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ABSTRACT 

Herein, mesostructured silica materials have been prepared through the Cooperative 

Templating Mechanism (CTM) using kolliphor EL (KEL) as biocompatible surfactant.  

First, the behavior of KEL in water has been studied and the phase diagram has been 

determined. KEL forms micelles (L1) in water and in higher concentrations a liquid crystal 

domain appears, which is constituted of a cubic phase (Pm3n) and a direct hexagonal phase. 

Small Angle X-ray Scattering (SAXS) experiments were performed to study the structure of 

the Organized Molecular Systems. We show that KEL leads to spherical micelles in water, 

which have a radius comprised between 6.2 and 6.5 nm, depending on the surfactant 

concentration. 

Then, mesoporous materials were synthesized and characterized by SAXS measurements and 

nitrogen adsorption-desorption analysis. The structure of the recovered material is affected by 

the surfactant/silica molar ratio. Indeed, the mesopore ordering is detected only for ratios in 

the range between 0.017 and 0.031. As long as ordered mesostructures are obtained, the 

mesopores diameters are in accordance with the dimension of the hydrophobic size of the 

micelles. 

 

Keywords : Biocompatible surfactant, Phase diagram; Micelles structure; Synthesis 

parameters Mesostructured silica 
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1. Introduction 

Mesoporous materials are materials with pore size between 2 and 50 nm according to 

the IUPAC nomenclature. Their main characteristic is their high surface area and their big 

pore volume [1,2]. They also offer a relatively large pore size compared with the zeolites, and 

allow the diffusion of larger molecules. Thanks to their properties they have several potential 

applications in many fields, such as adsorbents, catalysts, host matrixes for electronic and 

photonic devices and sensors [3-5]. To develop these applications, much efforts have been 

devoted to favor their ecodesign [6,7] and to simplify the synthesis procedures [8].  

Regarding their mechanisms of formation there exist two main mechanisms, the 

Cooperative Templating Mechanism (CTM) [6-12] and the Liquid Crystal Templating (LCT) 

[13-15]. Both mechanisms require the presence of an Organized Molecular System. The LCT 

pathway consists on the transcription of a liquid crystal already formed, whereas the CTM 

route produces a material with an ordering resulting from the interactions between the silica 

precursor and a micellar phase. Indeed, in the initial step, the interactions between small silica 

oligomers and surfactants drive in a cooperative way the formation of hybrid organic-

inorganic micelles or aggregates. Then, the condensation of the inorganic precursor at the 

external surface of the micelles occurs. The ordered mesophase is obtained after intermicellar 

condensation. Finally, the hydrothermal treatment at higher temperature completes the 

assembly of micelles and the polymerization of the silica source. The ordered mesoporous 

material is recovered after surfactant removal. Numerous hydrogenated or fluorinated 

surfactant-based systems have been investigated as structure directing agents [1,2,11,16-20]. 

By this way, different kinds of materials called MCM (Mobil Crystalline Materials) [1,2], 

SBA (Santa Barbara) [9], MSU (Michigan State University) [10] have been obtained.  

Recently more interest of mesoporous materials has been focused on their use in drug 

delivery. In that case, the organized porosity has been used to achieve a sustained, controlled 
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or pulsed release in drug delivery [21,22]. Their large surface areas together with their large 

pore volumes have been used to improve the solubility of poorly soluble drugs and their low 

density allows them to flat into the gastrointestinal tract and prolong the gastric retention of 

oral drugs. The drug loading into the mesostructured silica is usually performed by 

physisorption through interactions with the silanol groups. However, the hydrophobic features 

of most of the drugs limit their diffusion inside the mesopores, resulting in a low drug loading 

and in a heterogeneous distribution. Much effort has been devoted to overcome this 

drawback, silica materials can be functionalized with hydrophobic groups. By this way the 

interactions between the mesostructured material and the drug are enhanced as a consequence 

a higher loading is achieved and the kinetic of release is facilitated and better controlled.  

