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Abstract: The present work advances the inverse quantum (IQ) structural criterion for 

ordering and characterizing the porosity of the mesosystems based on the recently 

advanced ratio of the particle-to-wave nature of quantum objects within the extended 

Heisenberg uncertainty relationship through employing the quantum fluctuation, both  

for free and observed quantum scattering information, as computed upon spectral 

identification of the wave-numbers specific to the maximum of absorption intensity record, 

and to left-, right- and full-width at the half maximum (FWHM) of the concerned bands of 

a given compound. It furnishes the hierarchy for classifying the mesoporous systems from 

more particle-related (porous, tight or ionic bindings) to more wave behavior (free or 

covalent bindings). This so-called spectral inverse quantum (Spectral-IQ) particle-to-wave 

assignment was illustrated on spectral measurement of FT-IR (bonding) bands’ assignment 

for samples synthesized within different basic environment and different thermal treatment 

on mesoporous materials obtained by sol-gel technique with n-dodecyl trimethyl 

ammonium bromide (DTAB) and cetyltrimethylammonium bromide (CTAB) and of their 

combination as cosolvents. The results were analyzed in the light of the so-called residual 

inverse quantum information, accounting for the free binding potency of analyzed samples 

at drying temperature, and were checked by cross-validation with thermal decomposition 

techniques by endo-exo thermo correlations at a higher temperature.  
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1. Introduction 

It is already a fact that mesoporous sizes can be controlled by varying the chain length of ionic 

surfactants or by adding organic molecules, “cosolvents”, which act as spacers inside the micelles [1]. 

These porous biomaterials with large surface areas and large pore volumes make themselves  

good candidates for drug delivery systems [2–4]. For a typical drug carrier nano-material to be 

obtained, silica particles were synthesized by sol-gel methods from tetraethylorthosilicate (TEOS),  

methoxy-ethanol and deionized water in the presence of ammonia or sodium hydroxide as catalyst at 

room temperature; hexadecyl trimethy ammonium bromide or the n-dodecyl trimethyl ammonium 

bromide (DTAB) ionic liquids were used as templates; eventually, results show that after calcinations, 

porous silica nanoparticles have higher specific surface areas than the only dried ones. However, this 

important issue addresses to what extent such materials can be classified for their structural potency to 

free or specific binding with pharmaceuticals in order that their carrier features can be activated. 

Experimentally, morphologic characterization of the nano-surface constitutes the custom criteria, for 

instance, with the aid of scanning electron microscopy (SEM) or by atomic force microscopy  

(AFM) analyses, with the help of nitrogen adsorption/desorption isotherms through applying the  

Brunaumer-Emmett-Teller (BET), by the Barret–Joyner–Halenda (BJH) methods [5,6] or even by 

observing the thermal stability disordered vs. ordered structures [7]. 

However, when it relates to infrared spectroscopy (IR) investigations on sol-gel silica films [8–10], 

a part of the consecrated transverse-optical vibrational modes, namely the rocking mode TO1  

(457–507 cm
−1

) modeling the perpendicular motions of the bridging oxygen to the Si-O-Si plane, the 

symmetric mode TO2 (810–820 cm
−1

) modeling the stretching of oxygen atoms along the bisecting 

line of the Si-O-Si and the antisymmetric TO3 (1070–1250 cm
−1

) describing the motion in opposite 

distortion of the two neighboring SI-O bonds, there appears to be the so-called disorder-induced TO4 

modes (about 1200 cm
−1

), interpreted as an increase in bonding strain with a longitudinal-transverse 

splitting recorded with lower wave numbers of LO (about 1170 cm
−1

) with respect to TO; see Figure 1 

and its miss from Table 1 [11–25]. However, in this last region within the band 1000–1300 cm
−1

 where 

the bonding on the surface should be better assigned to the ionic/covalent, porous/free binding or to the 

particle/wave quantum “phase transition” information, the importance of this assignment resides in the 

fact that the shown region characterizes the bulk-to-surface physico-chemical richest interaction, 

beyond which only the overtones and/or combination of vibrations of the network as a whole and  

of the organic residues and water are dominant; see Figure 1 and Table 1. Therefore, deeper 

understanding of the TO4-LO4 “phase transition” region at the frontier of the silica films by FTIR will 

give crucial information on the porosity of materials at the quantum-to-meso level in view of the 

hierarchical ordering of materials with higher potential for caring or hosting small molecules in/from 

organisms or the environment with direct consequences in pharmacology and ecotoxicology [26,27]. 

Unfortunately, so far, the computational methods available for extracting from experimental spectra 
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such information are missing and in favor of meso-to-macro analysis. Instead, this work makes the 

advancement of combining the observed data from FTIR spectra with the recent original method of 

modeling the wave/particle dual information by use of the spectroscopic assignment of the inverse 

quantum fluctuation factors [28]. This way, the present method fills the quantum-to-meso gap by the 

so-called spectral-inverse quantum (Spectral-IQ) algorithm, lending itself to being generalized and 

adapted for a wide type of spectra and gas-solid or sol-gel physicochemical interactions. 

