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Abstract 

The interaction between disulfiram (Antabus®) and silica was studied experimentally 

by adsorption from apolar solvent onto highly porous silica material (Santa Barbara 

Amorphous material-3, SBA-3) with large surface area. The adsorption isotherm was 

fitted to the Langmuir model by accounting two different affinities contributing to the 

overall behavior, which were attributed to two different types of silanol groups (i.e. 

geminal and vicinal) present on amorphous silica surfaces. This assumption was 

supported by theoretical calculations. Additionally, the model could describe the 

adsorption of ibuprofen to the carrier material, indicating that the model bears big 

potential for describing the interactions between silica surfaces and drug molecules.  



2 

 

1. Keywords 

Ab initio calculations, porosity, adsorption, molecular modeling, silica 

 

2. Introduction 

Ordered mesoporous materials have raised great attention in different fields of application 

such as sorption1,2, heterogeneous catalysis1,3,4, energy storage/conversion5-7, 

(gas)sensing8-10, and drug delivery.11,12 Especially in the area of drug delivery, these 

materials bear big potential due to their large surface area and narrow pore size 

distribution, which enables individual design of the nanocarriers depending on the drug 

and the area of application.11,12 

For an efficient drug loading process, different features have to be taken into account, e.g. 

surface inhomogeneity, (various) reactive sites, pore diffusion, and reactivity. 2,10,13-17 

Thus, deep insights into the interactions between drug molecules and the adsorbent are 

required to understand and optimize the drug delivery process. Tang et. al18 reported an 

increased dissolution rate of disulfiram co-milled with Aerosil® amorphous silica. They 

postulated that during the milling process disulfiram melted into the silica structure, 

forming small enough drug particles to render the drug in amorphous state. This is also 

the rationale behind the loading of poorly soluble drugs into mesoporous matrices12, 

whereby the size of the mesopores prevents recrystallization and thus enhances the 

dissolution (release) rate of the drug from the carrier matrix by increasing the apparent 

solubility.19 

Disulfiram is a potent drug and apart from the utilization in treating alcohol abuse and 

cocaine dependence,20,21 it has more recently been investigated as treatment for different 

kinds of cancer (e.g. prostate, breast, lung).22-28 Similarly to many other anticancer drugs, 



3 

 

disulfiram is poorly soluble in water. Consequently, novel delivery systems have been 

developed to overcome the poor solubility and dissolution characteristics for enabling 

efficient cancer therapy, amongst which mesoporous silica is especially attractive.29 

The reversible adsorption of drug molecules onto silica surfaces are typically described 

by the model of a Langmuir isotherm (even if the original approach refers to adsorption 

from the gas phase30), which assumes a homogenous surface with equivalent adsorption 

sites forming a monolayer of the adsorbate.12,18,19 Additionally, no interaction between 

adjacent adsorbates is allowed.30 The advantage of this approach is the simplicity, even 

though it might be not strictly applicable for all systems. In this study, we examined the 

adsorption of disulfiram from cyclohexane solution onto a porous amorphous silica 

material with 3 nm pore size (i.e. SBA-3). By utilization of a simple Langmuir isotherm, 

we observed a strong discrepancy between the fit and the experimental adsorption data. 

By taking into account that geminal and vicinal silanol groups are present on the silica 

surface32, a model based on two superimposed Langmuir isotherms (hybrid Langmuir 

model) was developed. The assumption with regard to the existence of different 

adsorption sites was  based on our previous study on quantum chemical calculations the 

interactions between silica surface and disulfiram.31,32 

In computational chemistry, a widely used electronic structure method, able to treat 

electron correlation, based on the electron density distribution is Density Functional 

Theory (DFT). 33-35 To describe the atomic orbitals, basis functions are needed. These 

need to have a proper functional form, but the number of them should be small enough to 

minimize the computational effort. In the triple-zeta-basis set (TZ) used in this study, 

three basis functions are used for the core orbitals to obtain a good total energy, while the 

valence orbitals gives a balanced chemical behavior. P stands for polarization functions, 
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which give more flexibility to the orbital shape and enhance the angular behavior. TZVP 

is the mainstay of routine quantum chemical calculations  offering both accuracy and 

efficiency.36 In DFT, a matter to meet is constructing a good approximation of the 

exchange-correlation functional. These can be assigned to five rungs of "Jacob's Ladder". 