Another way to improve the drug loading and to control the drug release consists in 

designing mesostructured hybrid carriers. In that case the surfactant is not eliminated, playing 

a dual role. First, it allows the solubilization of the drug, then, it acts as a template for the 

formation of the silica network. For this kind of application, even if silica, especially the one 

prepared by sol-gel chemistry [23], is known to be safe, not only for the environment, but also 

for the human body within a certain dose [24], one peculiar attention should be paid to the 

components used to prepare the silica mesostructure. In literature some studies concern 

preparation of such hybrid carriers, mainly mesoporous nanoparticles, from 

cetyltrimethylammonium bromide (CTABr) surfactant [25-27], but applications are rather 

limited because of the high toxicity of CTABr. The use of biocompatible and nontoxic 

surfactant is barely reported. For example, Botella et al. [28] have developed the synthesis of 

ordered mesoporous silica from alkyl maltoside surfactants as organic structure agents under 

biomimetic conditions. The authors have also demonstrated that the hybrid materials are 

effective carriers for the delivery of ibuprofen. The drug has been encapsulated in the 

hydrophobic core of the micelles template prior to the mineralization with TMOS as the silica 
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source. The design of mesostructured silica from biocompatible and nontoxic components is 

thus still worth to be investigated. In this paper, we have investigated the ability of kolliphor 

EL, named KEL, to generate ordered mesoporous materials through the Cooperative 

Templating Mechanism (CTM). The main component of kolliphor EL is glycerol 

polyethylene glycol ricinoleate. The fatty acid forms the hydrophobic part of the product. The 

hydrophilic side consist of ethoxylated groups. KEL is widely used as a non-ionic oil-in-water 

emulsifier and/or solubilizer. This established product demonstrates very good compatibility 

with other ingredients, and can be used with fat-soluble vitamins and essential oils, or as a 

purified solubilizer in paclitaxel formulations. To the best of our knowledge, KEL has not 

been yet considered for the preparation of mesoporous silica. When the CTM pathway is used 

to synthesize these materials, the characteristics of the recovered materials, such as the 

structure and the pore diameter, are strongly related to the phase behavior of the structure 

directing agent in the synthesis solvent. Therefore, in a first part of the present work, we have 

determined the phase diagram of KEL in water and we have investigated the micellar 

structure by SAXS. Since the synthesis conditions, such as the quantity of silica source or the 

surfactant concentration also play an important role in getting a well-defined architecture [29-

32], we have studied their influence on the properties of the mesostructure in order to 

optimize the synthesis parameters. 

 

2. Materials and methods 

Kolliphor EL (Scheme 1), which is a surfactant synthetized from the reaction of castor oil and 

ethylene oxide in a molar ratio 1:35 (BASF Corporation, technical literature), was purchased 

from Sigma Aldrich and used as received, without any further purification. Deionized water 

was obtained using a Milli-Q water purification system. Tetramethoxysilane (TMOS), used as 

the silica source, was purchased from Sigma Aldrich. 
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2.1. Phase diagram determination:  

Samples were prepared, by weighting the needed amounts of surfactant and water in 

hermetically sealed glass tubes. The homogenization of the samples was done by mixing with 

a vortex stirrer. To improve the homogeneity of the samples, they were also centrifuged 

several times. 

The phase diagram was established by preparing samples over the whole range of 

surfactant/water concentrations, and placing them in a water bath at the desired temperature 

until reaching equilibrium (1 week). Visual observations coupled with polarized light optical 

microscopy (Olympus BX 50) were used to identify the different phases and to determine the 

mono-, bi- or multiphasic domains. Additional Small Angle X-ray Scattering measurements 

were performed to establish precisely the phase boundaries and to confirm the nature of the 

different phases. 

 

2.2. Silica materials preparation 

To synthesize the mesostructured materials, micellar solutions were first prepared with 

aqueous solutions at pH = 7.0 and at 25°C. Six concentrations of surfactant in water were 

investigated, 2.5, 5, 10, 20, 30 and 40 wt. %. Then, TMOS was added dropwise to the 

solutions and the mixtures were stirred at 300 rpm for 1 h. The surfactant/silica molar ratio 

(R’) was varied from 0.017 to 0.066.  

In all cases after preparation the obtained mixtures were placed into sealed Teflon autoclaves 

at 40°C for 24 h, then at 100°C for 24 h. After the hydrothermal treatment, the materials were 

transferred into cellulose extraction cartridges to remove the template by Soxhlet ethanol 

extraction for 48 h. After drying at room temperature during 24 h, samples were thermally 

treated under synthetic air as follow. A first temperature increase was applied at 2 °C/min 
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until 150 °C with a 1 h plateau, followed by a second temperature ramp at 2 °C/min to reach 

350 °C. Temperature was held for 1 h, then, a final temperature ramp at 2 °C/min was 

imposed to reach 550 °C with a 1 h plateau. The cooling process was uncontrolled and 

directed by the oven inertia. 