Figure 1. General pattern for wave-number domains of FTIR absorption spectra for silica 

sol-gel based materials, emphasizing the specific transversal optical (TO) main modes of 

rocking (TO1), symmetric (TO2) and antisymmetric (TO3) vibrations of oxygen atoms in 

Si-O-Si bonds along the presently concerned disorder induced longitudinal-transverse 

vibrational mode (LO4-TO4) at the frontier of the silica network, along the remaining 

surface overtones and combinations of the network, residues and water vibrations, 

respectively. The marked LO4-TO4 band region is susceptible to wave-particle quantum 

“phase transition”, thus regulating the physicochemical properties of meso-porosity and 

bonding at the network surface. 

 

Table 1. The summary list of the vibration frequencies and their assignments on several 

bands corresponding to various structural units of the prototype silica network’s FTIR 

spectra of Figure 1. 

cm
−1

 Assignments of the IR vibrations References 

3470–3450 
Overlapping of the O-H stretching bands of hydrogen-bonded water molecules (H–O–H···H) with  

SiO–H stretchings of surface silanols hydrogen-bonded to molecular water (SiO–H···H2O) 
[11] 

3460–3000 
Molecular water hydrogens bonded to each other and to SiOH groups; the bands are mainly due to 

overtones or to combinations of vibrations of Si–OH or H2O 
[12,13] 

3360 The water absorption bands [13] 

3260 Silanol groups absorption bands [13] 

3000–2800 Stretching of the C–H bond within various organic groups [14,15] 
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Table 1. Cont. 

cm
−1

 Assignments of the IR vibrations References 

3000–2800 
Symmetric and asymmetric fundamental stretching vibrations of CH2 and CH3 groups belonging to 

alkoxide and solvent residues 
[12] 

3000–1350 Overtones and combinations of vibrations of organic residues, molecular water and SiO2 network [12] 

2960–2940 Asymmetric stretching of C–CH3 and symmetric N–CH3 stretching vibration [16] 

2960 Asymmetric C–H stretching of methyl [CH3] group of CTAB molecules, if present [17] 

2927 Stretching of the C–H within surfactant (it disappears in the calcinated samples) [15,18] 

2925 Absorption bands due to the CTAB surfactant [13] 

2922–2920 Asymmetric stretching vibration of C–CH2 from the methylene chain [16,17] 

2890 
Vibration for (CH3) can be used to identify the presence of vibrational modes of unreacted TEOS and 

ethanol in the silica films 
[19] 

2872 Symmetric stretching vibration of C–CH3 [16] 

~2850 
Absorption bands due to the CTAB surfactant; 

symmetric C–H stretching of methylene [CH2] chain in CTAB 
[13,16,17] 

2259 A CN stretch [14,15] 

1870–960, 

1640–960 

Combination of vibrations of the SiO2 network (1640 cm−1 band is often hidden by molecular  

water band) 
[12] 

1640 Molecular water band [13] 

1630–1620 Vibrations of molecular water (present only in the calcinated samples, if it is the case) [12] 

1478 C–H bending of the surfactant (it disappears in the calcinated samples) [15,18] 

~1470 
A strong methylene/methyl band (indicative of a long-chain linear aliphatic structure and a high degree 

of regularity for the linear backbone structure) 
[20] 

~1350 Absorption band due to the CTAB surfactant [13] 

1350–500 Vibrations of C–H bonds [12,21] 

1300–400 Combinations of vibrations of silica network [12,21] 

1260–1000 Asymmetric stretching vibrations of Si–O–Si bridging sequences [12,21] 

1200–850 Stretching vibration of structural groups containing SiO4 tetrahedral [21–25] 

1115–1000 Band for formation of the siloxane bond [15] 

1070 Asymmetric stretching vibrations of Si–O–Si in transverse optical mode (ASTO) [12] 

1050–900, 

980–900 
Stretching vibration of free silanol groups on the surface of the amorphous solid [12] 

965 
Vibration for H3CO, can be used to identify the presence of vibrational modes of unreacted TEOS and 

ethanol in the silica films 
[19] 

960 
Si-OH stretching mode typical of gel structure (decreases in intensity till becoming insignificant when 

the material undergoes a polycondensation process during drying) 
[12] 

950 Si–OH bending vibration modes [13] 

929 
When identified for CH2 can be used to identify the presence of vibrational modes of unreacted TEOS 

and ethanol in the silica films 
[19] 

820–800 Symmetric stretching vibrations of Si–O–Si bonds belonging to ring structures [12] 

810 Symmetric Si–O–Si motion [12] 

793 
Identified for Si–O and C–O, it can be used to recognize the presence of vibration modes of unreacted 

TEOS and ethanol in the silica films 
[19] 

789 Indicates the organic groups as intact through being ascribed to their C–H stretching [15] 

725–720 
Methylene rocking vibration (indicative of a long-chain linear aliphatic structure and of a high degree of 

regularity for the linear backbone structure) 
[20] 

460–450 Associated with Si–O–Si bond bending (rocking) vibration [12,21] 
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2. Results and Discussion 

2.1. Spectral-IQ Method  

The wave-particle issue was in the “heart” of quantum mechanics, even in its very principles, 

Heisenberg one in particular; see [28] and references therein. Currently assumed as a complementarity 

reality, it was just recently quantified with the aim of the path integrals’ quantum fluctuation factor (n) 

through considering the quantum averages for the Gaussian wave packet to the harmonic one for the 

particle and wave representations, respectively. The results were finite and apart of consistently 

explaining the atomic (and thus the matter) stability through particle-wave equivalency at the quantum 

level; they permit also a general formulation of the particle-to-wave ratio content for an observed  

event [28]:  
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as well as for the free quantum evolution [28]: 
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One notes, for instance, that when quantum fluctuations asymptotically increase, the wave contents 

become infinite and cancel the particle observability, according to the Equation 1.  