The hybrid functional B3LYP used in this study belongs to the fourth rung, employing 

the exact exchange energy density.33-35 It has been very successful and is the most popular 

functional in chemistry. The second order Møller-Plesset perturbation theory (MP2) is 

the most economical so called post-Hartree-Fock method, providing an alternative 

systematic approach to find the correlation energy and include it in the ab initio wave 

function based methods.37-39 

Consequently, we could show that this simple model of combining two Langmuir 

isotherms is valid to describe the adsorption of disulfiram, as well as ibuprofen onto the 

surface of mesoporous SBA-3 carrier particles. The assumption of two different 

adsorption sites is corroborated by the fact that the adsorption energy between the geminal 

and the vicinal silanol groups varies about 10.5 kJ/mol (6.1 kJ/mol for 

DFT/B3LYP/TZVP) which was calculated by modeling the adsorption of disulfiram on 

the silica surface at MP2 level. 

 

3. Material and Methods 

Mesoporous SBA-3 silica was synthesized as proposed by Huo et al.40 

Cetyltrimethylammonium bromide (C16TAB, ≥ 99% Aldrich) was used as structure 

directing agent and tetraethoxysilane (TEOS, 98% Aldrich) as silica precursor and the 

synthesis of following molar ratio was employed: 0.12/9.2/130/1 for 

C16TAB/HCl/H2O/TEOS. The synthesis mixture was stirred for 3 h at room temperature, 
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filtered, rinsed with distilled water, and dried at 363 K for 24 h. Subsequently, the material 

was calcined at 873 K (heating ramp 1 K/min) to remove the organic template. Powder 

X-ray diffraction (Bruker D8 Discover) was performed with Cu Kα radiation (40 kV, 40 

mA) between 1-10° with a step size of 0.04° and a counting time of 6 s per step. The 

sample was degassed at 150 °C for 6 h prior to N2 physisorption measurement at 77 K on 

an Autosorb 1 (Quantachrome, USA). The sample was measured between a relative 

pressure p/p0 of 0.010 - 0.995 (41 adsorption points, 40 desorption points). The pore size 

was determined with Quantachrome´s non-local density functional theory (NLDFT) 

kernel, based on cylindrical pores (desorption branch data). 

The dried SBA-3 powder was redispersed in ethanol (0.5 mg mL-1) with the aid of 

sonication bath for 20 minutes. Afterwards the transmission electron microscopy (TEM) 

specimen was prepared as a drop from ready sample suspension on copper grid and left 

for drying in order to provide a thin layer on the grid. The images were taken by setting 

the voltage of JEM 1400 Plus TEM to 80 kV and appropriate magnification was used to 

image the mesoscopic architecture of SBA-3. 

A cyclohexane (99.9+%, Aldrich) solution containing 0.02 M disulfiram (full IUPAC 

name 1-(diethylthiocarbamoyldisulfanyl)-N, N-diethyl-methanethioamide, ≥98%, Fluka) 

was prepared. Cyclohexane was chosen as solvent in order to eliminate the effect of 

hydrolysis and dispersive interactions between disulfiram and the solid surface.41  

5 mg silica were added per 1 mL solution of disulfiram in cyclohexane solution (0.02 M), 

stirred (gentle end-over-end rotation) overnight at room temperature (25 °C). After 

centrifuging, the silica was separated from the supernatant and dried in vacuo (25 °C) 

until a constant mass was reached (overnight). The amount disulfiram adsorbed was 
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determined by thermogravimetry (Netzsch TGA 209) and the supernatant cross-checked 

by UV-Vis spectrophotometry (Shimadzu) reading at λ=216 nm. 

