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Abstract 

We investigate the mechanism responsible for the formation of mesoporous silica formed with 

the so-called co-structure directing agent (CSDA) route. The synthesis relies on the interaction 

between silica source (tetraethylorthosilicate), cationic surfactant 

(C18H37N
+(CH3)2(CH2)3N

+(CH3)3Br2) and CSDA (carboxyethylsilanetriol), that results in a 

material functionalized with carboxylic groups. Depending on the concentration of HCl in the 

synthesis, the structure is defined by Fm3̅m (at high pH) and by Fd3̅m (at low pH), with a 

gradual transition in the intermediate pH range. Here we aim at finding the origin for the 

structural change triggered by pH and investigate the effects of the hydrolysis of the silica source 

on the overall kinetics of the synthesis. A fast process results in Fm3̅m, regardless of pH, and a 

slow process results in Fd3̅m. The hydrolysis step is the important structural control parameter. 

We studied the cross-linking of silica and CSDA using 29Si NMR. The cross-linking is similar 

for the two structures, and possibly Fd 3̅m structure contains slightly more CSDA. 13C PT 

ssNMR was used to investigate the surfactant mobility/rigidity during the synthesis. The rigidity 

of the Fm3̅m is established much faster than the Fd3̅m.  

 

 

 

  



1. Introduction 

Mesoporous silica materials are produced in a self-assembly process between amphiphilic 

molecules and an inorganic silica source in an aqueous solution.1 Removal of the organic matter 

after completed synthesis establishes the porous network.1 In the earliest work, cationic 

surfactants were employed as structure directing agents.2-3 This strategy was soon followed by 

the use of other efficient structure directors, such as amphiphilic block-copolymers, Pluronics.4-5 

With these systems it was clear that amphiphiles with either cationic or non-ionic headgroups 

could interact with siliceous species resulting in the formation of ordered mesoporous silica 

materials, whereas anionic surfactants were unable to function in a similar way. However in 

2003, with the advent of a new synthesis methodology making use of a so-called co-structure 

directing agent (CSDA), Che and co-workers demonstrated that anionic surfactants could also 

function as versatile structure promoters.6 It was clear that the CSDA route permitted the 

formation of several structures that had not previously been synthesized, such as the 

bicontinuous cubic structure Pn3̅m 7 and chiral materials 8. It was subsequently found that also 

cationic surfactants can be employed in the CSDA approach.9 The CSDA is an organosilane 

molecule, which contains a charged group, typically from an acid, or a base, and a silicate 

group.7 It is suggested that the CSDA forms a “bridge” between the charged head group of the 

surfactant and the silica wall. If the synthesis is based on cationic surfactants, the CSDA has a 

negatively charged group and for synthesis with anionic surfactants it is positively charged.7 

In a typical synthesis using the CSDA method, different structures can be formed within one 

synthesis system by simply controlling the pH.7, 9 For instance, in 2007, Han et al. synthesized, in 

a one-pot synthesis, mesoporous silicas functionalized with carboxylic groups using this 

approach.10 The cationic surfactant octadecylpentamethyl-1,3-propylenebis(ammonium 



bromide), C18H37N
+(CH3)2(CH2)3N

+(CH3)3Br2 (designated as C18-3-1), was used as the template 

and carboxyethylsilanetriol sodium salt, Si(OH)3(CH2)2COONa, was used as the CSDA. It was 

observed that, with increasing concentration of HCl, a mesostructure transformation took place. 

Low concenration of HCl resulted in a material consisting of a mixture of cubic close packing 

CCP (i.e. Fm3̅m) and hexagonal close packing HCP (i.e. P63/mmc) of entities based on spherical 

micelles. High concentration of HCl resulted in the Fd3̅m structure. Intermediate concentration 

of HCl resulted in a gradual transformation from the Fm3̅m (mixed with P63/mmc) to the Fd3̅m 

structure as the HCl concentration increased.11 The structural extremes as well as the structural 

transformation have been analysed in detail with high-resolution transmission electron 

microscopy.11 The close-packed structures consist of, as already mentioned, spheres, whereas the 

Fd3̅m structure is composed of polyhedra.11-12 The polyhedra have been explained to arise from 

packing of “soft-cages” 13, i.e. the softness of the micellar entity allows it to form an interface to 

its neighbor thereby creating a polyhedron.11 

Some effort has, for about two decades, been invested in studying the formation mechanism of 

mesoporous silica material, particularly the MCM-41 and SBA-15 systems.14-15 However, less is 

known about the synthesis via the CSDA approach.16 We are interested in shedding more light 

onto the mechanism of the formation process used in the CSDA approach, and, in this study, we 

focus on the synthesis system described above (using C18-3-1 and carboxyethylsilanetriol sodium 

salt) and aim at finding the origin for the structural change triggered by pH. 