Instead, even when a system hypothetically experiences zero quantum fluctuations, the wave nature 

of the system will be still slightly dominant over its particle side at both observed and free evolutions; 

see the upper branches of Equations 1 and 2. These extremes show that the wave nature of matter will 

never be fully transferred to particle contents and the mesosystems will never be fully characterized by 

pure particle (or mechanical) features.  

However, it is apparent from Equation 2 that free evolution of a stable system is merely associated 

with particle dominance, however, without being manifestly observable; in fact, such peculiar  

particle behavior of the free evolutions of stable matter confirms its inner quantum nature by  

quantifiable features.  

Figure 2 depicts the main tendencies of the particle-to-wave ratios of a stable system in terms of its 

quantum fluctuation, in free or observed conditions, alongside the present inverse quantum (IQ) index 

introduced as their competition. 

Indeed, the inverse quantum index (3) showcases the manifestly inverse behavior respecting free 

quantum evolution while accompanying the observed evolution for the respective quantum 

fluctuations’ range; therefore, it may constitute a suitable index for accounting the particle information 

degree in a general quantum evolution, from a free-to-observed one. Moreover, if one considers also 
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the residual inverse quantum information RQ = 1 − IQ, one also gets a symmetrical tool with respect to 

IQ for treating the free evolution at the quantum level. 







































4

2

2

2

/
49

2
exp

23

23

n

n

n

n

Wave

Particle

Wave

Particle

IQ

Evolution
Free

Evolution
Observed

FreeObs  (3) 

Figure 2. Depicted tendencies of the observed, free and inverse quantum (IQ) evolutions 

of the particle-to-wave ratio with respect to the quantum fluctuations (n) upon Equations 

1–3, respectively; the additional curve of residual inverse quantum index RQ = 1 − IQ was 

added with the purpose of showing that free evolutions parallels RQ that is symmetrical 

with respect to the IQ factor. 
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It is obvious that for a given experimental set-up and records that the resulting observed evolution 

associates with higher quantum fluctuation than the corresponding free evolution, this feature being 

consistent with the (extended) Heisenberg uncertainty principle [28].  

However, when applied to spectroscopic data, they involve three classes of spectra information in 

terms of wave-numbers, namely: 

 The maximum absorption line wave-number  max0
~ A  that relates to the classical path, and the 

same for squared average measure in the inverse manner as:  

 The left and right wave-numbers RL  ~,~ of the working absorption band, being arithmetically-

to-geometrically averaged to get the average of quantum paths “inside” the band:  

 The full width of a half maximum (FWHM) wave-number FWHM~ of the concerned absorption 

band that is reciprocally associated with the dispersion of the quantum paths of vibrations 

within the band:  

FWHM

x
~

1


  (9) 

Now, taken together, the quantum averaged path (8) and its dispersion (9) provide the average of 

the squared quantum paths, according to the general definition [29]: 

  222 xxx   (10) 

Altogether, the classical and quantum paths’ information of Equations 6–10 inversely correlate to 

the specific spectroscopic wave-numbers for a given absorption band and correlate the quantum 

fluctuations’ indices of Equations 4 and 5 with the actual spectral-inverse quantum ones, respectively: 
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They will be eventually used to compute the observed, free, inverse and residual inverse quantum 

indices to in depth characterizing of a given material for its porosity-to-free binding ordering through 

recognizing the particle vs. wave quantum tendency of the investigated state by spectroscopy in 

general and by absorption spectra in the present approach. Specific examples and analyses follow. 

2.2. Results on Silica Sol-gel-based Mesosystems  

Measurement of FT-IR absorption for samples under thermal treatment [30–32], e.g., same ionic 

liquid chain length, Cetyltrimethylammonium bromide (CTAB), respectively with DTAB or with their 

combination CTAB+DTAB, in different basic environment, are summarized in the Table 2, and are 

reported in Figures 3 and 4 for analysis at 60 °C and 700 °C, respectively (refer also to the 

Experimental Section).  

Table 2. Cases of the ionic liquid-based sol-gel synthesis used in this work. All chemicals 

were commercially available: Tetraethyl orthosilicate (TEOS), Metoxy-ethanol NH4OH 

(25%), NaOH, CTAB (Cetyltrimethylammonium bromide), and DTAB (n-dodecyl 

trimethyl ammonium bromide). 

Sample Template Base Cosolvent Solution 

I CTAB NH3 

Metoxy-ethanol TEOS 

II CTAB NaOH 

III DTAB NH3 

IV DTAB NaOH 

V CTAB+DTAB NH3 

VI CTAB+DTAB NaOH 

The numerical Spectral-IQ results, as abstracted from Figures 3 and 4, are presented in Tables 3  

and 4, for the particle-to-wave (P/W) ratio values in observed and free evolutions, Equations 1 and 2, as 

based on the quantum fluctuation factors of Equations 11 and 12, along the inverse quantum ratio of 

Equation 3, respectively. Accordingly, one clearly observes the almost particle-to-wave equivalence 

throughout all samples, although the residual inverse quantum information IQ1  makes the 

significant difference (in some cases, to adouble extent) in the wave- or free-binding content of 

samples; see for instance I-60 and V-60 with respect to II-60, IV-60 and VI-60 for samples at 

investigated at 60 °C, and IV-700 vs. I-700, V-700 vs. III-700 and VI-700 vs. II-700 for samples 

investigated at 700 °C, respectively. 

