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ABSTRACT:  Nowadays solid materials in which amino groups are linked to silica matrices 

through alkyl chains of different length (C18, C8, C4) are successfully employed in CO2 capture 

and storage technologies, as well as in a variety of chromatographic applications. In particular, 

their use as stationary phases finds remarkable success in performing HILIC separations and, in 

general, in the effective resolution of important compound classes (e.g. mixtures of mono- or 
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oligo-saccharides). In this study an original and operationally simple procedure designed to 

quantify the density of basic groups (typically amino groups) chemically bonded to the surface of 

porous solids, which also allows a full recovery of the analyzed material, is presented. The 

method is based on the preventive acid-base reaction of the basic groups linked to the solid by 

3,5-dinitrobenzoic acid (DNBA). The quantification of the basic functionalities is then 

performed by an UV-spectrophotometric retro-titration of the thus salified solid matrix (or, 

alternatively, by HPLC approach), resorting to a preventive either acid or basic displacement of 

DNBA from the matrix. The uncertainty of the density measurements is assessed by 13%.  

1. INTRODUCTION 

Amino-functionalized solid materials are widely employed in a variety of applications, from CO2 

capture and storage technologies to separations technology.  The development of efficient CO2 

capture and storage technologies to control CO2 emissions has received a great deal of attention 

as the increased atmospheric concentration of carbon dioxide is considered the main responsible 

for the global warming and climate change. Moreover, stored CO2 is a useful carbon source that 

can be recycled as C1 building block in many chemical processes. In such a contest, amino-

functionalized solid materials are emerging as promising CO2 sorbents, due to their ability in 

forming strong covalent bonds with CO2 molecules. [1-8] For this purpose, a number of porous 

materials, in most of which, porous silica was profitably used as the solid support, has been 

functionalized with basic nitrogen groups, such as -NH2, -NHR, -NR2, amino alcohols or amino-

terminated dendrimers. [9-12] 

Amino-functionalized solid materials play an important role also as essential components of 

stationary phases in chromatographic techniques. [12-30] Indeed, amino phases with 
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aminopropyl ligands as functional groups, are among the most widely used HILIC (Hydrophilic 

Interaction Liquid Chromatography) phases for carbohydrate separation. [17-19]  

Aminopropylated silica gel is largely employed to prepare polysaccharide-based chiral stationary 

phases for separation of enantiomers by HPLC techniques and for studying the kinetic aspects 

involved in the eventual interconversion between the resolved chiral species by dynamic-HPLC 

determinations. [23-30] Indeed, polysaccharides, as cellulose, amylose or chitin, can be either 

strongly adsorbed on the surface of the amino phase, through the formation of a widespread 

number of hydrogen bonds, or covalently linked to the surface, through very stable amide-bonds. 

However, in the considered amino stationary phases, the perfect coating of the matrix with the 

selector is far from guaranteed, and the unreacted amino groups can interfere acting as promoter 

(or inhibitor) agents of secondary reactions, as it happens in the case of on-column bimolecular 

enantiomerizations due to tautomeric equilibria catalysed by bases.  [31,32] 

In such a context, the quantification of the surface concentration of amino groups appears to be 

of remarkable importance to define the potential properties of the final stationary phase and to 

rationalize some of the observed chromatographic outcomes.  

X-ray photoelectron spectroscopy (X-ray-M), [33] contact angle [34] and atomic force 

microscopy (CAM-M and AFM-M, respectively) [35] have been used to characterize matrix 

surfaces, although these methods work well only on flat surfaces. Determinations based on 

elemental analysis (EA-M) [36] provide affordable information on the absolute percentage of 

nitrogen present in the analysed samples, from which the desired surface density of amino 

groups can be easily obtained. A different approach that exploits the nucleophilic properties of 

amino groups, is that related to the reaction of these basic frameworks with ninhydrin (NHD-M), 

which leads to the formation of colored organic compounds. [37] This method was initially 
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developed to detect incomplete coupling reaction in the Merrifield solid-phase synthesis and 

revealed a sensitivity of 5 mol/g. According to this method, the nitrogen atom of the amine is 

extracted by ninhydrin and incorporated in the purple complex in solution. The absorption of the 

complex is measured by UV-visible spectrometry and the concentration is calculated from a 

calibration curve obtained using hexylamine as the source of amino groups. Although this 

method potentially works well, it has some limitations. First of all, the analysed portion of silica 

is destroyed and, considering the need to repeat the test at least three times, the method is quite 

expensive, both in terms of cost and time needed to produce great quantities of material when the 

synthesis is made on a laboratory scale. Moreover, the ninhydrin test requires quite long times 

for analysis and, finally, it is not useful in the presence of tertiary amino groups.  

To overcome many of these operative limits, a simple and quick protocol to determine the 

density of basic groups linked to the surface of a solid is reported in this work. Although, in 

principle, this protocol could be applied on any kind of solid material, the particular importance 

of siliceous structures for the above mentioned wide variety of applications, prompted us to 

develop the method by employing, as test samples, matrices of silica powder derivatized with 

amino groups and linked to the surface through short alkyl spacers (SiO2-R-NH2). A large 

number of information are available in literature on the properties possessed by silica porous 

matrices which prevalently concern size, morphology and chemical structure characterizing the 

surface of these materials in particulate form. [38] Among these properties, of particular 

relevance and practical utility for our purpose are density, typology and acid character of the 

silanol groups (≡Si-OH) distributed on the surface. Thus, it is significant to mention:  
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1) the surface density of ≡Si-OH groups that, in an amorphous silica, is considered almost like a 

physicochemical constant (known as Kiselev-Zhuravlev constant), with the value ranging from 

4.2 to 5.7 silanol sites/nm2; [39,40]  

2) the two main typologies of ≡Si-OH groups, commonly denoted by the acronyms Q3 and Q2, 

which identify the cases of one and two silanols attached to the silicon center, respectively; 

[41,42]  

3) the very different acid strength that characterizes the two Q3 and Q2 typologies of silanols, 

the first ones having a pKa value between 2 and 4.5, while the others, much less acidic, with pKa 

values close to 8.5. [43,44]  

According to the above silica-properties, it is reasonable to expect that amino-silica materials, 

typically featured by a degree of derivatization of the silanols much lower than the total available 

on the original matrix (frequently, a loading less than 50% of the total ≡Si-OH groups, regardless 

of the particular bound selector [45-48]), are not able to express the full potential 

basic/nucleophilic activity of their amino sites, because of the establishment of acid-base and/or 

H-bond interactions between amino and residual ≡Si-OH groups in a non-negligible extent. The 

methods used to quantify amino sites covalently bonded on silica could be distinguished in two 

typologies:  

a) methods able to reveal the total amount of amino moieties linked on the matrix, regardless of 

whether the relevant nitrogen atoms are able or not to manifest their basic/nucleophilic properties 

(i.e. methods that allow the evaluation of all the amino groups, without distinguishing between 

those having free or engaged lone pairs). The X-ray-M, CAM-M, EA-M and AFM-M methods 

can be traced back to this typology;  
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b) methods that exclude from the final quantification the amino groups unable to express their 

basic/nucleophilic activity, for example those involved in acid-base interactions with close 

silanol groups. The NHD-M approach based on ninhydrin can be traced back to this typology. 