 

2.3. Characterization 

Small angle X-Ray scattering (SAXS) measurements were carried out on a “SAXSess mc²” 

instrument (Anton Paar), using line-collimation system. This instrument is attached to a ID 

3003 laboratory X-Ray generator (General Electric) equipped with a sealed X-Ray tube 

(PANalytical, λ Cu, Kα = 0.1542 nm) operating at 40 kV and 50 mA. Each sample was 

introduced in a “Special Glass” capillary, with a diameter equal to 1.5 mm and 2.0 mm for 

micellar solutions and liquid crystals, respectively, or between two sheets of Kapton® for 

materials, then placed inside an evacuated sample chamber and exposed to X-Ray beam. 

Scattering of X-Ray beam was recorded on a CCD detector (Princeton Instruments, 2084 x 

2084 pixels array with 24 x 24 µm² pixel size, sample-detector distance = 309 mm). Using 

SAXSQuant software (Anton Paar), the two-dimensional image was integrated into one-

dimensional scattering intensities I(q) as a function of the magnitude of the scattering vector q 

= (4π/λ) sin(θ), where 2θ is the total scattering angle. Thanks to a translucent beamstop 

allowing the measurement of an attenuated primary beam at q = 0, all measured intensities 

can be calibrated by normalizing the attenuated primary intensity. All data were then 

corrected for the background scattering from the cell and for slit-smearing effects by a 

desmearing procedure from SAXSQuant software, using Lake method. For micellar solutions, 

after correction, obtained intensities are scaled into absolute units using water as a reference 

material. Nitrogen sorption isotherms were determined on a Micromeritics TRISTAR 3000 

equipment at - 196 °C over a wide relative pressure range from 0.01 to 0.995. The pore 
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diameter and the pore size distribution were determined by applying the BJH (Barret, Joyner, 

Halenda) method [33] to the adsorption branch of the isotherm.  

Transmission electron microscopy (TEM) images were recorded on a JEOL ARM200-CFEG 

microscope operating at 200 KV. For TEM observation, samples were previously dispersed in 

chloroform with ultrasounds and few drops of the suspension was spread on Au grid covered 

by Formvar/amorphous carbon film.  

 

3. Results and discussion 

3.1. The Kolliphor EL/water system 

The behavior of the surfactant in water was investigated and the binary phase diagram is 

represented on Figure 1.  

For concentrations below 45 wt. % of surfactant, micellar solutions stable with temperature 

are obtained. For higher concentrations of kolliphor EL, liquid crystals phase domain appears. 

From 46 wt. % to 58 wt. % of surfactant, a very stiff and isotropic phase which melts at 30°C 

is observed ;  it can be attributed to a cubic phase. The identification of the space group of this 

cubic phase was determined by SAXS. The relative positions of the reflection lines are 1 : ��
�: 

√2 ∶ ��
� : √3 : ��	


 , which can be assigned to the Pm3n direct micellar cubic phase. From 58 

wt. % to 68 wt. % of surfactant and up to almost 50 °C, an hexagonal phase is obtained. 

Indeed, the pictures observed by polarized light optical microscopy show a characteristic 

texture and the relative positions of the reflection lines on the SAXS patterns are 1 :√3 :2.  

The structural parameters of these liquid crystals phases were determined at several 

temperatures (10, 20, 25 and 30 °C) by using SAXS. For the cubic phase, the ratio water / 

Kolliphor (R) equal to 1 was investigated and for the hexagonal phase the studied ratios were 

0.67 and 0.54. The structural parameters were determined in accordance with the equations 
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reported in the literature [34]. The lattice parameters a were obtained from the following 

equations : 

� =  
�
��√�   (for the hexagonal phase)       

����
��  = 

�
�. �ℎ² + �² + �²   (for the cubic phase) 

with q0, the position of the first reflection and qhkl is the position of the peak for the reflection 

line (hkl). 

For the hexagonal phase, the hydrophobic radius RH is related to the distance d associated to 

the first reflection by the following equation [34]:  

��
��� ∝ �! =  √��"#$

�%²         

where α stands for the number of molecules of water per molecule of surfactant, VB, VS, VW 

respectively stand for the molar volumes of the hydrophobic part of the surfactant, the 

surfactant and water (VW = 18 cm3/mol, VB = 834 cm3/mol and VS = 2354 cm3/mol) 

Then, the cross sectional area S can be deduced as :  

& =  ���
'( "#       

where NA is the Avogadro’s number. 