In our previous work31, the molecular structure of disulfiram and its complexation with 

silica was studied quantum chemically. TURBOMOLE program package version 5.942-44 

was used as well as density functional theory (DFT) with a B3LYP hybrid exchange-

correlation function.33-35 This is combined with multipole accelerated resolution of 

identity (MARI-J) approximation45-47 and a TZVP basis set36 for all atoms. Since the 

surface of amorphous silica is known to contain both vicinal and geminal, ≡Si-OH and 

=Si-(OH)2, sites,  a modified silica model with one single silanol site was constructed (see 

Fig. 1). 

The complexations of disulfiram with vicinal and geminal silanol groups were compared 

at DFT/B3LYP/TZVP 33,34,48-50 as well as Møller-Plesset perturbation theory (MP2) level 

of theory.37-39 

As the hypothesis was set up that the mixture of vicinal and geminal silanol sites could 

result in two superimposed Langmuir isotherms, an optimization program was 

constructed to fit the sum of squares of the adsorption data points applying the simplex 

algorithm. 

 

4. Results and Discussion 

After synthesis and calcination, the obtained SBA-3 material was subject to typical 

characterization of mesoporous materials. Fig. 2 a) shows the N2 physisorption 

measurement of SBA-3 silica. It shows a type I(b) isotherm without hysteresis. This is 

common for smaller mesopores and in agreement with the NLDFT pore size distribution 

(for a cylindrical pore geometry) in the inset of Fig. 2 a) which shows a maximum 
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between 2.3-2.6 nm. The material exhibits a pore volume (determined at a relative 

pressure of 0.95) of 0.41 cm3 g-1. The low-angle X-ray diffraction pattern is depicted in 

Fig. 2 b) and shows three maxima in the measurement region between 1-10°. The 10 

reflection is located at 2θ = 3.0°. This corresponds to a lattice constant of 3.4 nm, which 

is common for such a material with a p6m space group.40 

The mesoscopic porous structure of SBA-3 is visualized by TEM measurement, which is 

depicted in Fig. 3. 

 
The adsorption for disulfiram from cyclohexane to amorphous SBA-3 silica powder with 

a specific BET surface area exceeding 1000 m2 g-1 resulted in a surface excess of 

disulfiram of Γ=0.93 µmol m-2, corresponding to a loading degree of 28 wt%. This value 

is very close to the amount ibuprofen loaded in our previous study, which reached about 

33 wt% for the mesoporous SBA-3 material.51 Expressed as surface area the value is 

lower, however, as the SBA-3 surface excess in ref. 51 reached about 1.6 µmol m-2, which 

is mostly connected to the different molecular weights of the drug molecules (Mw,disulfiram 

= 296.54 g mol-1, Mw,ibuprofen = 206.29 g mol-1).  

As compared to the number of silanols, which constitute the points of interaction, the 

estimated silanol contents of mesoporous silica have been reported to range from 1 to 4 

nm-2 (corresponding to 1.6-6.6 µmol m-2) depending on the thermal history of the material 

as well as the method of determination.52-58 These values are in fair agreement with those 

reported by Zhuravlev59 for amorphous silica thermally treated between 500 °C and 

600 °C, which is the general calcination temperature for mesoporous silica, yielding 1.5-

1.8 nm-2, corresponding to 2.5-3 µmol m-2. However, when the silanol surface amount 

determination involved organic solvent conditions such as attaching 

chlorotrimethylsilane (TRMS) from toluene, the amount detected was 0.67 nm-2, 
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corresponding to a value of 1.1 µmol m-2 for calcined MCM-4154-57, which is structurally 

analogous to SBA-3. The explanation for the lower value was claimed to be that 

hydrogen-bonded silanols present on the surface were not accessible to the TRMS 

molecule under the conditions applied. 54-57 Thus, it is important to take into account the 

accessibility of the reactive sites under the studied conditions.  