The structural transformation has been suggested to occur as a consequence of the ionization 

degree of the CSDA.10, 13 The CSDA contains a carboxylic group, which typically has a pKa in 

the range of 1-5. The difference in pH was therefore suggested to influence the strength of the 

electrostatic interaction between the surfactant head group and the carboxylic group of the 



CSDA, as a consequence of the varying ionization degree of the CSDA. However, in this pH 

range the rate of the TEOS reactions (i.e. the hydrolysis and subsequent silica polymerization) 

varies to a great extent. The hydrolysis rate of TEOS reaches a minimum at a pH around 7. The 

condensation on the other hand shows a reverse behavior with the highest rate just around pH 

8.17-18 

We noticed that at pH around 7, where the hydrolysis rate of TEOS is low, the Fd3̅m structure 

is formed. Hence, a complicating aspect in this system is the variation of the kinetics of the 

reactions. In this work, we have investigated the effects of the kinetics of the hydrolysis on the 

structural transformation between the Fm3̅m (intergrown with P63/mmc) structure and the Fd3̅m 

structure. Henceforth we will use the notation Fm3̅m for the structure dominated by this space 

group even though it is to some extent intergrown with P63/mmc. We have used two simple 

methods both related to the kinetics of hydrolysis. In one set of experiments we removed the 

influence of TEOS hydrolysis by hydrolysing the TEOS prior to addition to the synthesis. In 

another set we slowed down the hydrolysis reaction by adding ethanol, hence shifting the 

equilibrium reaction in accordance with le Châtelier’s principle.  

We have also used solid-state 29Si NMR to investigate the extent of crosslinking of silica and 

CSDA, respectively, for the materials obtained with and without pre-hydrolysis of TEOS. Both 

cubic structures (Fm3̅m & Fd3̅m) were thus investigated. 

In an effort to investigate the mobility of the surfactants at the early stage of the synthesis, we 

have used 13C Polarization Transfer solid-state NMR (13C PT ssNMR)19-20. PT ssNMR consists 

of three separate experiments, direct polarization (DP), cross polarization (CP),21 and refocused 

insensitive nuclei enhanced by polarization transfer (INEPT).22-25 The DP spectra give semi-

quantitative information about the 13C present in the sample, while the CP and the INEPT spectra 



indicate the mobility of the C-H bonds in the molecules. A high CP signal is obtained with a 

rigid 13C and a high INEPT signal is attained from a mobile or isotropic 13C. Combination of 

these three experiments provides segmental resolution (i.e. 13C in CH, CH2, CH3) due to the 

different chemical shifts, and qualitative information on the molecular dynamics of each resolved 

13C segment. The PT ssNMR method has previously been used to get qualitative information on 

molecular dynamics with atomic resolution of surfactants 19-20 and lipids 26. Here we show that 

PT ssNMR is a valuable technique for getting mobility information of the surfactants during the 

formation process of mesostructured inorganic materials. 

In this paper, we first discuss how the kinetics of TEOS hydrolysis controls the structure by 

showing results from syntheses where the kinetics have been altered. Secondly, we discuss the 

extent of cross-linking of silica and CSDA in the structures based on 29Si NMR analysis. Finally, 

we explore PT ssNMR results regarding the surfactant mobility/rigidity in the two structures as a 

function of synthesis time. 

 

2. Experimental Section 

2.1. Chemicals 

The silica source, tetraethyl orthosilicate (TEOS, from SCRC, Germany) and the CSDA, 

carboxyethylsilanetriol sodium salt (from ABCR, Germany), were used as received without 

further purification. The surfactant [C18H37N(CH3)2(CH2)3N(CH3)3]Br2 (C18-3-1) was kindly 

provided by Prof. Shunai Che in Shanghai Jiao Tong University, China. It was synthesized 

according to a previously reported procedure,10 and used as received. 