In the latter case, if the final application for which the material has been designed is expressly 

based on the exploitation of the basic/nucleophilic properties possessed by its amino groups, the 

data obtained through these procedures will provide information of primary and irreplaceable 

importance. 

As it will be widely clarified in the “Results and Discussion” section, in the case of amino-silica 

materials, our analytical protocol is able to meet at the same time both types (points a and b) of 

quantitative information. 

 

2. EXPERIMENTAL SECTION. 

2.1 MATERIALS AND METHODS  

2.1.1 Materials 

Silica Gel 60 (480-540 m2/g, 40-63 µm), LiChroprep Si 60 (480 – 540 m2/g, 15-25 µm) and 

LiChrosorb Si-60 (500 m2/g, 10µm) were provided by Merck Millipore (Darmstadt, Germany). 

(3-Aminopropyl)trimethoxysilane (APTMS), (3-glycidyloxypropyl)trimethoxysilane 

(GOPTMS), tetraethylenpentamine (TEPA), 1-(trimethylsilyl)imidazole (TMSI), 

3,5-dinitrobenzoic acid (DNBA) at 99% of purity, potassium bromide  FTIR grade  (KBr), 

triethanolamine (TEA), (±)1,2-diaminocyclohexane (DACH), acetonitrile (ACN),  

dichloromethane  (DCM), methanol (MeOH), chloroform, water HPLC grade, dry toluene, 
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hydrochloric acid reagent grade 37% (HCl), trifluoroacetic acid (TFA) were  purchased  from 

Sigma Aldrich. HCl solutions 1 and 0.1 M were prepared by dilution of HCl 37% with MilliQ 

water. 

2.1.2 Instruments. 

A Jasco 430 Fourier transform FTIR spectrometer with a resolution of 4 cm−1, Jasco Europe, 

Milan, Italy. A Jasco V570 UV/Vis/NIR spectrometer, Mary's Ct, Easton, MD 21601, US. 

 

2.1.3 Synthesis of 2-aminopropyl silica gel (AD-CS1-6) 

The 2-aminopropyl silica derivatives, AD-CS1-6, were prepared according to the methods 

described in literature [45]. Typically, a slurry of 3.0 g of previously dried (high vacuum pump, 

T=120°, 1 h; P= 0.1 mbar) silica gel in 60 ml of dry toluene was prepared in inert atmosphere. 

The (3-aminopropyl)triethoxysilane was then added (1.5 ml, 6.6 mmol) and the mixture was 

heated to reflux for 4 h. Modified silica gels were isolated by filtration, washed with 30 ml 

portions of toluene, MeOH, and DCM and dried until constant weigh (90 ◦C, 0.1 mbar, 1 h).  

Modified amino-silica were characterized by FT-IR (KBr pellet and ATR) and (C,H,N) 

elemental analysis. FT-IR (KBr): 2931, 2854 cm-1. Found elemental analysis and silica 

specifications are listed in Table 1.  
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Table 1. Physico-chemical data of the starting silicas and carbon, hydrogen and nitrogen 

loadings data obtained after their derivatizations, relevant to the AD-CS1-6 samples. 

Amino-
silica 

Starting silica 
Elemental analysis Loaded selector 

mmol/gmatrix 
(based on nitrogen 

percentage) 

Silanols 
mmol/gsilica 

 %C %H %N 

AD-CS1 
Silica Gel 60  
(480-540 m2/g, 40-63 µm) 

6.65 1.78 2.25 1.61 3.9 ÷ 4.4 

AD-CS2 
LiChrosorb Si 60  
(500 m2/g, 10 µm) 

4.52 1.26 1.50 1.07 4.1 

AD-CS3 
LiChroprep Si 60  
(480 – 540 m2/g, 15-25 µm) 

2.95 0.77 0.94 0.67 3.9 ÷ 4.4 

AD-CS4 
LiChroprep Si 60  
(480 – 540 m2/g, 15-25 µm) 

2.30 0.73 0.76 0.54 3.9 ÷ 4.4 

AD-CS5 
LiChroprep Si 60  
(480 – 540 m2/g, 15-25 µm) 

2.52 0.75 0.85 0.61 3.9 ÷ 4.4 

AD-CS6 
LiChroprep Si 60  
(480 – 540 m2/g, 15-25 µm) 

4.28 1.17 1.03 0.74 3.9 ÷ 4.4 

 

 

2.1.4 AD-CS6 chemical endcapping (ENDCAD-CS6) 

The unreacted silanol groups of 2-aminopropyl derivatized silica, AD-CS6, were subsequently 

end capped as described in reference [49]. Briefly, N-trimethylsilylimidazole (TMSI, 0.9 ml, 2.7 

mmol) was added to a slurry of AD-CS6 in dry toluene (1.5 g in 30 ml), at room temperature. 

The mixture was heated to reflux for 4 h. The modified silica gel was isolated by filtration, 

washed with toluene, MeOH, MeOH + TEA 1 %, MeOH and DCM and dried under vacuum 

until constant weigh. FTIR  (KBr): 2931, 2854 cm-1. 

Elemental analysis of C,H,N provided the following percentages : 5.58 %C, 1.48 %H, 1.01 %N  

corresponding to 0.72 mmol of amino groups per gram of silica (based on nitrogen percentage). 

 

2.1.5 Synthesis of cyclohexyl-1,2-diamine silica gel (AD-CS7) 
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Silica was modified as previously reported [50]. A slurry of 10.2 g of silica gel (LiChrosorb Si-60 

10 µm, 500 m2/g) and 4.3 g of (+/-) 1,2-diaminocyclohexane (C6H14N2, Mw 114.19) in MeOH 

(45 ml) was heated to reflux under argon atmosphere and continuous stirring. A solution of 

glycidoxypropyltrimethoxysilane (C9H20SiO5, Mw 236.34, d: 1.07 g/ml) in MeOH (1.5 ml in 

30 ml) was added dropwise during 1 h. The mixture was heated to reflux for ∼8 h. After cooling 

to r.t., modified silica gel was isolated by filtration, washed with MeOH, DCM (100 ml each) 

and dried in vacuum (0.1mmHg) at T=50◦C to constant weight. 

FTIR (KBr): 2938, 2862, 1878, 1622, 1456, 1088 cm−1. 

Elemental analysis of C,H,N provided the following percentages: 5.13 %C; 1.10%H, 0.81% N, 

corresponding to 0.29 mmol of derivatizing framework, and to 0.58 mmol of amino groups per g 

of silica (based on nitrogen percentage). 

 

2.1.6 Acid-base reaction of SiO2-R-NH2 amino groups with 3,5-dinitrobenzoic acid: 

preparation of AD-CSni
+DNB- silicas. 

Depending on the amount of derivatized silica to be reacted with the 3,5-dinitrobenzoic acid 

(DNBA), the adopted procedure must be distinguished in two independent approaches, listed 

below as type A and B. 

Approach A.  An amount ranging from 100 to 900 mg of the synthetized amino-silica 

derivatives AD-CSni
 is reacted with DNBA by dispersing it in a water solution of 

3,5-dinitrobenzoic acid 2.3×10-3 M under constant stirring, at room temperature, for 30 minutes, 

respecting a silica-mass/DNBA-solution ratio of 1 mg/ml. The so-treated silica powder 

(AD-CSni
+DNB-) is recovered by filtration, and then washed in two steps, first with water, and 

next with methanol. Finally, the AD-CSni
+DNB- silica is exhaustively dried, under reduced 
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pressure (40°C, 0.1 mmHg), until constant weight. FTIR (KBr), shows new characteristic 

absorbing bands close to 1635, 1547, 1385 and 1356 cm−1. 