The adsorption isotherm for disulfiram from cyclohexane to amorphous SBA-3 silica 

powder determined at 25 °C is shown in Fig. 4 (experimental results are depicted as 

diamonds). The shape of the adsorption isotherm indicates monolayer adsorption, with a, 

what appears to be, very strong affinity to the surface at initial stages with a less 

pronounced affinity at higher concentrations. It should be noted that, in practice, the 

accessibility of the adsorption sites can influence the shape of the adsorption isotherm as 

well, which is not included in the classical Langmuir approach30 and this effect is even 

more pronounced inside nanometer-sized pores with restricted accessibility58. Thus, the 

resulting isotherm does not at first glance resemble the Langmuir-type isotherm30, which 

describes monomolecular adsorption to equal surface sites. The Langmuir theory states 

that a fitting of experimental data to the model independent of the impregnation time 

would indicate a pore filling mechanism of preferred monolayer adsorption to the pore 

walls, consequently making the drug loading utterly dependent on the total surface area 

of the carrier matrix. However, considering there are at least two different surface silanol 

types accessible for adsorption under non-aqueous conditions, one might consider the 

isotherm to consist two superimposed Langmuir isotherms, describing adsorption to two 

different surface sites, as outlined above. The different affinities are represented by 

different Langmuir adsorption constants KL, resulting in different shapes of the adsorption 
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isotherm. Hence, the total isotherm could according to the Langmuir theory be described 

as: 
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where ceq is the concentration of disulfiram, cL is the concentration of cyclohexane, and 

the ratio of the maximum surface excesses Γmax1,2 would indicate the relative amount of 

surface sites. The thus obtained adsorption isotherm model is represented by a line in Fig. 

4 (dashed line), and the relative amount surface sites hence acquired are 0.25 (vicinal) 

and 0.75 (geminal), respectively.  

Fig. 4 a) shows the fitting of the adsorption isotherm to the Langmuir model by 

accounting for two different affinities (Langmuir 1 in orange and Langmuir 2 in blue) 

contributing to the overall (sum, dashed line) behavior. The first Langmuir isotherm 

(Langmuir 1, orange line in Fig. 4) shows a high adsorption of disulfiram even at low 

concentration attributed to a high affinity (and thus, a high adsorption energy which is 

indicated by a large slope until saturation is reached) of the adsorbate onto the silica 

surface. In contrast to this, the second Langmuir isotherm (Langmuir 2, blue line in Fig. 

4) has a much smaller slope, which is obviously attributed to a lower adsorption energy 

(the surface excess and the adsorption constants are summarized in Table 1). Fig. 4 b) 

depicts the powder X-ray diffraction (XRD) pattern of disulfiram and disulfiram-loaded 

SBA-3 (composite, 28 wt%) material. While disulfiram shows several intense reflections, 

the drug-silica composite material does not show any maxima. This supports the 

assumption that preferential drug-surface interactions are present, rather than drug-drug 

interactions as well as that the majority of the adsorption is taking place within the 

mesopores, rendering the adsorbed drug in amorphous form.  
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To assign which isotherm (Langmuir 1 or 2) is attributed to which kind of silanol groups, 

the most stable complexes with disulfiram were modelled and optimized at a 

DFT/B3LYP/TZVP level (see Fig. 5). 

It has to be mentioned that other complexes between disulfiram and silica are possible 

too, which is investigated in detail in previous literature.31 The here presented 

investigation only refers to the two most stable complexes. 

The results show that the bond length between disulfiram and the silanol hydrogen is 

slightly shorter for the vicinal silanol group (2.296 Å) compared to the geminal one (2.374 

Å). This corresponds well to the complexation energies calculated from the model. The 

complexation energy calculated for the geminal silanol groups is 10.5 kJ/mol (MP2 level, 

6.1 kJ/mol for DFT/B3LYP/TZVP level) smaller compared to the vicinal groups. 

