.4 
C9 128.0 H49 6.8 
C10 52.1 H50 0.8 
C11 39.4 H51 2.1 
C12 26.4 H52 0.6 
C13 21.9 H53 -0.4 

  H54 0.3 
  H55 0.1 
  H56 -0.1 
  H57 -0.4 
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Table S7: Calculated 13C and 1H NMR chemical shift values for optimized geometries for 

Ibu adsorbed on functionalized hydroxylated amorphous silica. 

 

MCM-F-Ibu 

 

Site δiso calc Site δiso cal

c 
C1 14.9 H48 6.5 
C2 26.4 H49 2.5 
C3 50.4 H50 0.3 
C4 14.9 H51 1.0 
C5 34.6 H52 0.0 
C6 49.1 H53 6.6 
C7 15.9 H54 6.7 
C8 31.2 H55 6.6 
C9 50.1 H56 6.7 

C10 178.7 H57 0.9 
C11 56.1 H58 2.0 
C12 20.6 H59 0.6 
C13 140.5 H60 -0.4 
C14 133.8 H61 0.3 
C15 133.0 H62 0.3 
C16 149.2 H63 -0.3 
C17 135.1 H64 -0.2 
C18 130.0 H65 -0.9 
C19 51.5   
C20 40.1   
C21 26.2   
C22 21.3   
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Table S8: Calculated 13C and 1H NMR chemical shift values for optimized geometries for 

Ibu adsorbed on micro-solvated functionalized hydroxylated amorphous silica. 

 
MCM-F-µH2O-Ibu 

 

C1 16.9 H64 16.2 
C2 29.5 H65 2.7 
C3 51.9 H66 0.7 
C4 15.0 H67 0.3 
C5 37.4 H68 -0.1 
C6 52.9 H69 6.6 
C7 16.5 H70 6.5 
C8 28.7 H71 6.3 
C9 49.7 H72 6.7 

C10 182.9 H73 0.8 
C11 53.9 H74 2.0 
C12 21.1 H75 0.6 
C13 144.0 H76 -0.4 
C14 133.3 H77 0.3 
C15 131.7 H78 0.2 
C16 146.4 H79 -0.3 
C17 132.6 H80 -0.3 
C18 128.1 H81 -1.0 
C19 51.6   
C20 39.9   
C21 26.2   
C22 21.7   
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