 

Approach B.  An amount of amino-silica derivative of type AD-CSni ranging from 10 to 30 mg 

is dispersed in 10 ml of a water solution of 3,5-dinitrobenzoic acid (DNBA) 2.3×10-3 M,  and 

then the solution is left under constant stirring, at room temperature, for 10 minutes. After its 

quantitative recover by centrifugation, the dispersion/centrifugation steps are repeated two more 

times. Finally, the obtained powder of AD-CSni
+DNB- silica is washed with water and separated 

from the supernatant through centrifugation, repeating these steps for three times. The wet 

sample is then directly initiated to the subsequent step of DNB- displacement, used for the 

desired amino-groups quantitation. 

 

2.1.7 Displacement of DNB- ions from AD-CSni
+DNB- silicas by treatment with an acid  

solution of HCl and UV-visible quantitation of the obtained DNBA species. 

An appropriate amount of amino-silica salt AD-CSni
+DNB- is dispersed under stirring, at room 

temperature, in a water solution of HCl 1M, always respecting a silica-mass/HCl-solution ratio in 

the range 2 - 6 mg/ml. Next, the supernatant is recovered by centrifugation and transferred into a 

graduated flask, while the isolated silica is dispersed into a HCl 1M solution. The whole 

procedure is repeated for other two times, collecting all the recovered supernatants into the same 

graduated flask. Finally, the content of the graduated flask is brought to volume with HCl 1M 

solution and the absorbance of the released DNBA is measured at 229 nm by UV visible 

spectrophotometry. The quantitation of DNBA is then obtained from a calibration curve created 
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with ten standard solutions of DNBA (2×10-4 M ÷ 1×10-5 M) in HCl 0.1 M (Figure S1of 

Supplementary Material, SM). 

 

2.1.8 Displacement of DNB- ions from AD-CSni
+DNB- silicas by treatment with a basic  

solution of TEPA and relevant UV-visible quantitation of the obtained H:TEPA+DNB−−−−  

species. 

An appropriate amount of amino-silica salt AD-CSni
+DNB- in the range 10-30 mg is dispersed 

under stirring, at room temperature, in 5 ml of a 0.1 M solution of tetraethylenpentamine, TEPA 

in acetonitrile (ACN) (molar mass: 189.31 g/mol; 4.735 g dissolved in 250 ml of ACN). Next, 

the supernatant, containing the H:TEPA+DNB− salt, is recovered by centrifugation and 

transferred into a 20 ml graduated flask, while the isolated silica is again dispersed into 5 ml of 

the 0.1M TEPA solution. This procedure is carried out for three times, collecting all the 

recovered supernatants into the same 20 ml graduated flask. Finally, the content of the graduated 

flask is brought to volume with 0.1M TEPA solution, and the absorbance at 250 nm of the 

H:TEPA+DNB− species is registered by UV visible spectrophotometry, after dilution with 

methanol (ACN:MeOH 1:2). The quantitation of the released H:TEPA+DNB− salt is then 

performed by referring the recorded absorbance to the relevant calibration curve obtained from a 

standard solution of TEPA in ACN, that was used for the preparation of six diluted solutions 

with concentrations ranging from 8.3×10-5M to 8.3×10-6 M, respecting the solvent ratio 

ACN/MeOH 1:2 (Figure S1of SI).   

2.1.9 Quantification of amino-group densities within the AD-CS1
 and AD-CS5

 silicas by 

NHD-M method. 
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A 0.35% (w/v) ninhydrin solution in absolute ethanol was freshly prepared. A variable amount 

(in the range 6-30 mg) of dried amino-functionalized AD-CS1 or AD-CS5 silica samples is 

dispersed in 10 ml of ninhydrin solution in a capped vial, placed in an ultrasonicator bath for 30 

min. Next, the vial is transferred in a water bath at 65 °C for 2 hours under constant stirring, in 

order to guarantee a complete reaction between ninhydrin and amino-groups of the AD-CSni 

silicas (see Figure S4 of SM for the change suffered over time by the UV-visible spectra 

recorded for the supernatant of the dispersion with AD-CS1 as function of time). After cooling to 

room temperature, the colored supernatant is recovered from the dispersion by filtration and then 

analysed by UV-visible spectrophotometry to quantify the density of amino-groups reacted with 

ninhydrin, making reference to a proper calibration curve, obtained from four solutions of 

hexylamine (concentration range 0.19 ÷ 0.76 mM), prepared by diluting a standard solution of 

hexylamine 7.6 mM in ethanol with appropriate amounts of the 0.35% (w/v) ninhydrin solution. 

The standard solutions were placed in a water bath at 65 °C for 2 hours before the UV-visible 

spectra registration at 585 nm for each sample. 

 

3. RESULTS AND DISCUSSION 

As stressed in the “Introduction” section, the aim of the present study was to propose a new 

procedure able to allow an accurate quantification of the basic sites chemically bound on the 

surface of solid porous matrices that, with respect to the methods already available in the field, 

was simpler, faster and non-destructive of the analysed sample. Overall, the conceived approach 

consists in a back-titration protocol to be carried out in three-steps (Scheme 1).  
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Scheme 1. Flowchart of the procedure adopted to quantify amino-groups linked to silica. 

In the first step, the free amino groups of SiO2-R-NH2 are submitted to acid-base reaction by 

suspending the powder in an aqueous solution of an organic acid with appropriate acidic strength 

and absorbance in the near ultraviolet range. We selected the DNBA acid (pKa=2.7, for the 

related UV spectrum see Figure 1), so that hereafter our method will be referenced using the 

acronym DNBA-M. Indeed, DNBA has been previously used to generate charge transfer 

complexes with a variety of aromatic amines, for which some parameters as stoichiometry, 

formation constant and molar extinction coefficient were effectively determined by an UV-

spectrophotometric approach. [51-55] 
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In the second step, the anion DNB− (i.e. the conjugate base of DNBA) of the generated amino-

silica salt (hereafter generically symbolized as SiO2-R-NH3
+DNB−) is displaced from the solid 

according two possible options: SiO2-R-NH3
+ DNB−  can be dispersed in 1) a water solution of 

HCl, which, being much more acidic than DNBA, causes the release of DNBA from the amino-

silica salt in its un-ionized form or 2) in an acetonitrile solution containing a non UV-absorbing 

base (:B), able to quantitatively deprotonate the SiO2-R-NH3
+ cation, according to the following 

double exchange reaction: 

 SiO2-R-NH3
+DNB− + :B � SiO2-R-NH2 + H:B+DNB−.   

As the base :B, we chose tetraethylenpentamine, TEPA (pKa1 = 9.68; pKa2= 9.10; pKa3= 8.08; 

pKa4= 4.72; pKa5= 2.98).  