Additionally, the electrostatic potential (ESP) was calculated for the hydroxyl and 

siloxane oxygen atoms. The geminal hydroxyl and siloxane oxygen atom are more 

negative (0.9 and 0.7) compared to the vicinal oxygen (0.7 and 0.5). The theoretical 

calculations clearly indicate that the Langmuir 1 isotherm can be attributed to the vicinal 

and Langmuir 2 isotherm to the geminal silanol groups. The vicinal hydroxyl oxygen 

atom has a lower electrostatic potential, resulting in a more positive polarized hydrogen 

atom. The hydrogen bridge bond is strong (and thus shorter compared to a weaker bond) 

if the (partial) charge difference between the involved atoms is large which is the case for 

the vicinal group, resulting in a shorter bond length and a higher complexation energy.  

Since this “hybrid” Langmuir model provided a better fit to the experimental data 

obtained for disulfiram, we revisited the experimental data concerning ibuprofen 

adsorption from hexane published in ref.51. This adsorption isotherm exhibits a similar 

shape to the disulfiram isotherm, and the traditional Langmuir model used in ref. 51 does 
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not provide an accurate fit to the data. The combined Langmuir model is illustrated as a 

dashed line in Fig. 6 along with the experimental data (triangles, a summary of the fitting 

parameters can be found in Table 1).  

The maximum surface excess ratio reveals relative amounts of silanol groups of 0.27-

0.28 (vicinal) and 0.72-0.73 (geminal), respectively, so roughly one-fourth and three-

quarters as in the disulfiram case above. 

 

Table 1 Summary of the adsorption data for antabus and ibuprofen on SBA-3 silica. 

drug KL1 KL2 Γmax 1 Γmax 2 

   µmol m-2 µmol m-2 

antabus 447559 2186 0.29 0.88 

ibuprofen 28332 336 0.51 1.34 

 

 

5. Conclusions 

The adsorption of disulfiram from cyclohexane onto mesoporous silica SBA-3 was 

investigated showing a drug loading of 28 wt% (Γ=0.93 µmol m-2). The experimental 

results were compared to theoretical calculations of the complexation of disulfiram by 

vicinal and geminal silanol groups. Both results from DFT/B3LYP/TZVP as well as MP2 

level of theory were taken into account. The complexation energy for geminal silanol 

groups was lower by 10.5 kJ/mol at MP2 level (6.1 at DFT/B3LYP/TZVP level). By 

utilization of two superimposed Langmuir isotherms derived based on the experimental 

and theoretical observations, it is possible to describe the adsorption process very 

precisely. The derived model showed to be applicable also for describing the adsorption 

of other drug molecules, e.g. ibuprofen.  
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Fig. 1 A methoxy terminated single silica model (hydrogen atoms white, carbon atoms 

grey, oxygen atoms red, and silicon atoms orange). 

Fig. 2 Nitrogen physisorption and NLDFT (cylindrical pore geometry) pore size 
distribution (inset) a) and low-angel X-ray diffraction pattern (theoretical positions 

indicated by vertical dashed lines) b) of the utilized SBA-3 silica. 

Fig. 3 TEM image of the SBA-3 obtained after thermal decomposition of CTAB. 

Fig. 4 a) Experimental adsorption isotherm (diamonds) of disulfiram on an amorphous 

silica surface under nonpolar conditions. The interactions of the two adsorption sites are 
modeled by two Langmuir adsorption isotherms (Langmuir 1 for vicinal silanol groups 

in orange and Langmuir 2 for geminal silanol groups in blue). The sum of both theoretical 

adsorption isotherm (dashed line) fits well to the experimental results. b) XRD pattern of 

disulfiram and disulfiram-SBA-3 composite material (28 wt%). 

Fig. 5 The most stable complexes of the geminal (a), from ref.31, and the vicinal (b) 
silanols with disulfiram (hydrogen atoms white, carbon atoms grey, oxygen atoms red, 

nitrogen atoms blue, silicon atoms orange, and sulfur atoms yellow). 

Fig. 6 Experimental (triangles) adsorption isotherm from ref.51, and combined Langmuir 

model (line) isotherm for ibuprofen adsorption on SBA-3 silica. 

 