 

 



2.2. Synthesis of the mesoporous materials 

The materials were synthesized under various concentrations of HCl and in some cases with 

addition of ethanol. A normal synthesis was performed as follows: 1.40 g of C18-3-1 was dissolved 

in 9.00 g of MilliQ water in a 30 mL fluorinated ethylene propylene (FEP) bottle, and HCl (from 

1M stock solution) and ethanol (99.7 volume%), with different molar composition of HCl (x) 

and of ethanol (y). To this solution 0.348 g of CSDA and 0.78 g of TEOS were added 

simultaneously. The final composition was C18-3-1: CSDA: TEOS: HCl: ethanol: H2O = 1: 2: 

15:  x :  y : 2000 ( x = 0~2.4, y = 0~120 ). For the pre-hydrolysis experiment, TEOS was 

hydrolyzed in 1 mL 0.07 M HCl solution for 5 min before this solution was added to the 

synthesis solution together with the CSDA. The rest of the synthesis solution (amount of HCl 

and H2O) was changed accordingly to keep the ultimate composition the same as in the normal 

synthesis.  

The mixture was stirred for 2 h at room temperature and then hydrothermally treated at 100 oC 

under static conditions for 2 days. pH measurements were performed after 2 days of 

hydrothermal treatment. The resulting white precipitates were collected by filtration, washed 

with distilled water, and dried at room temperature. For the purpose of nitrogen sorption 

experiments, the surfactant was removed from the as-made material by calcination at 550 oC for 

6 h. In order to retain the carboxylic groups, i.e. to maintain a functional material, the surfactants 

should be removed by extraction 10. 

 

2.3. Small Angle X-ray Diffraction (SAXD) 

The SAXD patterns were recorded using a Ganesha 300XL SAXSLab instrument from JJ-

Xray Systems, equipped with a sealed micro-focus X-ray tube (Rigaku) and a 2D 300 K Pilatus 



detector (Dectris). Measurements were performed using a pin-hole collimated beam with an 

asymmetrically positioned detector yielding a single measurement q-range of 0.0012–0.67 Å-1. 

The scattering vector is defined as q = 4π/λsinθ, where λ is the incoming X-ray wavelength, 

1.54 Å, and θ is half of the scattering angle. The samples were contained in 2 mm (diameter) 

quartz glass capillaries with 0.01 mm thickness (Hilgenberg), and each measurement was 

performed for 10 min. 

 

2.4. Solid-state NMR 

29Si NMR spectra were collected on a Bruker MSL 400 solid-state NMR spectrometer using 

double-bearing magic-angle spinning (MAS) zirconia rotors with high-power proton decoupling 

at 79.48 MHz using a 90o pulse with a 2 min repetition time (450 scans). All 29Si spectra were 

recorded on samples spun at 5922 Hz in a 4 mm rotor and referenced to TMS. 

13C NMR spectra were recorded on a Bruker Avance-II 500 spectrometer with an 11.7 T 

magnetic field and a 4 mm CP/MAS HCP Efree probe. 1H and 13C resonance frequencies were 

500 and 126 MHz, respectively. The MAS frequency was 5 kHz. Samples were packed in 4 mm 

rotors (Bruker). The PT ssNMR (Polarization Transfer solid-state NMR)19 experiments were 

carried out on the samples using a spectral width of 248 ppm, acquisition time of 50 ms, 1024 

scans per experiment and 4 s recycle delay. The signal was acquired under 68 kHz TPPM-15 

(Two Phase Pulse Modulated)27 1H decoupling. Solid 𝛼-glycine (43.7 ppm) was used as external 

reference. 1H and 13C hard pulses were applied at nutation frequencies 𝜔1
𝐻 𝐶⁄ 2𝜋⁄ = 80.6 kHz. 