For the cubic phase, the hydrophobic radius RH is related to the lattice parameter a by the 

following equation [34] : 

��
��� ∝ �! =  
)�"#*

��*     

with υ the number of micelles per cubic lattice (υ = 8 for the Pm3n cubic phase). 

Then, the cross sectional area S can be deduced as :  

& =  ���
'( "#       

The results are given in Table 1. For the hexagonal phase, the lattice parameter a slightly 

increases with the content of water from 10.4 to 10.7 nm, while the hydrophobic radius and 

the cross sectional area remain constant, equal to 2.6 nm and 1.1 nm², respectively. The value 

of RH is higher for the cubic phase (3.5 nm), while the cross sectional area is in the same 
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range (1.2 nm²). No significant change of the structural parameters in function of the 

temperature was observed. Given that, from the length of the bonds, the extended alkyl chains 

have a dimension of about 2.5 nm and looking at the determined values of the hydrophobic 

radius for the hexagonal phase, we can deduce that the alkyl chains are completely extended 

in this phase. For the cubic phase, the hydrophobic radius is bigger than the estimated value. 

This result can be due to the deviation from the perfect spherical micelles to slightly rods in 

the Pm3n cubic phase, as suggested by Fontell et al. [35], or to disks as proposed in the 

Charvolin and Sadoc model [36]. 

The structure of the micelles of Kolliphor in water were determined by SAXS with the 

samples at 2.5, 5 and 10 wt. % of surfactant. The SAXS spectra are given on Figure 2a in 

absolute units.  

For all the studied concentrations, the spectra present the same profile. All the curves are 

overlapped for q > 0.45 nm-1 and they exhibit a maximum at 0.78 nm-1. For low q values (q < 

0.45 nm-1), the intensity decreases with the concentration. This feature is characteristic of the 

existence of interparticle interactions. 

To determine the micellar structure, the data were analyzed by using the Generalized Indirect 

Fourier Transform (GIFT) method [37,38], taking into consideration the interparticle 

interactions (Figure 2b). The obtained pair-distance distribution functions (PDDFs) were 

represented on Figure 2c. The curves exhibit a pronounced dip, which even goes to negative 

values for the concentrated solution (10 wt.%), indicating that the micelles can be considered 

as inhomogeneous and so called “core-shell” type particles. All the curves present also a bell-

like shape, characteristic of spherical micelles, with a maximum dimension of about 12.5 - 13 

nm, regardless of the surfactant concentration. These results are in good agreement with the 

hydrodynamic diameter determined at 25°C by Dynamic Light Scattering (DLS) 

measurements (14 nm with diluted micellar solutions (< 2wt.% of surfactant)). Additionally, 
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the excess-electron density profiles have been determined by the deconvolution of the pair-

distance distribution functions (PDDFs) (Figure 2d). The profiles confirm the core-shell type 

particles for the three micellar solutions. Indeed, the negative density difference corresponds 

to the hydrophobic part (ρphobic = 310 e/nm3), whereas the positive density difference can be 

attributed to the hydrophilic shell (ρphilic = 369 e/nm3). The hydrophobic radius corresponds to 

the r-value when the sign of Δρ(r) changes. It can be estimated at 3.1 and 3.3 nm for 2.5 and 

5-10 wt. % surfactant concentration, respectively. Then, the micelles radii can be evaluated at 

6.2 and 6.5 nm for 2.5 and 5-10 wt. % surfactant concentration, respectively. These values are 

in accordance with the maximum dimension found on the PDDFs. Looking at the excess 

electron density profile (Figure 2d), the hydrophobic moieties, corresponding to the lowest 

values of Δρ(r), have a dimension of about 1.9-2.0 nm since the dimension of the hydrophobic 

chains is estimated at 2.5 nm. We can thus deduce that the alkyl chains are very slightly 

folded. For the hydrophilic chains, considering that one EO group has a dimension of 0.35 

nm, their total dimension can be evaluated at 4.5 nm. From Figure 2d, the hydrophilic part has 

a length of 4-4.5nm. Thus, these chains have a rather extended conformation. 