However, in aiming to establish a hierarchy in binding potency, one should run on the residual IQ 

of the samples for identifying the decreased potency of free bindings information. Accordingly, for  

60 °C, one notices from Table 3 the main series VI > IV > II followed by III > V > I, indicating two 

important features: 

 Both series contain all CTAB, DTAB and their combinations; 

 The used basic environment is the discriminating factor, here NaOH leaving with more 

free binding (and less porosity) potential for further interaction than NH3, most probably 

due to the OH group ability (reactivity) to be further involved (and therefore blocked) in 

the Si surface through the related vibrations and overtones’ combinations; see Figure 1. 
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Figure 3. Absorption spectra of samples of Table 2 recorded at 60°C, with the TO4 band of 

Figure 1 enhanced by the respective labeling. 

 

Figure 4. The same spectra records as in Figure 3, here for 700 °C. 
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Table 3. The Spectral-IQ results, as based on Equations (1)–(3) with quantum fluctuation 

factors (11) and (12) for the TO4 bands of Figure 3 ( ][787.1299~ 1 cmL , 

][910.999~ 1 cmR ) at 60 °C. 

Sample  max0
~ A  

FWHM~  Obsn   
Evolution
ObservedWP /  

Freen   
Evolution
FreeWP /  IQ  IQ1  

I-60 1057.76 79.4905 0.0751762 0.94921 0.0747549 0.952777 0.996257 0.00374301 

II-60 1063.55 107.4623 0.1011 0.947056 0.100083 0.95348 0.993266 0.00673417 

III-60 1061.62 91.0061 0.0857609 0.948407 0.085137 0.95304 0.995138 0.00486168 

IV-60 1063.55 112.1339 0.105501 0.946633 0.104346 0.953619 0.992674 0.00732553 

V-60 1062.59 80.1571 0.0754605 0.94919 0.0750345 0.952783 0.996229 0.00377119 

VI-60 1074.16 117.5866 0.109532 0.946227 0.108241 0.95375 0.992112 0.00788823 

Table 4. The same type of Spectral-IQ results as in Table 3, here for the TO4 bands of 

Figure 4 ( ][787.1299~ 1 cmL , ][910.999~ 1 cmR ) at 700 °C. 

Sample  max0
~ A  

FWHM~  Obsn   
Evolution
ObservedWP /  

Freen   
Evolution
FreeWP /  IQ  IQ1  

I-700 1079.94 126.9705 0.117643 0.945365 0.116048 0.954029 0.990919 0.00908062 

II-700 1083.8 156.5567 0.144573 0.942084 0.141643 0.955078 0.986395 0.0136049 

III-700 1078.01 94.9767 0.0881346 0.948212 0.0874579 0.953104 0.994868 0.0051321 

IV-700 1085.73 87.0955 0.0802383 0.948839 0.0797267 0.952899 0.99574 0.0042602 

V-700 1083.8 70.1104 0.0647003 0.949903 0.0644312 0.952549 0.997223 0.00277721 

VI-700 1092.48 101.4627 0.0929001 0.947807 0.0921086 0.953237 0.994304 0.00569644 

Nevertheless, these binding potency series are apparently changing with the rising of the samples’ 

temperature, as results in Table 4 provide for the 700 °C case; however, agreement with 60 °C is to be 

researched, while considering specific thermal analysis, as will be exposed later.  

2.3. Discussion: Cross-Check by Thermal Analysis  

Samples of Table 2 were considered for thermal decomposition treatment, see Figure 5 and the 

Experimental Section below. The resulting thermo-gravimetric data are summarized in Table 5, as 

abstracted from Figure 5, while the corresponding correlation curves  ][[%] 0CTfTG  , either as 

parabola or lines, depending on the number of temperature change points used, three or two, 

respectively, are provided for each of the samples of Table 2.  

These regression curves, while recovering at least the mass loss at the ending temperatures on the 

interpolation domains, served to provide the missing TG700[%] information, i.e., for characterizing the 

percent of mass loss by rising temperature from 60 to 700 °C; for samples of Table 2, see Table 6. 

They are to be compared with the information obtained from the recorded spectra of Figure 4 and the 

allied residual inverse quantum information (1 − IQ) of Table 4. 
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Figure 5. Experimentally obtained thermo-gravimetric (TG), derivative thermo-gravimetric 

(DTG) and the second derivative thermo-gravimetric analysis (SDTA) curves for the 

samples of Table 2, along the parabola- and line-like regression curves  ][[%] 0CTfTG   

when based on three and two thermodynamic points of Table 5, including endothermic and 

exothermic endpoints on the interpolated interval, respectively. 