The CP (Cross Polarization)21 experiment was performed with CP contact time 𝜏𝐶𝑃 = 1 ms, 

𝜔1
𝐶 2𝜋⁄ = 72.6 kHz and 𝜔1

𝐻 2𝜋⁄  linearly ramped from 64.5 to 80.6 kHz. The INEPT 23, 25 



experiment was optimized for a scalar coupling constant JCH = 140 Hz (𝜏1 = 1.79 ms), and a 

refocusing delay of 1/6JCH giving positive peaks for all CHx groups (𝜏2 = 1.2 ms). 

The data obtained were treated in ACD/NMR Processor Academic Edition 

(http://www.acdlabs.com/resources/freeware/nmr_proc/). A Lorentzian lineshape was used to fit 

the 29Si data. The width is fitted between 25 to 1100 ppm.  

 

2.5. N2-sorption 

The surface area, pore dimensions, and pore volumes were determined by nitrogen 

physisorption measurements at 77 K (ASAP 2010, Micromeritics Co., Norcross, GA). The 

specific surface area was deduced using the BET method at P/P0 ratios between 0.05 and 0.2. 

The total pore volume was taken at P/P0 = 0.79  hence removing the effect of macropores, 

which is significant for the materials synthesized with pre-hydrolysis step, in the analyses. The 

pore size was determined by DFT analysis (Micromeritics Co., Norcross, GA). 

 

3. Results and discussion 

3.1. Kinetics of TEOS hydrolysis 

We reproduced the synthesis of Han et al 10, with x (HCl content) ranging from 0 to 2.4. The 

pH of the reaction solution was measured after the hydrothermal treatment. The resulting SAXD 

patterns (from as-synthesised materials) are shown in Figure S1 in the supporting information 

along with the corresponding pH values. The Fm3̅m structure was obtained in the pH range 8.5-

11.0, the Fd3̅m structure in the range 5.0-7.5 and the material produced in the intermediate range 

(7.5-8.5) gave, as expected, SAXD pattern consistent with the intergrown phase. It is well known 

http://www.acdlabs.com/resources/freeware/nmr_proc/


that alkoxysilane reactions, both hydrolysis and subsequent condensation, are highly pH 

dependent 17 and the rates of both hydrolysis and condensation vary dramatically in the 5 - 11 pH 

interval covered in these synthesis. The Fd3̅m structure is obtained in the pH range where the 

hydrolysis rate has a minimum, whereas the Fm3̅m structure is obtained when this rate is higher. 

In order to investigate whether the hydrolysis rate has an effect on the structure, we performed 

two sets of experiment. This was done by either: i) introducing a pre-hydrolysis step in the 

synthesis, thereby removing the influence of TEOS hydrolysis 28, or ii) adding ethanol to the 

synthesis to slow down the hydrolysis - increasing the effect of this step. 

i) Synthesis with pre-hydrolyzed TEOS  

Figure 1 shows the SAXD patterns of materials obtained from a synthesis at three different pH 

values (Fig. 1A), producing the Fm3̅m (curve a), the Fd3̅m (curve c) or an intergrowth of these 

structures (curve b); it also shows the corresponding materials (Fig. 1B) obtained when TEOS 

was hydrolyzed for 5 minutes in 1 mL of 0.07 mol/L HCl solution prior to addition to the 

surfactant solution. The same total compositions are used in each corresponding set of 

experiments. It is clear that materials formed when TEOS was pre-hydrolyzed show similar 

SAXD pattern regardless of the pH of the solution. The formation under these conditions is thus 

pH independent. The peaks are less well defined compared with the materials in Figure 1A, but 

consistent with the Fm3̅m structure (the 111, 220 and 311 peaks are indexed in Figure 1B). The 

lattice spacings are in all three cases smaller than the Fm3̅m structure in Figure 1A, (see Table 

1). 



 

Figure 1. SAXD patterns of as-synthesized carboxylic group functionalized mesoporous silica 

materials, synthesised at different pH, a) pH=9, b) pH=8, c) pH=6, and using, A) normal 

synthesis, and B) with pre-hydrolysis of TEOS. The chemical molar composition of the reaction 

mixture was C18-3-1: 2CSDA: xHCl: 15TEOS: 2000H2O, a) x=1.4, b) x=1.6, c) x=1.8. The SAXD 

patterns are indexed with the Fm3̅m space group (1A-a, and 1B-a) and the Fd3̅m space group 

(1A-c) 