Thus, in the case of treatment with acid, a supernatant containing the UV-absorbing DNBA 

species is recovered, while, in the case of treatment with base, a supernatant with the 

UV-absorbing anion DNB− is obtained. Finally, in the third step, the amount of DNBA or 

DNB− species is quantified by UV spectrophotometric measurements, using an appropriate 

calibration curve. The ratios millimoles of DNBA or DNB− / related mass of amino-silica from 

which they were displaced, provide the desired amino-group densities, symbolized from now on 

as HClAG-densityDNBA or TEPAAG-densityDNBA, depending on whether the DNBA-displacement 

was performed with HCl or with TEPA, respectively. In Figure 1 the UV spectra of DNBA in its 

neuter and ionised form are reported. The spectra show the absorbance peaks at 229 nm for 

DNBA and at 250 for the DNB−, which has been used to obtain the respective calibration curves 

(Figure S1, of SM).  
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In addition to the spectrophotometric approach, an alternative quantification of the DNBA acid 

or of its conjugate base DNB− has been obtained by reverse phase chromatography (in-depth 

details about are given in SM). 

The DNBA acid (that, in the case of the TEPA treatment is obtained by subsequent protonation 

of the DNB− anion with addition of HCl) has been effectively isolated from the supernatant 

(examples of chromatograms are reported in Figure S2 of SM). Its dosage can then be obtained 

through measurement of the area subtended by the related peak, referring to a proper calibration 

curve, (Figure S3 and Table S1 of SM). However, for reasons of greater practicality, all the 

AG-densityDNBA density data reported and discussed in the text have been obtained by the 

spectrophotometric approach. It is important to notice that, concomitant with the step of DNBA 

or DNB− release, the starting amino-silica material isrestored in its SiO2-R-NH3
+ cationic or 

SiO2-R-NH2 neuter form, which, in turn, can be advantageously reused. In particular, thanks to 

the very mild conditions involved, the final back-titration step of the amino-silica salt promoted 

by TEPA base in a non-aqueous solvent could be advantageously exploited for quantitative 

determinations of basic sites bonded on stationary phases already packed in chromatographic 

columns. This should make possible to establish direct quantitative relations between the basic 

activity of these sites and chromatographic behaviours specifically related to their presence. For 

the development of the method, seven batch-samples of silica (denoted CSni, with ni ranging 

from 1 to 7), three of which different in particle size, pore size and surface area (details about 

their characteristics are reported in Table 1), have been amino-derivatized, and hereafter 

symbolized with the abbreviation AD-CSni. 
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Figure 1. UV spectra of DNBA in its both neuter (left side) and ionised form (right side), 

dissolved within an HCl aqueous solution and TEPA ACN/MeOH 1:2 solution, respectively. The 

wavelengths selected for the preparation of the calibration curves used for the UV-quantitation of 

DNBA and of its conjugated base DNB− were 229 nm and 250 nm, respectively.  

 

In details, samples derivatized from CS1 to CS6 silica were obtained by reaction with APTMS, 

while the sample AD-CS7 has been prepared in one step through reaction between silica-powder, 

(±)-cyclohexane-1,2-diamine and glycidoxypropyltrimethoxysilane, this latter used as anchor 

and spacer of the amino-selector on the silica surface (Scheme 2, see also experimental section).  
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Scheme 2. Schematic representation of amino derivatization of CSni silica samples. First and 

second line: preparation of AD-CS1-6 amino-propyl silica and AD-CS7 cyclohexyl-1,2-diamine 

silica, respectively. Third line: end-capping procedure of residual silanols of AD-CS6, which 

supplies the ENDCAD-CS6 silica. 

 

Each amino-derivatized AD-CSni silica has been effectively reacted with acid by suspending it in 

a water solution of DNBA (namely, AD-CSni
+DNB− in the text). The differences, visible by 

comparing the FTIR spectra of silicas recorded before and after their reaction with DNBA, 

confirmed the success of the salt formation. Indeed, by inspection of the spectra, reported in 

Figures 2 and S5 of SM, the appearance of absorbing bands strictly close to those characteristic 

of asymmetric (1635 cm-1) and symmetric (1385 cm-1) stretching bonds of the carboxylate group, 
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as well as of the asymmetric (1547 cm-1) and symmetric (1356 cm-1) stretching bonds of the nitro 

moieties can be observed. In addition, FTIR spectra of the silica samples recovered after 

treatment of AD-CSni
+DNB− with HCl solution (see next subsection for discussion) have also 

confirmed the effective release of DNBA (the exemplificative case of silica CS1 is reported in 

Figure 2), witnessed by the disappearance of all the absorbing bands typical of the 

AD-CSni
+DNB− salts. 

 

 

Figure 2. FTIR spectra monitoring the progressive structural modification underwent by the 

silica sample CS1 (selected as case-example): i) covalent aminopropyl-derivatization to form 

AD-CS1; ii) reaction of AD-CS1 with DNBA to form AD-CSni
+DNB−; iii) displacement of 

DNBA from AD-CSni
+DNB− by dispersion in HCl solution and regeneration of AD-CS1.  
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3.1 Displacement of DNBA from AD-CSni
+DNB−−−− silicas by dispersion within an aqueous 

solution of HCl. 

By adopting, as final step of the whole procedure, the DNBA displacement with HCl, all the AD-

CSni samples have been submitted to estimation of the pertinent amount of amino-groups, AGs, 

bonded on 1 gram of derivatized silica (i.e. a density expressed as mmol-AGs / g-AD-CSni). In 

order to confer statistical significance to the performed assessments, for each AD-CSni sample 

the amino-groups density determination was repeated at least three time, (seventeen 

measurements in the case of silica AD-CS1). The obtained quantitative results are collected in 

Table 2.  

Table 2. Collection of single AG-density data measured by means of the EA-M, DNBA-M and 
NHD-M  methods on the AD-CS1-7 silica samples and of the related statistical quantities. 

AGD = HClAG-densityDNBA ,   AG-densityEA or  AG-densityNHD (mmol/g) 

  AD-CS1  AD-CS2  AD-CS3  AD-CS4  AD-CS5  AD-CS6  AD-CS7  
ENDCAD-CS6  

  mg AGD mg AGD mg AGD mg AGD mg AGD mg AGD mg AGD mg AGD 

HClAG-densityDNBA 

1 31.6 0.73 57.6 0.49 69.5 0.37 67.1 0.32 68.4 0.30 24.6 0.34 71.7 0.21 12.6 0.52 

2 19.4 0.75 37.6 0.49 57.8 0.36 67.6 0.30 59.3 0.30 13.2 0.37 51.9 0.23 8.5 0.55 

3 11.0 0.82 20.1 0.48 41.5 0.35 47.6 0.32 40.2 0.34 32.1 0.33 30.8 0.22 6.2 0.69 

4 42.5 0.65     19.0 0.37 29.0 0.32 19.6 0.29     11.9 0.25     

5 31.6 0.73         9.0 0.33 20.4 0.37             

6 120.3 0.63         24.5 0.35 21.8 0.35             

7 100.3 0.63         22.4 0.33                 

8 74.5 0.64         25.0 0.34                 

9 50.5 0.61         27.1 0.33                 

10 26.2 0.65                             

11 9.9 0.64                             

12 59.3 0.55                             

13 99.9 0.51                             

14 19.5 0.55                             

15 49.2 0.73                             

16 37.2 0.76                             
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From the HClAG-densityDNBA values measured for the AD-CS1 sample (i.e. the one analysed with 

the greater number of determinations), it can be noted that they are dispersed according to a 

gaussian distribution (R2=0.9852, Figure 3), with a standard deviation, σσσσ, of 0.09, that 

corresponds to a maximum uncertainty of the measure amounting to ±13% of the average value 

(i.e., of the best estimation obtained for HClAG-densityDNBA, Figure 3). 