I II 

TG 4.2279 0.0879032 T 0.000209365 T
2

 TG 1.69276 0.0429286 T 0.000134762 T
2

 

III IV 

TG 3.65393 0.135464 T  TG 3.73136 0.108644 T 0.000029616 T
2

 

V VI 

TG 5.79643 0.137929 T  TG 0.000389478 0.0179987 T 0.0000486708 T
2
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Table 5. Identification of the thermo-gravimetric (TG) mass loss (in %) for specific turning 

points of derivative thermo-gravimetry (DTG) and the associated thermodynamic analysis 

(DTA), as resulted from the recorded plots of Figure 5 by reading the derivative (D) and 

second derivative (SD) thermo-gravimetric curves for the samples of Table 2.  

Sample TG mass loss [%] DTG [°C] DTA 

I 1.80 60  *endothermic 

32.78 260  *endothermic 

47.58 330 *exothermic 

II 0.24 40 *endothermic 

4.66 110 *endothermic 

13.51 210 endothermic 

40.6 340 exothermic 

46.57 460 *exothermic 

III 0.41 30 *endothermic 

38.34 310 *exothermic 

IV 0.567 40 *endothermic 

8.49 160 exothermic 

19.69 230 *endothermic 

36.84 350 exothermic 

40.789 470 *exothermic 

V 1.1 50 *endothermic 

39.72 330 *exothermic 

VI 1.022 50 *endothermic 

22.947 350 exothermic 

29.09 610 *exothermic 

“*”: marks used points for interpolations on Figure 5. 

However, to this aim, the relative residual IQ index is computed through containing the relative 

behavior with respect to the 60 °C data of Table 3; it is thus considered as: 

   
 60

60700
1

1

11

IQ

IQIQ
R IQ




  (13) 

with the corresponding values for the samples of Table 2 by the residual IQs from Tables 3 and 4; the 

results are reported in Table 6. It is worth noting that, since Equation 13 models the amount of relative 

decrease of the residual of the inverse quantum particle-to-wave information, it naturally correlates 

with the particle and, thus, to the mass losing amount at 700 °C; thus, it may be compared with the 

mass loss as provided by thermal treatment.  

However, warnings should be made, since the thermal decomposition method belongs merely to 

classical characterization of the structure with respect to the spectroscopic records of quantum motions  

(IR vibration in this work); therefore, the comparison is only meaningful unless it is not taken as a  

one-to-one correspondence. In fact, this is the reason for which, in Table 6, the percent values of 

Equation (13) were displayed along the TG extrapolated values at 700 °C upon the interpolation curves 

of Figure 5, here aiming for only a semi-quantitative cross-check.  

Nevertheless, if one hierarchically arranges the samples’ increasing absolute differences of Table 6, 

you will get the series II→VI→IV followed by the succession I→V→III; remarkably, they correspond 
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with the classification provided by (1-IQ) residual analysis of the samples’ spectra at 60°C drying 

synthesis conditions; see the previous sub-section.  

Table 6. The indices of relative residual inverse quantum (IQ) spectral information and the 

thermo-gravimetrical one as computed upon Equation 13 with the data of Tables 3 and 4, 

and based on the regression equations of Figure 5, for the samples of Table 2 considered 

for thermal treatment at 700 °C relative to the drying synthesis case of 60 °C, respectively. 

Index I II III IV V VI 

R1-IQ[%] 142.602 102.028 5.56227 41.8445 26.3572 27.7856 

TG700[%] 159.893 94.3906 91.1711 57.8074 90.7536 36.4482 

However, both analyses tell us that the most reliable compound for free bindings and, thus, with 

less potential as a particle carrier, is predicted for the sample VI of Table 2; it is followed by sample IV 

at drying condition or by sample II under higher temperature circumstances; instead, the silica films 

obtained within ammonia catalyst (samples I, V and III) are more reliable for being further engaged in 

the effectors’ interaction due to higher porosity or particle quantum information contained therein; see 

their higher IQ in Table 3 and 4. Interestingly, the interchange in the last series between samples III 

and IV for IQ porosity in Table 4 at higher temperature treatment is probably due to the difference in 

which the shorter chain of DTAB (respecting CTAB) interacts with basic cosolvent at elevated  

thermal conditions.  

All in all, the present spectral-IQ method provides a consistent structural tool in analyzing the 

spectra for their particle-to-wave quantum content, in the view of establishing the porosity and free 

binding potential, at various temperatures, respectively, having the silica sol-gel based films as the 

current working example. Further applications and illustrations of the present method will help in 

generalizing it towards an in-depth understanding of the quantum influence on the chemical binding 

potency by physical analysis (spectral, thermal, etc.).  

3. Experimental Section  

Porous silica nanoparticles were synthesized by a modified procedure of Tan and co-workers [4] by 

using HexaDECYL trimethy ammonium bromide and/or n-dodecyl trimethyl ammonium bromide as 

the porogen and methoxyethanol as the cosolvent. Typically, CTAB or DTAB, or both of them (CTAB 

plus DTAB), were dissolved in distilled water. Afterwards, ammonia (or NaOH) and methoxyethanol 

were added; the mixture was vigorously stirred in a closed vessel at room temperature. Then, the  

sol-gel precursor tetraethyl orthosilicate (TEOS) was dripped into the mixture slowly, by stirring, and 

the resulting mixture was vigorously stirred for a further 24 h. A white precipitate was collected by 

centrifugation, which was previously washed with distilled water in an ultrasonic bath, until pH = 7 of 

the supernatant was reached. Ethanol was added to the precipitate and left for another 24 h, then dried 

at 40 °C (3h) and to 60 °C (9 h). Template removal (and other organic components) was carried out in 

air at 700 °C with 2 °C/min rate for 6 h by calcinations (for one half from each sample’s amount). 