Table 1. Structure and porous properties of the samples shown in Figure 1  

Synthesis 

method 

Synthesis 

pH 
Structure 

Lattice spacing                     

a (nm) 

SBET 

(m2g-1) 

Pore Volume 

(cm3g-1) 

Pore Diameter 

(nm) 

   
As-

synthesized 
Calcined    

Normal 

Synthesis 

9 Fm3̅m 10.35 10.26 666 0.66 3.11  

6 Fd3̅m 17.68 16.97 633 0.56 3.11 

Pre-hydrolysis 

of TEOS 

9 Fm3̅m 8.13 8.04 779 0.75 3.09 

6 Fm3̅m 7.85 7.69 778 0.69 3.07 

 



The hydrolysis step of TEOS is made in a highly acidic solution, at a pH close to 1, where 

TEOS hydrolysis is a fast process and condensation is expected to be slow. 29Si NMR 

measurement (Figure S2 in Supporting Information) on the pre-hydrolysis solution 

(measurement performed after 5 min hydrolysis) showed peaks in three shift regimes, at -72, 

around -81 and around -90 ppm. The first peak is consistent with a monomer (Q0) of fully 

hydrolysed TEOS, and the other peaks are consistent with oligomeric species having Q1 or Q2 

silicas 29. Hence, the TEOS is fully hydrolyzed when added to the reaction solution and has, to 

some extent, condensed, possibly into small oligomers. In these syntheses the effect of the 

hydrolysis reaction has thus been removed. With oligomers present, the reacting silica 

components have reduced flexibility compared to monomers, which could explain why the 

resulting Bragg peaks are less well defined. We conclude that a fast process, obtained when the 

rate of hydrolysis is high, or when TEOS has been pre-hydrolysed, leads to the Fm3̅m structure 

regardless of the pH of the reaction solution. 

The calcined materials were also investigated by N2-sorption (the isotherms are shown in 

Figure S3 in supporting information), and the results, along with the lattice spacing calculated 

from the SAXD data of as-synthesised and calcined materials, are compiled in Table 1. For 

materials obtained in the normal synthesis, the Fd3̅m structure and the Fm3̅m structure have 

similar pore diameters. Compared to the normal Fm3̅m synthesis, the synthesis with the pre-

hydrolysis step produced the Fm3̅m structure with smaller lattice spacing but almost the same 

pore diameter, although with a larger pore size variation, possibly due to the reduced flexibility 

of the silica. These results indicate that the materials synthesized with the pre-hydrolysis step are 

composed of thinner silica walls as compared to the normal material, which could also explain 



the observation that the peaks are less intense. In addition, higher surface area and slightly higher 

pore volume were obtained for the pre-hydrolysed synthesis.  

ii) Influence of addition of ethanol 

Ethanol was added to the synthesis with the aim of slowing down the overall kinetics by 

shifting the equilibrium (equation 1) of the hydrolysis. 

≡ Si − OCH2CH3 + H2O ↔  ≡ Si − OH + CH3CH2OH                       (1) 

To the same three syntheses (Fm3̅m, Fd3̅m and the intergrowth structures), different amounts 

of ethanol was added prior to the onset of the syntheses with the following molar ratios, 

EtOH:TEOS = 1:1, 2:1, 4:1, 8:1. The addition does not affect the pH in a significant way and the 

extent of dilution is small (10% of the solvent volume for the maximum addition). We observed 

that the precipitation was delayed and that the extent of the delay corresponded to the added 

amount of ethanol. Addition made to the intermediate pH range synthesis, i.e. at a pH of 8, 

resulted in a gradual structural change with increasing ethanol content (Fig. 2). Addition of 

ethanol, obtaining a EtOH:TEOS molar ratio of 2:1 (corresponding to curve c) and 4:1 

(corresponding to curve d), facilitates the formation of the Fd3̅m structure. The peaks in curve c 

in Figure 2 are indexed with the Fd3̅m structure. The largest amount of ethanol (EtOH:TEOS 

molar ratio 8:1) results in a material where the structure is less well defined (Fig. 2 curve e). The 

synthesis mixtures typically resulting in the Fm 3̅ m (pH=9) and Fd 3̅ m structures (pH=6), 

respectively, were structurally unaffected by ethanol addition except for the largest addition 

(EtOH:TEOS=8:1) where no well ordered structure was obtained (see Figure S4 in supporting 

information).  