 

Figure 3 Gaussian distribution of the seventeen HClAG-densityDNBA values measured for the 
AD-CS1 sample, clustered within intervals corresponding to their calculated standard deviation, 
σ = 0.09. 

17 20.5 0.77                             

Standard deviation  0.09   0.00(3)   0.010   0.01   0.03   0.02   0.02   0.09 

 

Average value of 
HClAG-densityDNBA 

 0.67   0.49   0.36   0.33   0.33   0.35   0.23   0.59 

 

AG-densityEA 
 1.61 

 
1.07 

 
0.67 

 
0.54 

 
0.61 

 
0.74  0.58 

 
0.72 

AG-densityNHD 1 8.6 0.76       6.3 0.38 
 

     

2 28.0 0.73       13.4 0.49 
 

     

Average value of 
AG-densityNHD  0.75        0.44       
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Thus, it can be assumed that, in first approximation, this value also represents the upper limit of 

uncertainty featuring the measurements of AG-density performed through our DNBA-M 

approach. Afterwards, the necessary new step of the study was focused on the validation of the 

method. This was pursued by comparing the HClAG-densityDNBA  values, obtained employing the 

DNBA-M method on all the AD-CSni samples, with those determined by using another 

independent procedure. The choice fell on the EA-M method, which is commonly appreciated 

for the known good quality of the results it is able to provide in the field. Therefore, all the AD-

CSni samples were also submitted to EA-M determinations, and the obtained AG-density results, 

symbolized in this case as AG-densityEA (values collected in Table 2), have been plotted versus 

the correspondent HClAG-densityDNBA data. The resulting plot (see Figure 4) evidenced a very 

good linear correlation when the regression analysis was limited to the silica samples based on 

the same typology of amino-selector (i.e. the AD-CS1-6 silicas): 

AG-densityEA = 2.9731 × HClAG-densityDNBA - 0.3718  (1)  (R2 = 0.9883) 

The correlation quality underwent, instead, a modest decrease if also the silica derivatized with 

1,2-diaminocyclohexane is included within the analysis (R2 = 0.9372). This difference may be 

reasonably justified as due to a dissimilar freedom of movement and steric hindrance that the 

amino molecular framework of AD-CS7 is able to manifest in establishing interactions with 

silanols when compared to the more flexible aminopropyl arm of the AD-CS1-6 silicas. 

 Nevertheless, with respect to the AG-densityEA values, the HClAG-densityDNBA data resulted 

systematically underestimated by an average factor of 2.0±0.3 (2.1±0.3 when also AD-CS7 is 

included within the calculation), suggesting that the DNBA-M approach is able to detect just a 

partial quote of the whole AGs bonded to silica. This is not an unexpected result, in fact, our 

DNBA-M  method, for the principle on which it is based, can only allow the dosage of amino-
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groups with lone pairs free by any possible chemical interaction with residual ≡Si-OH groups of 

the matrix, while EA-M is not affected by this limit, since it merely takes into account the 

nitrogen percentage characterizing the sample. To obtain a direct confirmation of the correctness 

of such an interpretation, we performed an experiment expressly designed for this purpose.   

 

Figure 4. Left side: linear correlation found between HClAG-densityDNBA and AG-densityEA-M 

density values determined for the AD-CS1-6 silica samples (see Table 1). Magenta and green full 

points (not included in correlation) are relevant to the AD-CS7 and ENDCAD-CS6 silicas, 

respectively,. Right side: plot of the correspondence existing between HClAG-densityDNBA and 

TEPAAG-densityDNBA values. 

 

A proper amount of AD-CS6 silica has been submitted to chemical endcapping of its residual 

silanol groups by reaction with 1-(trimethylsilyl)-1H-imidazole (TMSI), giving rise to the 

derivatized silica sample (ENDCAD-CS6). It was expected that, compared to the case of AD-CS6, 

the acid-base reaction of ENDCAD-CS6 silica with DNBA (i.e. the ENDCAD-CS6
+DNB− solid salt) 

could involve a much larger number of amino-groups, because free by interaction with 
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endcapped ≡Si-OH groups. This was exactly what we found when samples of 

ENDCAD-CS6
+DNB− have been submitted to HClAG-densityDNBA dosage. In particular, with 

respect to what found for AD-CS6, the increase of HClAG-densityDNBA, due to the performed 

silanol-endcapping, was of 78% (see about Figure 4). Nevertheless, the absolute amount of AG 

detected for ENDCAD-CS6 through the EA-M method was still 19% superior to the one obtained 

by means of the DNBA-M approach, indicating that a little amount of silanols still lie unreacted 

on the surface of ENDCAD-CS6. To achieve an independent and definitive confirmation about the 

correctness of our analysis, two samples have been selected (the AD-CS1 and AD-CS5 silicas) 

among the seven considered AD-CSni samples and submitted to AG-density measurement by 

means of the standard NHD-M ninhydrin method. The obtained AG-densityNHD values have been 

collected in Table 2. The reason that prompted us to perform this additional test is that, similar to 

what already stressed about the DNBA-M procedure, also the approach based on ninhydrin 

should be able to dose only AGs endowed with lone pairs free by chemical interaction with 

silanol sites, since these are essential to allow the nucleophilic attack on ninhydrin required by 

the reaction. The obtained AG-densityNHD values have then been compared with those obtained 

by means of both the EA-M and DNBA-M methods, (see Table 2). As expected, such a 

comparison clearly indicated that, analogously to the results afforded by the DNBA-M 

measurements, also the AG-density values obtained by the NHD-M procedure are significant 

lesser than those coming from EA-M determinations, in this case by an average factor of 

1.8±0.4. This confirms that also the procedure based on ninhydrin cannot afford AG-density 

values inclusive of nitrogen atoms strongly interacting with ≡Si-OH groups. 

Therefore, all data support us to affirm that, in the case of solids of siliceous nature, the proposed 

DNBA-M method is able to provide, in a direct way, affordable quantitative information about 

the density with which amino-groups, still active in their capacity to express basic/nucleophilic 
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properties, are distributed on the surface of the silica matrix. At the same time, by resorting to the 

very good linear correlation found between AG-densityEA-M and HClAG-densityDNBA data, 

expressed by equation (1), the DNBA-M method can also provide reliable information (within 

11% of error) on the absolute AG-density of the analysed samples endowed with aminopropyl 

selector, just making reference to their already determined HClAG-densityDNBA amounts.  

 

3.2 Displacement of H:TEPA+DNB−−−− from AD-CSni
+DNB−−−− silicas by dispersion within an 

acetonitrile solution of TEPA. 