The thermogravimetric (TG) and differential thermal analyses (DTA) were recorded on a 851-LF 

1100-Mettler Toledo apparatus in air flow using alumina crucible. For this purpose, a small sample 

(mass 29 mg) was placed in the equipment cell and heated from room temperature to 1000 °C at a 
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heating rate of 5 °C min
−1

. Since the disordered structure has higher thermal stability than the ordered 

one [7], in samples II, IV and VI, the ordering disappears after heating at high temperatures and  

is more thermally stable compared with the others three samples (I, III, V) of Table 2. The 

transformations at increasing temperatures of the synthesized samples were captured by 

thermogravimetry with the recorded curves presented in Figure 5. In the case of sample I, the  

thermo-gram results exhibited three distinct transformations: 60 °C, 260 °C and 360 °C. Thermal 

gravimetric and differential thermal analyses (TGA and DTA) in air of sample I show total weight 

losses of 47.58%. At 60 °C, TGA registers a weight loss of 1.8% accompanied by an endothermic 

DTA peak because of the water desorption [33]. At 260 °C, TGA registers a 32.78% weight loss 

accompanied by an exothermic DTA peak. This is followed by an exothermic transformation at the 

temperature required, 360 °C, to remove lower-molecular-weight cationic surfactant molecules from 

the channels [34,35]. Derivative thermogravimetry (DTG) and differential thermal analyses (DTA) of 

sample II show five weight loss steps in the TGA curve, 40 °C, 110 °C, 210 °C, 340 °C and 460 °C, 

with a total weight loss of 46.57%. At 460 °C, TGA registers a 46.57% weight loss accompanied by an 

exothermic DTA peak because of the removal of the surfactant. This is consistent with the strong 

interactions expected between cationic CTAB and silica [35]. In the case of sample III, the  

thermo-gram obtained exhibited two distinct transformations: 30 °C and 310 °C. The endothermic loss 

near 30 °C (0.41% weight loss) is assigned to water desorption, and at 310 °C (38.34% weight loss), 

the exothermic transformation takes place because of surfactant removal. In the case of sample IV, the 

thermo-gram displays five distinct transformations: 40 °C, 160 °C, 230 °C, 350 °C and 470 °C. The 

endothermic loss near 40 °C (0.567% weight loss) is assigned to water desorption, while at 410 °C 

(40.789% weight loss), the exothermic transformation accompanies the surfactant removal. In the case 

of sample V, the thermo-gram showcases two distinct transformations: 50 °C (1.1% weight loss) and 

330 °C (39.72% weight loss), whereas in the case of sample VI, the thermo-gram resumes three 

distinct transformations: 50 °C (1.02% weight loss), 350 °C and 610 °C (29.09% weight loss). 

4. Conclusions 

The present article systemizes the empirical knowledge of correlating mesosystems’ porosity and of 

their drug carrier potential with the ionic surfactants, co-surfactants and co-solvents, by advancing 

analytic quantum tools in deciding and ordering such features (here, for silica films-based sol-gel 

synthesis) in terms of their porosity-to-free binding potential by employing their structural spectra 

(here, as FTIR); the so-called inverse quantum (IQ) ratio between the observed and free  

particle-to-wave ratios were accordingly considered in terms of observed and free evolution quantum 

fluctuation factors, at their turn abstracted from experimentally recorded spectra, upon natural rules 

involving the wave-number for the maximum line of absorption, along the left-, right- and full-width at 

half maximum wave-numbers of a concerned band (here, the transversal optical one associated with 

the induced disorder at the surface of the silica films observed by IR spectroscopy). Comparative 

analysis based on this IQ factor, as well as on its residual one, 1 − IQ, showcases that, among a CTAB, 

DTAB and of their combination samples in various basic co-solvents, the simple CTAB+ammonia  

co-solvent provides the best porosity system for potentially carrying particles and effector interaction 

in various eco- and bio- nvironments; on the other extreme, the silica film obtained by the cosurfactant 
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combination of CTAB+DTAB in NaOH basicity displays the highest free binding feature, thus being 

less specific and more associated with environmental hazard to be avoided. This hierarchy was validated 

by the thermo-gravimetric (TG) analysis, which provided a useful cross-check by interpolating and then 

extrapolating the TG curves of mass lost against the temperature’s turning points to the desiderate one, 

to be then compared with the spectral-IQ information. The resulted method is, however, general, based 

on fundamental particle-to-wave dual quantum behavior; note that the present approach is based on the 

departure (then associated with the extended Heisenberg uncertainty) between the particle and  

psi-function description by the ratio between averages of Gaussian to stationary waves, further 

corresponding to the ratio between the real and the imaginary descriptions of the quantum objects, 

respectively [28]. Yet, considering the transformation of such a ratio to its nominator-denominator 

difference, the resulting “physical space” may be associated with the recently introduced inertons—a 

particle surrounded with its cloud of spatial excitations [36], able to explain the photonic structure and 

the light-matter interaction in a deeper mechanistic (i.e., deterministic) way; however, such a picture 

can be completely achieved when the scattered bonding (psi-function) states are also consistently 

described by their associated quantum particle—the recently introduced bondon [37,38]—so that the 

inter-particle/ bosonic inerton-bondon interaction is finally modeling the obtained/ observed spectra. 