 

3.2 Mesostructured silica materials from Kolliphor micelles 

When the cooperative mechanism is used to prepare the mesostructured silica, the surfactant 

has to form micelles in solution, but this is not a sufficient condition. Indeed, the other 

partner, the silica precursor, also plays a crucial role in the formation of the materials 

[30,31,39]. In particular, the surfactant/silica molar ratio is an important parameter that should 

be optimized. For two kolliphor concentrations belonging to the micellar domain (2.5 and 10 

wt.%), the kolliphor/TMOS molar ratio (R’) has been varied from 0.017 to 0.066. By this 

way, from the surfactant point of view, the conditions are gathered for the CTM to occur. The 

observed variations will thus be due to the effect of the inorganic precursor. Whatever the 
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kolliphor concentration, mesostructured silica materials are recovered until a kolliphor/TMOS 

ratio of 0.031 (Fig. 3). If the value of R’ is increased the main peak becomes less intense and 

no secondary reflections are detected any longer. This means that the mesopores arrangement 

evolves towards a wormhole-like structure. In that case, the quantity of the added TMOS is 

not enough to cover all the micelles and the interactions between micelles and hydrolyzed 

precursor are disturbed. As a consequence, the intermicellar condensation leads to a less 

ordered hybrid mesophase and wormhole-like mesostructures are obtained.  

Concerning the nitrogen adsorption-isotherm, regardless the synthesis conditions, all the 

materials present a type IV isotherm (Fig. 4), characteristic of mesoporous materials. For R’ 

ratios in the range 0.017-0.031, the mesopore size distribution is quite narrow and the pore 

diameter remains almost constant for a given kolliphor concentration (insert of Fig 4). An 

increase of the mesopore size is noted when the KEL concentration is varied from 2.5 to 10 

wt.%, for example, for R’ = 0.017 the pore diameter increases from 4.7 to 5.7 nm. We can 

also see that the nitrogen adsorption-desorption isotherm of materials synthesized with a 

kolliphor/TMOS ratio in this range of values, increases at high relative pressure instead of 

reaching a plateau as usually observed for type IV isotherms. This behavior has already been 

reported in literature [31, 40] and can be related to the pH conditions which favor the 

appearance of an interparticular porosity, which is responsible of the ascent of the adsorbed 

volume at high p/p0 values. For R’ beyond 0.031, the disorganization of the mesopores 

network is accompanied by a decrease of the pore diameter (insert of Fig. 4A) or by the 

appearance of a broad second component in the mesopore size distribution (insert of Fig. 4B), 

consequence of the hybrid mesophase reorganization due to the insufficiency of the amount of 

the inorganic precursor. According to TEM observations at high magnification (Fig. 5) 

materials with KEL concentration of 2.5% are mesoporous. Mesopores appear larger and 

more regular in size for R’ = 0.024, that is consistent with SAXS and nitrogen 
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adsorption/desorption data. It can be clearly observed that pore size increases from R’ = 0.017 

to 0.024 and then decreases from R’ = 0.024 to 0.044. It is interesting to note that particles at 

R’ = 0,024 are smaller and regular in size compared to the others.  

From the above results, obtained for a low and high surfactant concentration, it appears that to 

recover a mesostructured silica with a well-defined pore size distribution the R’ value should 

be in the range between 0.017 and 0.031. Thus, for the next studies, the kolliphor/TMOS ratio 

has been fixed to 0.024. Since it also appears that the pore size varies as a function of the 

kolliphor concentration, the surfactant amount has been varied from 2.5 to 40 wt.% to explore 

the overall micellar domain. The SAXS patterns depicted on Figure 6A show that 

mesostructured silica materials are recovered until 20 wt.% of kolliphor in water (Fig. 6Aa-d). 