Once established the validity of the proposed DNBA-M method and considering the substantial 

conservative effect towards the analysed samples that the procedure demonstrated, we focused 

the attention on the possibility to further improve the already mild operative conditions 

characterizing the approach. In fact, although the final stage of the proposed procedure requires 

short times of contact of the AD-CSni
+DNB− samples with the strong acid HCl for the 

displacement of DNBA, this condition could not be acceptable in some possible extensions of 

application of the method. Thus, as a practical example, a suitable reduction of the potential 

chemical aggressiveness attributable to the terminal step of the method could allow its use for 

gaining direct information about the amounts of basic sites distributed on the surface of 

stationary phases (SPs) already packed in chromatographic columns. In fact, it is well known that 

these sites may be responsible for a wide variability of effects on both retention times and 

selectivity concerning selectands submitted to chromatographic resolution. For this purpose, it 

has been verified the possibility to quantitatively promote the displacement of the DNB− anion 

from the AD-CSni
+DNB− powders by dispersing them in an acetonitrile solution of TEPA. This 

non-aggressive operative condition would avoid any possible degradation reaction of the silica 
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matrix due to hydrolysis that, instead, could be triggered out in the aqueous and strongly acidic 

environment required by the DNBA-displacement promoted by HCl. The test was performed on 

a subset of three AD-CSni samples, the amino-silicas AD-CS1, AD-CS4 and AD-CS5. Details 

about the step of DNB− displacement from the AD-CSni
+DNB− samples promoted with TEPA, 

the UV-absorbance measurements of the recovered supernatant solutions containing the 

H:TEPA+DNB− salt and the construction of the used calibration curve (Figure S1 of SM), needed 

for the final AG-density quantitation, are reported in Experimental Section. The obtained results 

confirm that full coherence between HClAG-densityDNBA and TEPAAG-densityDNBA values exist, 

when carried out starting from a same batch of AD-CSni
+DNB− salt for each of the three analysed 

AD-CSni silica. More specifically, the percentage differences found between the determined 

HClAG-densityDNBA and TEPAAG-densityDNBA values is very little (0.6 % for AD-CS1, 5.7 % for 

AD-CS4 and 3.8 % for AD-CS5, Table 3 and Figure 4). 

 

 

Table 3. AG-density values (determined starting from a same batch of AD-CSni
+DNB− salt) 

obtained by displacement of the DNBA acid with both HCl and TEPA treatments. 

 AG-density values determined through DNBA-M procedure (mmol/g) 

 AD-CS1 AD-CS4 AD-CS5 

 mg HClAG-densityDNBA mg HClAG-densityDNBA mg HClAG-densityDNBA 

1 26.2 0.65 24.5 0.35 20.4 0.37 

2 9.9 0.64 22.4 0.33 21.8 0.35 

Average value of 
HClAG-densityDNBA 

(mmol/g) 
0.64 0.34 0.36 

     

 mg TEPAAG-densityDNBA mg TEPAAG-densityDNBA mg TEPAAG-densityDNBA 

1 14.2 0.64 21.0 0.35 21.0 0.34 
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2 11.9 0.64 20.8 0.35 22.9 0.33 

3 25.2 0.64 19.7 0.37 21.1 0.34 

4     
21.7 0.38 

 Average value of 
TEPAAG-densityDNBA 

(mmol/g) 
0.64 0.36 0.35 

 

 

4. CONCLUSION 

The aim of this work was the development of an original and non-destructive analytical 

procedure (the DNBA-M  method) to quantify the density of basic sites chemically bonded to the 

surface of solid porous matrices (AG-density values). The study was performed on amino-silica 

matrices specifically synthesized at the purpose, but it is expected the approach can be employed 

to analyze any other typology of solid matrices containing basic-sites.  The goal was achieved by 

splitting the overall procedure in three steps:  

i) an initial, quantitative acid-base reaction of the basic sites of the matrix with the UV-

absorbing acid DNBA;  

ii) the displacement of DNBA from the solid salt generated in the previous step by 

dispersing it in an acid or basic solution;  

iii) the final titration (performed by UV-absorbance measurement) of the DNBA displaced in 

its neuter or deprotonated form, contained in the supernatant recovered in the second 

step of the procedure. As a possible alternative, the final titration could also be 

performed by integration of the area subtended by the chromatographic peak of the 

displaced DNBA, isolated by HPLC in its protonated form.   
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The uncertainty of the density measurements has been assessed by 13%. In comparison with the 

other analytical approaches commonly employed at the same purpose, the proposed method 

introduces several advantages that can be summarized in the following points:  

1) all the steps of the procedure are operationally simple and fast to be performed, with a modest 

instrumental requirement, consisting in the availability of a common UV-visible 

spectrophotometer;  

2) in order to prevent/avoid the trigger of any possible degradation reaction of the regenerated 

solid matrix, in the third stage of the procedure the choice of the acid or basic character of the 

solution used for the displacement of DNBA can be rationally based on the particular chemical 

nature characterizing the structure of the analyzed sample; 

3) each sample submitted to the determination is completely recovered at the end of the 

procedure, and therefore available to be reused, without limitations; 

4) in the case of analyses performed on amino-silica matrices, each determination carried out 

through the DNBA-M method can afford two kind of AG-density values: the amount of amino-

functionalities with free lone pairs, and therefore able to express the basic/nucleophilic activity 

typical of these sites, and the amino-groups chemically quiescent, because already involved in 

acid-base raction with silanol groups of the matrix. With respect to determinations based on 

elemental analysis, the total amount of amino groups, resulting from the sum of the above two 

typologies, can be estimated with an error of no more than 11%. In the present study, the found 

amount of amino-groups endowed with lone pairs “locked” by acid-base reaction with close 

silanols achieve the average value of about 51% in the case of the aminopropil-silica samples, 

while the value of about 40% in the case of the cyclohexanediamine-silica sample. AD-CS7;  
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5) according to the principle on which DNBA-M is based, the applicability of the method is not 

precluded for the evaluation of AG-density values related to tertiary amino groups, as happens if 

the chosen approach is that based on the ninhydrin; 

6) on the base of what quoted in the above points 3) and 4), the here proposed procedure can also 

be considered  convenient under an economic point of view. Indeed, it allows to characterize 

solid matrices without any recourse to more specialized, but relatively expensive, external 

analyses (X-ray-M, CAM-M, AFM-M or EA-M), as well as to make possible a complete recycle 

of the investigated materials, breaking down any waste.  

By adopting the particularly mild conditions required by the DNBA-M method when the final 

step is carried out with a basic solution of TEPA in acetonitrile, the new procedure could be 

usefully exploited for a direct characterization of some typology of chromatographic columns, as 

those conceived for HILIC applications, as well as those that manifest behaviours specifically 

connectable to the presence of basic-sites distributed on their stationary phase (e.g. the catalitic 

promotion "on-column" of dynamic equilibria). This will be precisely the topic we aim to 

address in a related study to be developed in the close future. 
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APPENDIX A. SUPPLEMENTARY DATA 

Supplementary data related to this article can be found at… 

 

5. REFERENCES 

[1] W. Chaikittisilp, J. D. Lunn, D. F. Shantz, C. W. Jones, Poly(l-lysine) Brush–Mesoporous 

Silica Hybrid Material as a Biomolecule Based, Adsorbent for CO2 Capture from Simulated Flue 

Gas and Air, Chem. Eur. J. 17 (2011) 10556-10561. 

[2] J. Wang, L. Huang, R. Yang, Z. Zhang, J. Wu, Y. Gao, Q. Wang, D. O'Hareb  and  Z. Zhong, 

Recent advances in solid sorbents for CO2 capture and new development trends, Energy Environ, 

Sci. 7 (2014) 3478-3518. 