 

Figure 2. SAXD patterns of as-synthesized materials synthesized with addition of ethanol. The 

chemical molar composition of the reaction mixture was C18-3-1: 2CSDA: 1.6HCl: 15TEOS: 

2000H2O: x EtOH, a) EtOH:TEOS=0 (x=0), b) EtOH:TEOS=1:1 (x=15), c) EtOH:TEOS=2:1 

(x=30), d) EtOH:TEOS=4:1 (x=60), e) EtOH:TEOS=8:1 (x=120). Curve c is indexed with the 

Fd3̅m structure. 

We conclude that addition of EtOH manages to “push” the formation towards the Fd3̅m 

structure if the structure is already present to some extent (as in the intergrowth structure), but is 

not “strong enough” to drive the formation all the way from the pure Fm3̅m structure. As we 

concluded with the pre-hydrolysis experiments above, the hydrolysis rate is a critical factor in 

determining which structure that results from the normal synthesis and that a slower process 

(produced with addition of EtOH) promotes the Fd3̅m structure. 

 

 

 



3.2. Analysis of the cross-linking of silica and CSDA 

It is clear that the kinetics of TEOS hydrolysis dictates the type of structure that forms, and in 

order to see if this is also reflected in the extent of cross-linking of silica, we used solid-state 29Si 

NMR on as-synthesised materials. We investigated two synthesis conditions producing the 

Fm3̅m structure, at pH 9, and the Fd3̅m structures, at pH 6 (see Figure 1A, curves a and c), as 

well as the corresponding conditions with the pre-hydrolysis step, i.e. producing in both cases the 

Fm3̅m structure (See Figure 1B curves a and c). The resulting 29Si NMR spectra are shown in 

Figure 3. The silicon environment Q4 appears around -110 ppm, the Q3 around -100 ppm, and Q2 

around -90 ppm.30 It was also possible to determine the silica cross-linking of the CSDA. We use 

the notation T3, T2 and T1 to represent the cross-linking environment of CSDA: T3 appears 

around -66 ppm, T2 around -57 ppm, and T1 around -47 ppm.29, 31 All four syntheses give rise to 

clear Q3, Q4, and T3 signals, the T2 is less clear but still identifiable. Q1 and Q2 are not discerned, 

except for the Fd3̅m structure (Fig. 3A-b) where the Q1 is apparent. Peaks were fitted and 

integrated as described in the experimental section and the resulting values are shown in Table 2. 

The error with regard to the baseline is ±10% (estimated from the noise level variation to the 

average intensity of the peaks). The Q1 and Q2 peaks had too low intensity to be quantified so the 

extent of crosslinking is based on the ratio of the other peaks. Overall, based on Q3/Q4, the extent 

of condensation of the two structures is comparable. The Fd3̅m structure, in addition, contains a 

fraction of Q1 species. In Table 2, Q(sum) is the sum of all Q peaks, and T(sum) is the sum of all T 

peaks, hence Q(sum) represents the entire amount of silica originating from TEOS, and T(sum) is the 

amount originating from CSDA. In the Fm3̅m structure, the ratio of T(sum)/Q(sum) is 0.11, while 

for the Fd3̅m structure, this ratio is slightly larger, i.e. 0.13. This suggests that formation of the 

Fd3̅m structure requires more CSDA than does the Fm3̅m structure. The molar ratio of CSDA to 



TEOS in the synthesis mixture is 0.13, demonstrating that both structures require a large uptake 

of CSDA. The T2 to T3 ratio in the Fd3̅m structure is higher than in the Fm3̅m structure, 

suggesting that the CSDA in the Fd3̅m structure is less cross-linked. 

 

 

Figure 3. Solid-state 29Si NMR spectra of samples shown in Figure 1. a) pH=9, b) pH=6, and, A) 

normal synthesis, B) pre-hydrolysis of TEOS. The chemical molar composition of the reaction 

mixture was C18-3-1: 2CSDA: xHCl: 15TEOS: 2000H2O, a) x=1.4, b) x=1.8. The fits of the peaks 

are shown in the supporting information, Figure S5. 