Increasing the concentration of the micellar solutions from 2.5 to 20 wt.%, the first peak d100 

is shifted from 7.3 to 10 nm, the cell parameter a0 thus varies from 8.4 to 11.5 nm (a0 = 

2d100/√3). Since the cell parameter is the sum of the mesopore diameter (∅) and the silica 

wall thickness (e) this suggests that either ∅ or e or both increase as a function of the 

kolliphor concentration. In this range of KEL concentration, the mesostructured silica 

presents a type IV isotherm (Fig. 6Ba-d) characteristic of mesoporous materials, according to 

the IUPAC classification [41]. The relative pressure at which the capillary condensation 

occurs is progressively shifted to higher p/p0 values when the surfactant concentration used to 

prepare the materials is increased. Since this value is related to the mesopore diameter 

according to the Kelvin equation this means that bigger mesopores are formed. This is 

confirmed by the pore size distribution, whose maximum is shifted from 4.5 to 7.1 nm as a 

function of the kolliphor concentration. By contrast it can be seen from Table 2 that the 

mesopore wall thickness remains almost constant to 4.0 nm. It is also interesting to note that 

the mesopore diameter is in good accordance with the hydrophobic core size of the micelles 

determined by SAXS. This observation confirms the templating effect of the KEL micelles. 



 14 

The specific surface area and the pore volume slowly increase from respectively 702 to 

around 900 m²/g and from 0.7 to 1.5 cm3.g-1, when the KEL concentration varies from 2.5 to 

20 wt.% (Table 2). 

The SAXS spectrum of the material synthesized with 30 wt.% of kolliphor is characteristic of 

a wormhole-like structure since it exhibits only a broad peak at 12.7 nm (Fig.5Ae). If the KEL 

concentration is raised to 40 wt.% no peak is detected any longer (Fig. 5Af), meaning that the 

channel arrangement is completely random. The shape of the isotherm of the samples 

prepared with a KEL concentration higher than 20 wt.% is modified and it becomes 

intermediate between type IV and type II (Fig. 5Be,f). Meanwhile the pore size is broader, its 

maximum is shifted towards higher mesopore diameter and the dV/dD values decrease. 

Meantime the specific surface area drops to around 460 m²/g, reflecting disorganization of the 

channel array even if all the conditions are gathered to get an ordered mesostructured silica 

material. TEM observations confirm the presence of regular mesopores for all samples with 

R’ = 0.024 when KEL concentration increased from 2.5 to 30 wt.% (Fig. 7). On the TEM 

images at high magnification (Fig. 7 b,d,f,h,j) the gradual loss of pore ordering is clearly 

observed when KEL concentration increased from 10 to 30 wt.%. The origin of the loss of the 

mesopore ordering with the increase of the surfactant concentration can be due to a change of 

the micelles shape for example from spherical to rods, which disturbs the Cooperative 

Templating Mechanism. Indeed, when micelles are closed together, due to the limitations on 

the conformation of oxyethylene groups arising from steric hindrance, repulsive forces occur. 

This leads to a micelle shape transition like sphere-to-rod [42]. We can also assume that with 

the increase of the concentration of the micellar solution more and more micelles are formed 

and the interactions between micelles predominate in the detriment of the ones with the 

hydrolyzed precursor. Finally, we cannot exclude a shift of the domain of the phase diagram 

because of the release of the methanol produced during the hydrolysis of the TMOS. Indeed, 
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it is well known that the presence of additives such as salt or alcohol strongly modify the 

surfactant behavior in water [43,44] and as a consequence affect the formation of the 

mesostructured silica materials [45,46].  

 

4. Conclusions 

Mesoporous materials have been prepared using an aqueous solution of a biocompatible 

surfactant, the kolliphor EL. In order to determine the phase sequence as a function of the 

temperature, the phase behavior of KEL in aqueous solution was first investigated. We have 

delimited the different phase domains and determined the structure of the micelles as well as 

the structural parameters of the liquid crystals. 

Determination of the micellar structure by SAXS provides information about the 

conformation of the hydrophilic and hydrophobic chains in L1. The alkyl chains are slightly 

folded whereas the hydrophilic chains are rather extended. The micelles are found to be 

spherical and their radius has been evaluated between 6.2 and 6.5 nm, depending on the 

kolliphor concentration. In the liquid crystals phases H1 and I1, the hydrophobic chains adopt 

an extended conformation. 