[3] K. Min, W. Choi, C. Kim & M. Choi, Oxidation-stable amine-containing adsorbents for 

carbon dioxide capture, Nature Comm. 9:726 (2018) 1-7. 

[4] Anand B. Rao, and Edward S. Rubin, A Technical, Economic, and Environmental 

Assessment of Amine-Based CO2 Capture Technology for Power Plant Greenhouse Gas Control, 

Environ. Sci. Technol., 36 (2002) 4467-4475. 

[5] Geuzebroek FH, Schneiders LHJM, Kraaijveld GJC, Feron PHM, Exergy analysis of 

alkanolamine-based CO2 removal unit with AspenPlus, Energy 29 (2004) 1241-1248. 

[6] P.J.G. Huttenhuis, N.J. Agrawal, J.A. Hogendoorn, e G.F. Versteeg, Gas solubility of H2S 

and CO2 in aqueous solutions of N-methyldiethanolamine, Journal of Petroleum Science and 

Engineering, 55 (2007) 122-134. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

30

[7] B. Lemoine, Yi-Gui Li, R. Cadours, C. Bouallou, e D. Richon, Partial vapor pressure of CO2 

and H2S over aqueous methyldiethanolamine solutions, Fluid Phase Equilibria, 172 (2000) 

261-277. 

[8] M. Bolhàr-Nordenkampf, A. Friedl, U. Koss, T. Tork,  Modelling selective H2S absorption 

and desorption in an aqueous MDEA-solution using a rate-based non-equilibrium approach, 

Chemical Engineering and Processing 43 (2004) 701-715. 

 [9] E. Soto-Cantu, R. Cueto, J. Koch, and P.S. Russo, Synthesis and Rapid Characterization of 

Amine-Functionalized Silica, Langmuir 28 (2012) 5562-5569. 

[10] P. Hashemia, M. Shamizadeha, A. Badieib, P. Z. Poorb, A. R. Ghiasvanda, A. Yarahmadi, 

Amino ethyl-functionalized nanoporous silica as a novel fiber coating for solid-phase 

microextraction, Anal. Chim. Acta 646 (2009) 1-5. 

[11] V. Antochshuk, O. Olkhovyk, M. Jaroniec, In-Soo Park, and R. Ryoo, Benzoylthiourea-

Modified Mesoporous Silica for Mercury(II) Removal, Langmuir 19 (2003) 3031-3034. 

[12] F. Hoffman, M. Cornelius, J. Morell, Mi. Fröba, Silica‐Based Mesoporous Organic–

Inorganic Hybrid Materials, Angew. Chem. Int. Ed. 45 (2006) 3216 – 3251. 

[13] T. Ikai, C. Yamamoto, M. Kamigaito, Y. Okamoto, Immobilized polysaccharide 

derivatives: chiral packing materials for efficient HPLC resolution, The Chemical Record 7 

(2007) 91–103. 

[14] J. L. Sessler, V. Král, J. W. Genge, R. E. Thomas, and B. L. Iverson, Anion Selectivity of a 

Sapphyrin-Modified Silica Gel HPLC Support, Anal. Chem. 70 (1998) 2516–2522. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

31

[15] O. Gezicia, H. Kara, Towards multimodal HPLC separations on humic acid-bonded 

aminopropyl silica: RPLC and HILIC behavior, Talanta 85 (2011) 1472-1482. 

[16] P. Franco, A. Senso, L. Oliveros, C. Minguillón, Covalently bonded polysaccharide 

derivatives as chiral stationary phases in high-performance liquid chromatography, J. Chrom. A. 

906 (2001) 155-70. 

[17] B. Buszewski and S. Noga, Hydrophilic interaction liquid chromatography (HILIC) a 

powerful separation technique, Anal. Bioanal. Chem. 402 (2012) 231–247. 

[18] A. Cavazzini, A. Felinger, Liquid Chromatography: Chapter 5. Hydrophilic Interaction 

Liquid Chromatography, Elsevier Inc. (2013). 

[19] P. Jandera, Advances in Hydrophilic Interaction Liquid Chromatography, Handbook of 

Advanced Chromatography/Mass Spectrometry Techniques: Chapter 2. Academic Press and 

AOCS Press (2017). 

[20] G. Gargaro, F. Gasparrini, D. Misiti, G. Palmieri, M. Pierini, C. Villani,  New HPLC-Chiral 

Stationary Phases for Enantiomeric Resolution of Sulfoxides and Selenoxides,                                 

Chromatographia 24 (1987) 505-510.      

[21]  F. Gasparrini, F. La Torre, D. Misiti, C. Villani, Chromatographic resolution of 1,2-amino 

alcohols on a chiral stationary phase containing N,N′-(3,5-dinitrobenzoyl)-trans-1,2-

diaminocyclohexane : Theoretical and practical aspects, J. Chromatogr. 539 (1991) 25-36.  

[22] F. Gasparrini, D. Misiti, C. Villani, Chromatographic optical resolution on 

trans‐1,2‐diaminocyclohexane derivatives: Theory and applications, Chirality 4 (1992) 

447-458.  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

32

[23] Y. Li, N. Zhu, Y. Ma, Q. Li, P. Li, Preparation of polysaccharide-based chiral stationary 

phases on SiO2@Ag core-shell particles by means of coating and intermolecular 

polycondensation and comparative liquid chromatography enantioseparations, Anal. Bioanal. 

Chem. 410 (2018) 441-449. 

[24] E. Yashima, Polysaccharide-based chiral stationary phases for high-performance liquid 

chromatographic enantioseparation, J. Chromatogr., A. 906 (2001) 105-25. 

[25] X. Chen, C. Yamamoto, and Y. Okamoto, Polysaccharide derivatives as useful chiral 

stationary phases in high-performance liquid chromatography, Pure Appl. Chem. 79 (2007) 

1561-1573.  

[26] P. Wang, S. R. Jiang, H. J. Zhang, Z. Q. Zhou, The enantiomeric separation of tebuconazole 

and triadimefon, Chinese Journal of Analytical 32 (2004) 625-627. 

[27] Y. Okamoto, M. Kawashima, K. Yamamoto, K. Hatada, Useful chiral packing materials for 

high-performance liquid chromatographic resolution. Cellulose triacetate and tribenzoate coated 

on macroporous silica gel, Chem. Lett. (1984) 739-742.  

[28] Y. Okamoto, R. Aburatani, K. Hatada, Chromatographic resolution : XI. Controlled chiral 

recognition of cellulose triphenylcarbamate derivatives supported on silica gel, J. Chromatogr., 

363 (1986) 173-186.  

[29] S. Rizzo, T. Benincori, V. Bonometti, R. Cirilli, P. R. Mussini, M. Pierini, T. Pilati, F. 

Sannicolò, Steric and Electronic Effects on the Configurational Stability of Residual Chiral 

Phosphorus-Centered Three-Bladed Propellers: Tris-aryl Phosphanes, Chem. Eur. J. 19 (2013) 

182-194. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

33

[30] S. Gabrieli, R. Cirilli, T. Benincori, M. Pierini, S. Rizzo, S. Rossi, BITHIENOLs: Promising 

C2-Symmetric Biheteroaromatic Diols for Organic Transformation, Eur. J. Org. Chem. (2017) 

861-870. 