 

 

 



Table 2. Silica cross-linking values based on solid-state 29Si NMR results. Q refers to the silica 

and q to the CSDA 

Synthesis 

method 

Synthesis 

pH 
Structure 𝑄4 𝑄3 𝑇3 𝑇2 

𝑄3

𝑄4⁄  𝑇2

𝑇3⁄  
𝑇(𝑠𝑢𝑚)

𝑄(𝑠𝑢𝑚)
⁄  

Normal 

Synthesis 

9 Fm3̅m 0.53 0.36 0.08 0.02 0.68 0.25 0.11 

6 Fd3̅m 0.50 0.33 0.07 0.04 0.66 0.57 0.13 

Pre-hydrolysis 

of TEOS 

9 Fm3̅m 0.52 0.39 0.08 0.02 0.75 0.25 0.11 

6 Fm3̅m 0.61 0.29 0.08 0.02 0.48 0.25 0.11 

 

3.3. Behavior of the surfactants at the early stage of the synthesis 

In an effort to investigate the mobility/rigidity of the surfactants we used 13C PT ssNMR 

measurements. As previously mentioned, the CP and INEPT signals provide information about 

the rigidity and mobility coupled with the isotropic and anisotropic C-H bond reorientation. 

Information for each segment of the molecules can be explored. For comparison we investigated 

the liquid crystals formed in the pure water-surfactant (C18-3-1) system. Two types of micellar 

cubic structures are stable 32: one at 45 weight% water, and the other at 55 weight% water 

(Supporting Information, Figure S6). Both of these structures give rise to similar DP, CP and 

INEPT signals, with high (red) INEPT signals and very low (blue) CP signals, indicating that all 

the segments are predominantly mobile (Supporting Information, Figure S6). For the silica 

materials, the PT ssNMR measurements were performed on the as-synthesized samples at 

different synthesis stages: after 2 hours of reaction and after 2 days of hydrothermal treatment. In 

addition, as the mobility of the surfactants in the Fd3̅m structure was significantly different at 

these points in time, this structure was also investigated in the interim window, after 1.5 and 7 

hours of hydrothermal treatment, respectively.  



In Figure 4 the chemical structures of the surfactant and the CSDA are depicted with respect to 

the different mobility of the carbon segments, illustrated as circles. The segments are numbered 

with Arabic numbers (1-26) in the surfactant molecule and with Roman numbers in the CSDA 

(I-III). In addition the methylene and methyl groups, in ethanol or TEOS, are numbered IV and 

V respectively. The following colors are used to illustrate the signals: red - INEPT, blue - CP and 

grey - DP. For segments that show both INEPT and CP intensities, purple circles are used. When 

several peaks overlap, like the 22, II, and V, the accurate mobility cannot be determined; these 

segments are represented by black circles. Hence segment 22 and II could not be analyzed and 

are not included in the discussion below.  

 

 

 



 

Figure 4. 13C MAS NMR spectra (DP - grey, CP - blue, and INEPT - red) of A) Fm3̅m and B) 

Fd3̅m, at different stages of synthesis, a) after two hours of synthesis (before hydrothermal 

treatment), b) after 1.5 hours of hydrothermal treatment, c) after 7 hours of hydrothermal 

treatment, and d) after 2 days of hydrothermal treatment. The chemical molar composition of the 

reaction mixture was C18-3-1: 2CSDA: xHCl: 15TEOS: 2000H2O, A) x=1.4, B) x=1.8. The 

Arabic numbers refer to the surfactant molecule and the roman to the CSDA (I-III) and 

ethanol/TEOS (IV-V). The segments are coloured according to the signals. The intensities in the 

same set of DP-CP-INEPT experiments were normalized against the DP intensity of the –CH3 

group in the tail (1). All spectra are plotted at the same scale.  



It is clear that the Fd3̅m and Fm3̅m structure give rise to very different CP and INEPT signals 

after 2 hours of synthesis; in the Fd3̅m structure, all segments have very high INEPT intensity, 

corresponding to mobile (isotropic) behavior. Virtually no CP signal was detected. The Fm3̅m 

structure, on the other hand, was dominated by CP signal, except a few segments in the chain. 