Accordingly, further works are envisaged to validate and to generalize the present spectral-IQ 

algorithm on various mesosystems [39], while enlarging the cross-check with other available physical 

experimental methods (SEM, AFM, BET, etc.).  

Acknowledgements 

This work was supported by CNCS-UEFISCDI (former CNCSIS-UEFISCSU) project  

TE16/2010-2013 within the PN II-RU-TE-2010-1 framework, as well as by the Romanian Academy. 

The underlying ideas of this work were presented at the 31st European Congress on Molecular 

Spectroscopy (EUCMOS), 26–31 August, 2012, Cluj-Napoca, Romania, whose organizers are kindly 

thanked for their hospitality.  

Conflict of Interest 

The authors declare no conflict of interest. 

References 

1. El-Safty, S.A. Instant synthesis of mesoporous monolithic materials with controllable geometry, 

dimension and stability: A review. J. Porous Mater. 2011, 18, 259–287. 

2. Xia, W.; Chang, J. Well-ordered mesoporous bioactive glasses (MBG): A promising bioactive 

drug delivery system. J. Controlled Release 2006, 110, 522–530.  

3. Yang, Q.; Wang, S.H.; Fan, P.W.; Wang, L.F.; Di, Y.; Lin, K.F.; Xiao, F.S. pH-responsive carrier 

system based on carboxylic acid modified mesoporous silica and polyelectrolyte for drug 

delivery. Chem. Mater. 2005, 17, 5999–6003.  

4. Tan, S.; Wu, Q.; Wang, J.; Wang, Y.; Liu, X.; Sui, K.; Deng, X.; Wang, H.; Wu, M. Dynamic  

self-assembly synthesis and controlled release as drug vehicles of porous hollow silica 

nanoparticles. Microporous Mesoporous Mater. 2011, 142, 601–608. 



Int. J. Mol. Sci. 2012, 13 15940 

 

5. Tanev, P.T.; Vlaev, L.T. An attempt at a more precise evaluation of the approach to mesopore size 

distribution calculations depending on the degree of pore blocking. J. Colloid Interface Sci. 1993, 

160, 110–116.  

6. Wahab, M.A.; Kim, I.I.; Ha, C.S. Hybrid periodic mesoporous organosilica materials prepared 

from 1,2-bis(triethoxysilyl)ethane and (3-cyanopropyl)triethoxysilane. Microporous Mesoporous 

Mater. 2004, 69, 19–27. 

7. Ryoo, R.; Kim, J.M.; Ko, C.H.; Shin, C.H. Disordered molecular sieve with branched mesoporous 

channel network. J. Phys. Chem. 1996, 100, 17718–17721. 

8. De, G.; Kundu, D.; Karmakar, B.; Ganguli, D. FTIR studies of gel to glass conversion in  

TEOS-fumed silica derived gels. J. Non-Cryst. Solids 1993, 155, 253–258.  

9. Al-Oweini, R.; El-Rassy, H. Synthesis and characterization by FTIR spectroscopy of silica aerogels 

prepared using several Si(OR)4 and R00Si(OR0)3 precursors. J. Mol. Struct. 2009, 919, 140–145. 

10. Xue, W.; He, H.; Zhu, J.; Yuan, P. FTIR investigation of CTAB–Al–montmorillonite complexes. 

Spectrochim. Acta Part A 2007, 67, 1030–1036. 

11. Brinker, C.J.; Scherer, G.W. Sol-Gel Science: The Physics and Chemistry of Sol-Gel Processing; 

Academic: New York, NY, USA, 1990; pp. 581–585. 

12. Lenza, R.F.S.; Vasconcelos, W.L. Preparation of silica by sol-gel method using formamide.  

Mat. Res. 2001, 4, 175–179. 

13. Brunet-Bruneau, A.; Bourgeois, A.; Cagnol, F.; Grosso, D.; Sanchez, C.; Rivory, J. An in situ 

study of mesostructured CTAB-silica film formation using infrared ellipsometry: Evolution of 

water content. Thin Solid Films 2004, 455–456, 656–660. 

14. Ramila, A.; Munoz, B.; Perez-Pariente, J.; Vallet-Regi, M.J. Mesoporous MCM-41 as drug host 

system. J. Sol–Gel Sci. Technol. 2003, 26, 1199–1202. 

15. Wang, G.; Otuonye, A.N.; Blair, E.A.; Denton, K.; Tao, Z.; Asefa, T. Functionalized mesoporous 

materials for adsorption and release of different drug molecules: A comparative study. J. Solid 

State Chem. 2009, 182, 1649–1660. 

16. Kung, K.H.S.; Hayes, K.F. Fourier transform infrared spectroscopic study of the adsorption of 

cetyltrimethylammonium bromide and cetylpyridinium chloride on silica. Langmuir 1993,  

9, 263–267. 