[31] R. Cirilli, R. Costi, R. Di Santo, F. La Torre, M. Pierini, G. Siani, Perturbing Effects of 

Chiral Stationary Phase on Enantiomerization Second-Order Rate Constants Determined by 

Enantioselective Dynamic High-Performance Liquid Chromatography: A Practical Tool to 

Quantify the Accessible Acid and Basic Catalytic Sites Bonded on Chromatographic Supports, 

Anal. Chem. 81 (9) (2009) 3560-3570. 

[32] I.S.Perovani, A.R.M. de Oliveira, Determination of Ethofumesate-2-hydroxy Stereolability 

by Dynamic HPLC, Sep Sci plus (2018) 1–5. 

[33] S. Noel, B. Liberelle, L. Robitaille, and G. De Crescenzo, Quantification of Primary Amine 

Groups Available for Subsequent Biofunctionalization of Polymer Surfaces, Bioconjugate Chem. 

22 (2011) 1690–1699. 

[34] A. Adamson, Physical Chemistry of Surfaces, Wiley-Blackwell, (1990). 

[35] D. F. Siqueira Petri, G. Wenz, P. Schunk, and T. Schimmel, An Improved Method for the 

Assembly of Amino-Terminated Monolayers on SiO2 and the Vapor Deposition of Gold Layers, 

Langmuir 15 (1999) 4520-4523.  

[36] A. S. Maria Chong, and X. S. Zhao, Functionalization of SBA-15 with APTES and 

Characterization of Functionalized Materials, J. Phys. Chem. B, 107 (2003) 12650–12657. 

[37] V. K. Sarin, S. B. H. Kent, J. P.Tam, R.B.Merrifield, Quantitative monitoring of solid-phase 

peptide synthesis by the ninhydrin reaction, Anal. Biochem. 117 (1981) 147-157. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

34

 [38] R. Narayan, U.Y. Nayak, A. M. Raichur, and S. Garg, Mesoporous Silica Nanoparticles: A 

Comprehensive Review on Synthesis and Recent Advances, Pharmaceutics 10 (2018) 118. 

[39] L. T. Zhuravlev, Concentration of Hydroxyl Groups on the Surface of Amorphous Silicas, 

Langmuir 3 (1987) 316-318. 

[40] L.T. Zhuravlev, The surface chemistry of amorphous silica. Zhuravlev model, Colloids and 

Surfaces A: Physicochemical and Engineering Aspects 173 (2000) 1-38. 

[41] K. Leung, I.M.B. Nielsen, L.J. Criscenti, Elucidating the bimodal acid-base behavior of the 

water-silica interface from first principles, J. AM. CHEM. SOC. 131 (2009) 18358–18365. 

[42] C.J. Brinker, G.W. Sherrer, Sol-Gel Science: The Physics and Chemistry of Sol-Gel 

Processing, Accademic Press (1990). 

[43] J. A. Tossell and N. Sahai, Calculating the acidity of silanols and related oxyacids in 

aqueous solution, Geochimica et Cosmochimica Acta, 64 (2000) 4097– 4113. 

[44] J. M. Rosenholm, T. Czuryszkiewicz, F. Kleitz, J. B. Rosenholm, M. Lindèn, On the Nature 

of the Brønsted Acidic Groups on Native and Functionalized Mesoporous Siliceous SBA-15 as 

Studied by Benzylamine Adsorption from Solution, Langmuir 23 (2007) 4315-4323 

[45] F. Gasparrini; G. Cancelliere; A. Ciogli; I. D'Acquarica; D. Misiti; C. Villani. New chiral 

and restricted-access materials containing glycopeptides as selectors for the high-performance 

liquid chromatographic determination of chiral drugs in biological matrices, Journal of 

Chromatography, A 1191(1-2) (2008) 205-213. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

35

[46] A. C. Borges-Muñoz; D. P. Miller; E. Zurek; L. A. Colón. Silanization of superficially 

porous silica particles with paminophenyltrimethoxysilane, Microchemical Journal 147 (2019) 

263-268. 

[47] S. Menta; A. Ciogli; C. Villani; F. Gasparrini; M. Pierini. Recognition mechanism of 

aromatic derivatives resolved by argentation chromatography: The driving role played by 

substituent groups, Analytica Chimica Acta 1019 (2018) 135-141. 

[48] B. Galli; F. Gasparrini; D. Misiti; C. Villani. Enantiomeric separation of dansyl- and 

dabsylamino acids by ligand-exchange chromatography with (S)- and (R-)-phenylalaninamide-

modified silica gel, Journal of Chromatography A 666 (1994) 77-89. 

[49] A. Cavazzini; L. Pasti; F. Dondi; M. Finessi; V. Costa; F. Gasparrini; A. Ciogli; F. Bedani. 

Binding of Dipeptides and Amino Acids to Teicoplanin Chiral Stationary Phase: Apparent 

Homogeneity of Some Heterogeneous Systems, Analytical Chemistry 81(16) (2009) 6735-6743. 

[50] G. Cancelliere; A. Ciogli; I. D’Acquarica; F. Gasparrini; J. Kocergin; D. Misiti; M. Pierini; 

H. Ritchie; P. Simone; C. Villani. Transition from enantioselective high performance to ultra-

high performance liquid chromatography: A case study of a brush-type chiral stationary phase 

based on sub-5-micron to sub-2-micron silica particles, Journal of Chromatography, A 1217 (7) 

(2010) 990-999. 

[51] I.M. Khan; A. Ahmad. Synthesis, spectrophotometric, structural and thermal studies of the 

charge transfer complex of p-phenylenediamine, as an electron donor with π acceptor 3,5-

dinitrobenzoic acid, Spectrochimica Acta, Part A 76 (2010) 315–321.  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

36

[52] M. S. Refat; S. A. Sadeek; H. M. Khater. Electronic, infrared, and 1HNMR spectral studies 

of the novel charge-transfer complexes of o-tolidine and p-toluidine with alternation π-acceptors 

(3,5-dinitro benzoic acid and 2,6-dichloroquinone-4-chloroimide) in CH3Cl solvent, 

Spectrochimica Acta, Part A 64 (2006) 778-788. 

[53] K. Alam; I.M. Khan. Crystallographic, dynamic and Hirshfeld surface studies of charge 

transfer complex of imidazole as a donor with 3,5-dinitrobenzoic acid as an acceptor: 

Determination of various physical parameters, Organic Electronics 63 (2018) 7-22. 

[54] L. Miyan, Zulkarnain, A. Ahmad. Synthesis, crystallographic, spectral, and 

spectrophotometric studies of proton transfer complex of 1,2-dimethylimidazole with 

3,5-dinitrobenzoic acid in different polar solvents, Journal of Molecular Structure 1133 (2017) 

144-153. 

[55] N. Singh, I. M. Khan, A. Ahmad, S. Javed. Preparation, spectral investigation and 

spectrophotometric studies of proton transfer complex of 2,20-bipyridine with 3,5-dinitrobenzoic 

acid in various polar solvents, Journal of Molecular Structure 1065-1066 (2014) 74-85. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
A new method was developed to quantify the density of basic sites on solid matrices. 

The method is simple, fast and not destructive towards the analyzed material. 

Amino-groups free or reacted with acid silanols of silica can be discriminated. 

The method is not precluded for the quantification of tertiary amino-groups.  

The method could be used to quantify basic sites of matrices packed in HPLC columns. 

 

 