Micellar solutions of kolliphor EL were used as template to prepare the mesoporous materials 

through the Cooperative Templating Mechanism. The influence of the synthesis conditions on 

the properties of the mesopore ordering has been investigated. As long as the surfactant 

concentration is lower than 30 wt.% ordered mesoporous silica can be obtained. These 

materials exhibit a high specific surface area and a narrow pore size distribution, whose 

maximum varies from 4.5 to 7.1 nm. These values of the mesopores diameters are in 

accordance with the ones of the size of the hydrophobic core of the micelles determined by 

SAXS. If the kolliphor concentration is increased, disordered mesoporous silica with broad 

mesopore size distributions are recovered. 
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 Here, we succeed in preparing bare silica from the biocompatible surfactant Kolliphor 

EL. KEL has been remove to characterize the porosity. Regarding the interest of hybrid 

materials for drug delivery we can assume that without removing KEL the hybrid 

mesostructured silica are excellent candidates for this application. This work is under 

progress. 
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Figure caption 

Scheme 1 :  Chemical formula of the surfactant Kolliphor EL, with x + y + z = 35 

Figure 1 :  Concentration-temperature phase diagram of the surfactant-water system. L1 

and L2 correspond to direct and reverse micellar phases, respectively, I1 

corresponds to a direct micellar cubic phase and H1 corresponds to a direct 

hexagonal phase. S denotes a solid.  

Figure 2 : (a) SAXS spectra of the samples at 2.5 wt. % (green ○), 5wt. % (blue Δ) and 

10 wt. % (purple □) of Kolliphor at 25 °C in log-log representation in 

absolute units and normalized with regard to the surfactant volume fraction ; 

(b) Experimental (black dotted line) and approximated (GIFT) (solid line) 

SAXS spectra at 2.5 wt. % (green), 5wt. % (blue) and 10 wt. % (purple) of 

Kolliphor at 25 °C ; (c) Corresponding pair-distance distribution functions 

(PDDFs) ; (d) Corresponding excess-electron density profiles. 

Figure 3 : SAXS patterns of the materials synthesized with a surfactant/TMOS molar 

ratio (R’) equal to a : 0.017; b: 0.024; c : 0.031; d : 0.049; e : 0.051 and f : 

0.066. The micellar concentration is equal to 2.5 (A) and 10 wt.% (B). 

Figure 4 : Nitrogen adsorption-desorption isotherms with the corresponding pore size 

distribution (insert) of the materials synthesized with a surfactant/TMOS 

molar ratio (R’) equal to a : 0.017; b: 0.024; c : 0.031; d : 0.049; e : 0.051 and 

f : 0.066. The micellar concentration is equal to 2.5 (A) and 10 wt.% (B). 

Figure 5 :  TEM images of the materials synthesized with a surfactant/TMOS molar ratio 

(R’) equal to a,b : 0.017; c,d : 0.024; e,f : 0.031; g,h : 0.049. The micellar 

concentration is equal to 2.5 wt.%. 

Figure 6 : SAXS patterns (A) and Nitrogen adsorption-desorption isotherms (B) with 

the corresponding pore size distribution (insert) of the samples synthesized 
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with a KEL concentration (wt.%) of a : 2.5, b : 5, c : 10, d : 20, e : 30 and f : 

40. The KEL/TMOS molar ratio is fixed to 0.024.  

Figure 7 :  TEM images of the samples synthesized with a KEL concentration (wt.%) of 

a,b : 2.5, c,d : 5, e,f : 10, g,h : 20 and i,j : 30. The KEL/TMOS molar ratio is 

fixed to 0.024. 
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Table 1 : Lattice parameter (a), hydrophobic radius (RH) and cross-sectional area (S) for the 

cubic and hexagonal phases at different surfactant/water ratios 

Composition 

(surfactant/ water) 
Phase a (nm) RH (nm) S (nm²) 

1.0 Pm3n 20.0 3.5 1.2 

0.67 H1 10.7 2.6 1.1 

0.54 H1 10.4 2.6 1.1 
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Table 2 : Mesoporous materials : cell parameter (a0), specific surface area (SBET), pore volume 

(Vp), pore diameter (∅) and pore wall thickness (e) concerning the samples obtained 

at different surfactant concentrations. The KEL/TMOS molar ratio is fixed to 0.024. 

 

[KEL] 

(wt.%) 

a0 (nm) SBET (m²/g) Vp
* (cm3/g-

STP) 
∅* (nm) e (nm) 

2.5 8.4 702 0.7 4.5 3.9 

5 9.0 872 0.6 5.4 6.6 

10 9.7 928 1.4 5.7 4.0 

20 11.5 885 1.5 7.1 4.4 

30 - 560 1.4 10.7 - 

40  466 1.4 18.5  

 

* Values obtained from BJH method applied to the adsorption branch of the isotherm 

- Wormhole like structure 
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Scheme 1 
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Figure 4 
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Figure 5 
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Figure 7 
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