17. Chatterjee, S.; Lee, M.W.; Woo, S.H. Influence of impregnation of chitosan beads with cetyl 

trimethyl ammonium bromide on their structure and adsorption of congo red from aqueous 

solutions. Chem. Eng. J. 2009, 155, 254–259. 

18. Kresge, C.T.; Leonowicz, M.E.; Roth, W.J.; Vartuli, J.C.; Beck, J.S. Ordered mesoporous 

molecular sieves synthesized by a liquid-crystal template mechanism. Nature 1992, 359, 710–712. 

19. Innocenzi, P. Infrared spectroscopy of sol–gel derived silica-based films: A spectra-microstructure 

overview. J. Non-Cryst. Solids 2003, 316, 309–319. 

20. Coates, J. Interpretation of Infrared Spectra, A Practical Approach. In Encyclopedia of Analytical 

Chemistry; Meyers R.A., Ed.; John Wiley & Sons, Ltd.: Chichester, UK, 2000; pp. 10815–10837. 

21. Ojha, P.K.; Rath, S.K.; Chongdar, T.K.; Gokhale, N.M.; Kulkarni, A.R. Structural Inversion  

and Behavioural Changes as a Function of Composition in Sr-La-Al-B-Si Based Glasses.  

New J. Glass Ceram. 2011, 1, 21–27. 

22. El-Egili, K. Infrared Studies of Na2O-B2O3-SiO2 and Al2O3-Na2O-B2O3-SiO2 Glasses. Physica B 

2003, 325, 340–348.  



Int. J. Mol. Sci. 2012, 13 15941 

 

23. Sidek, H.A.A.; Rosmawati, S.; Talib, Z.A. Synthesis and optical properties of ZnO-TeO2 glass 

system. Am. J. Appl. Sci. 2009, 6, 1489–1494.  

24. Lu, K.; Mahapatra, M.K. Network structure and thermal stability study of high temperature seal 

glass. J. Appl. Phys. 2008, 104, 074910:1–074910:9.  

25. Brix, P.; Gaschler, L. Sealing glass for the production of glass-to-metal seals. U.S. Patent 

5,137,849, 11 August 1992. 

26. Almeida, R.M.; Guiton, T.A.; Pantano, G.C. Characterization of silica gels by infrared reflection 

spectroscopy. J. Non-Cryst. Solids 1990, 121, 193–197.  

27. Primeau, N.; Vautey, C.; Langlet, M. The effect of thermal annealing on aerosol-gel deposited 

SiO2 films: A FTIR deconvolution study. Thin Solid Films 1997, 310, 47–56. 

28. Putz, M.V. On Heisenberg uncertainty relationship, its extension, and the quantum issue of  

wave-particle duality. Int. J. Mol. Sci. 2010, 11, 4124–4139. 

29. Mandl, F. Quantum Mechanics; John Wiley & Sons: New York, NY, USA, 1992. 

30. Orcel, G.; Phalippou, J.; Hench, L.L. Structural changes of silica xerogels during low temperature 

dehydration. J. Non-Cryst. Solids 1986, 88, 114–130. 

31. Neivandt, D.J.; Gee, M.L.; Tripp, C.P.; Hair, M.L. Coadsorption of poly(styrenesulfonate) and 

cetyltrimethylammonium bromide on silica investigated by attenuated total reflection techniques. 

Langmuir 1997, 13, 2519–2526. 

32. Paruchuri, V.K.; Fa, K.; Moudgil, B.M.; Miller, J.D. Adsorption density of spherical 

cetyltrimethylammonium bromide (CTAB) micelles at a silica/silicon surface. Appl. Spectrosc. 

2005, 59, 668–672. 

33. Zhao, D.; Feng, J.; Huo, Q.; Melosh, N.; Fredickson, G.H.; Chmelka, B.F.; Stucky, G.D. Triblock 

copolymer syntheses of mesoporous silica with periodic 50 to 300 Angstrom pores. Science 1998, 

279, 548–552. 

34. Huo, Q.; Leon, R.; Petroff, P.M.; Stucky, G.D. Mesostructure design with gemini surfactants: 

Super cage formation in a three-dimensional hexagonal array. Science 1995, 268, 1324–1327. 

35. Zhao, D.; Huo, Q.; Feng, J.; Chmelka, B.F.; Stucky, G.D. Nonionic triblock and star diblock 

copolymer and oligomeric surfactant syntheses of highly ordered, hydrothermally stable, 

mesoporous silica structures. J. Am. Chem. Soc. 1998, 120, 6024–6036. 

36. Krasnoholovets, V. Sub microscopic description of the diffraction phenomenon. Nonlinear Opt. 

Quantum Opt. 2010, 41, 273–286. 

37. Putz, M.V. The bondons: The quantum particles of the chemical bond. Int. J. Mol. Sci. 2010,  

11, 4227–4256. 

38. Putz, M.V.; Ori, O. Bondonic characterization of extended nanosystems: Application to 

graphene’s nanoribbons. Chem. Phys. Lett. 2012, 548, 95–100. 

39. Savii, C.; Putz, A.M. Recent advances in bioresponsive nanomaterials. In Carbon Bonding and 

Structures: Advances in Physics and Chemistry; Putz, M.V., Ed.; Springer Verlag: London, UK, 

2011; pp. 379–435. 

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