This indicates that the head group and the carbon chain are quite rigid and show anisotropic 

behavior. Hence, after 2 hours reaction, the Fd3̅m structure is still a soft and flexible system, 

while the Fm3̅m structure is already established. When the syntheses are completed, after 2 days 

of hydrothermal treatment, the resulting structures showed similar NMR spectra with high CP 

intensity for both the surfactant and the CSDA. This confirms that both structures are fixed. For 

the formation of Fd3̅m structure more information on the process is obtained; after 1.5 hours of 

hydrothermal treatment, the –CH2 groups (17, 18, 21, 23) close to a nitrogen in the surfactant 

only show DP signal, which means that they are in very slow movement (correlation time 

between 0.1-10 𝜇s) while the other segments still have high INEPT signal (correlation time < 0.1 

𝜇s). It indicates that, at this moment, the surfactant head group starts to become fixed and at the 

same time we observe that the CSDA is fixed. After 7 hours of hydrothermal treatment, where 

the spectra is equivalent to the one after 2 days, the surfactant segments are mostly rigid, except 

for the –CH3 group in the tail (1) that continues to show isotropic reorientation in fast dynamical 

regime (correlation time < 1 ns). The 2, 3 and 16 –CH2 segments have both INEPT and CP 

signals, indicating that they have a fast but anisotropic behavior. However, since the signal of 

segments 2 and 16 overlap, we cannot distinguish the exact behavior of these two segments. 

Possibly 2 is mobile while 16 is rigid. This behavior is the same for spectra in Figure 4, A-a, A-

d, B-c and B-d.  



We also performed SAXD measurements complementary to the 13C PT ssNMR measurements 

(Support information Figure S7). 2 hours into the reaction the SAXD pattern of the Fm3̅m 

synthesis is dominated by peaks that correspond to this space group, having equivalent lattice 

spacing. However the Fd3̅m structure is not well developed at this time and a clear pattern is 

obtained after 1.5 h of hydrothermal treatment. The SAXD data are hence in agreement with the 

PT ssNMR. When the segments are rigid the structure is established. We can also see that when 

the surfactant head group moves slowly, while the chain is still mobile, the structure is 

established (at 1.5 hours of hydrothermal treatment). In addition the CSDA is rigid at this point. 

The NMR combined with the SAXD results are in agreement with the findings presented 

above; the Fm3̅m structure, formed at a pH where the kinetics of the silica condensation is fast, 

contains surfactant and CSDA that quickly get stuck in the structure (low INEPT signal already 

after 2 h), whereas the Fd3̅m structure, which formation relies on slow condensation, contains 

surfactant and CSDA molecules that are still flexible after 2 hours of reaction.  

According to Huo et al., 33 the Fm3̅m structure has, for this type of surfactant, only been found 

in mesoporous silica systems and not in the corresponding pure surfactant-water liquid-crystals. 

The formation of Fm3̅m structure seems to be a result of a process that arrives at a dynamical 

arrest; the spherical shape of the close-packed entities is conserved as a consequence of silica 

crosslinking, a process facilitated for instance when the hydrolysis step is removed. When, on the 

other hand, the surfactant-silica system has time to rearrange, the Fd3̅m structure, also found in 

the surfactant-water system, is the preferred structure.  

 

 

 



4. Conclusion 

In this work we show that the reaction kinetics of the silica source has a determining role in the 

structure formation; generally this is overlooked in mechanistic discussions.   

Here we show that the pH dependence of the hydrolysis rate of TEOS is the origin of the 

structural change between Fm3̅m and Fd3̅m, rather than the previously suggested ionization 

degree mechanism.10, 13 We conclude that the Fd3̅m structure has a slower formation process 

than the Fm3̅m structure, which is in agreement with the description of “soft-cage” packing for 

the Fd3̅m structure.11 Possibly formation of Fm3̅m relies on a system that arrives at a dynamical 

arrest induced by silica condensation. 

In addition, both structures have similar extent of cross-linking of silica. However, formation 

of the Fd3̅m structure requires more CSDA, and, possibly, the cross-linking of CSDA is lower 

than that of the Fm3̅m structure. 

Finally, we have shown that 13C PT ssNMR experiments can provide valuable information on 

dynamical characteristics at an atomic level of surfactants and CSDA in mesoporous silica 

systems. 
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