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ABSTRACT: Nowadays solid materials in which amino groups larked to silica matrices
through alkyl chains of different length (C18, @3}) are successfully employed in €€apture
and storage technologies, as well as in a varieghmmatographic applications. In particular,
their use as stationary phases finds remarkableesadn performing HILIC separations and, in

general, in the effective resolution of importanimpound classes (e.g. mixtures of mono- or



oligo-saccharides). In this study an original argkrationally simple procedure designed to
qguantify the density of basic groups (typically ampgroups) chemically bonded to the surface of
porous solids, which also allows a full recoverytbé analyzed material, is presented. The
method is based on the preventive acid-base reacfithe basic groups linked to the solid by
3,5-dinitrobenzoic acid (DNBA). The quantificatioof the basic functionalities is then

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

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

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

1. INTRODUCTION

Amino-functionalized solid materials are widely doyed in a variety of applications, from GO
capture and storage technologies to separatiohsdrgy. The development of efficient €O
capture and storage technologies to contro} €dissions has received a great deal of attention
as the increased atmospheric concentration of nadlmxide is considered the main responsible
for the global warming and climate change. Morepstared CQis a useful carbon source that
can be recycled as C1 building block in many chaimmocesses. In such a contest, amino-
functionalized solid materials are emerging as psorg CQ sorbents, due to their ability in
forming strong covalent bonds with @@olecules. [1-8] For this purpose, a number obper
materials, in most of which, porous silica was patilly used as the solid support, has been
functionalized with basic nitrogen groups, suchMid,, -NHR, -NR,, amino alcohols or amino-

terminated dendrimers. [9-12]

Amino-functionalized solid materials play an img@ott role also as essential components of

stationary phases in chromatographic technique2-3Q]1 Indeed, amino phases with



aminopropyl ligands as functional groups, are amitvegmost widely used HILIC (Hydrophilic

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

Aminopropylated silica gel is largely employed tejpare polysaccharide-based chiral stationary
phases for separation of enantiomers by HPLC tedesi and for studying the kinetic aspects
involved in the eventual interconversion between rigsolved chiral species by dynamic-HPLC
determinations. [23-30] Indeed, polysaccharidescedsilose, amylose or chitin, can be either
strongly adsorbed on the surface of the amino phaseugh the formation of a widespread

number of hydrogen bonds, or covalently linkedh® surface, through very stable amide-bonds.

However, in the considered amino stationary phabesperfect coating of the matrix with the
selector is far from guaranteed, and the unreaat@do groups can interfere acting as promoter
(or inhibitor) agents of secondary reactions, dgfpens in the case of on-column bimolecular

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

In such a context, the quantification of the sugfaoncentration of amino groups appears to be
of remarkable importance to define the potentiapprties of the final stationary phase and to

rationalize some of the observed chromatographicoooes.

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

microscopy (CAM-M and AFM-M, respectively) [35] haween used to characterize matrix
surfaces, although these methods work well onlyflah surfaces. Determinations based on
elemental analysis (EA-M) [36] provide affordabtégarmation on the absolute percentage of
nitrogen present in the analysed samples, from lwithe desired surface density of amino
groups can be easily obtained. A different appraaelh exploits the nucleophilic properties of
amino groups, is that related to the reaction e$éhbasic frameworks with ninhydrin (NHD-M),

which leads to the formation of colored organic poomds. [37] This method was initially
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developed to detect incomplete coupling reactiorthm Merrifield solid-phase synthesis and
revealed a sensitivity of 5 mol/g. According tostmethod, the nitrogen atom of the amine is
extracted by ninhydrin and incorporated in the pugomplex in solution. The absorption of the
complex is measured by UV-visible spectrometry #mel concentration is calculated from a
calibration curve obtained using hexylamine as sbarce of amino groups. Although this
method potentially works well, it has some limiteas. First of all, the analysed portion of silica
is destroyed and, considering the need to repeatest at least three times, the method is quite
expensive, both in terms of cost and time needguldduce great quantities of material when the
synthesis is made on a laboratory scale. Moredklerninhydrin test requires quite long times

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

To overcome many of these operative limits, a semghd quick protocol to determine the
density of basic groups linked to the surface @old is reported in this work. Although, in
principle, this protocol could be applied on angdiof solid material, the particular importance
of siliceous structures for the above mentionedewidriety of applications, prompted us to
develop the method by employing, as test samplegiicas of silica powder derivatized with
amino groups and linked to the surface through tshltikyl spacers (Si®R-NH,). A large
number of information are available in literatune the properties possessed by silica porous
matrices which prevalently concern size, morpholagyg chemical structure characterizing the
surface of these materials in particulate form.] [28nong these properties, of particular
relevance and practical utility for our purpose demsity, typology and acid character of the

silanol groups%£Si-OH) distributed on the surface. Thus, it is sigaift to mention:



1) the surface density efSi-OH groups that, in an amorphous silica, is aber®d almost like a
physicochemical constant (known as Kiselev-Zhumradenstant), with the value ranging from

4.2 to 5.7 silanol sites/rfim[39,40]

2) the two main typologies &fSi-OH groups, commonly denoted by the acronyms QBQ@2,
which identify the cases of one and two silanotachted to the silicon center, respectively;

[41,42]

3) the very different acid strength that charaeztsithe two Q3 and Q2 typologies of silanols,
the first ones having a pKa value between 2 andwh8e the others, much less acidic, with pKa

values close to 8.5. [43,44]

According to the above silica-properties, it iss@aable to expect that amino-silica materials,
typically featured by a degree of derivatizatiortle# silanols much lower than the total available
on the original matrix (frequently, a loading léksan 50% of the totaSi-OH groups, regardless

of the particular bound selector [45-48]), are nratle to express the full potential
basic/nucleophilic activity of their amino sitegdause of the establishment of acid-base and/or
H-bond interactions between amino and resiéi&tOH groups in a non-negligible extent. The
methods used to quantify amino sites covalentlydednon silica could be distinguished in two

typologies:

a) methods able to reveal the total amount of amoeeties linked on the matrix, regardless of
whether the relevant nitrogen atoms are able otaotanifest their basic/nucleophilic properties
(i.e. methods that allow the evaluation of all #mino groups, without distinguishing between
those having free or engaged lone pairs). The XMaf AM-M, EA-M and AFM-M methods

can be traced back to this typology;



b) methods that exclude from the final quantifieatthe amino groups unable to express their
basic/nucleophilic activity, for example those itweal in acid-base interactions with close

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

In the latter case, if the final application for ialin the material has been designed is expressly
based on the exploitation of the basic/nucleoplptimperties possessed by its amino groups, the
data obtained through these procedures will proindiermation of primary and irreplaceable

importance.

As it will be widely clarified in the “Results arfdiscussion” section, in the case of amino-silica
materials, our analytical protocol is able to matethe same time both types (points a and b) of

guantitative information.

2. EXPERIMENTAL SECTION.
2.1 MATERIALSAND METHODS
2.1.1 Materials

Silica Gel 60 (480-540 ffg, 40-63pum), LiChroprep Si 60 (480 — 540, 15-25pm) and
LiChrosorb Si-60 (500 fitg, 1Qum) were provided by Merck Millipore (Darmstadt, Gemy).
(3-Aminopropyhtrimethoxysilane (APTMS), (3-glycitbkypropyl)trimethoxysilane
(GOPTMS), tetraethylenpentamine (TEPA), 1-(trimédhyl)imidazole (TMSI),
3,5-dinitrobenzoic acid (DNBA) at 99% of purity, tagsium bromide FTIR grade (KBr),
triethanolamine  (TEA), (#)1,2-diaminocyclohexane AEH), acetonitriie (ACN),

dichloromethane (DCM), methanol (MeOH), chloroformater HPLC grade, dry toluene,



hydrochloric acid reagent grade 37% (HCI), trifloacetic acid (TFA) were purchased from
Sigma Aldrich. HCI solutions 1 and 0.1 M were prgghby dilution of HCI 37% with MilliQ

water.

2.1.2 Instruments.
A Jasco 430 Fourier transform FTIR spectrometeh witresolution of 4 ci, Jasco Europe,

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

2.1.3 Synthesis of 2-aminopropyl silica gel (AD-CS;.¢)

The 2-aminopropyl silica derivatives, AD-C§ were prepared according to the methods
described in literature [45]. Typically, a slurrfy &0 g of previously dried (high vacuum pump,
T=120° 1 h; P= 0.1 mbar) silica gel in 60 ml oy doluene was prepared in inert atmosphere.
The (3-aminopropyl)triethoxysilane was then added (ml, 6.6 mmol) and the mixture was
heated to reflux for 4 h. Modified silica gels weaselated by filtration, washed with 30 ml
portions of toluene, MeOH, and DCM and dried uatihstant weigh (96C, 0.1 mbar, 1 h).
Modified amino-silica were characterized by FT-IRBf pellet and ATR) and (C,H,N)
elemental analysis. FT-IR (KBr): 2931, 2854 ‘tmFound elemental analysis and silica

specifications are listed in Table 1.



Table 1. Physico-chemical data of the starting silicas aatha@n, hydrogen and nitrogen

loadings data obtained after their derivatizatioakvant to the AD-CS samples.

Amino- Elemental analysis| Loaded selector Silanols
silica Starting silica MmMol/gnarrix | MMOl/Gsiica
%C %H %N (based on nitrogen
percentage)
Silica Gel 60 ,
AD-CS; (480-540 rAlg, 40-63um) 6.65 | 1.78| 2.25 1.61 3.9+4.4
LiChrosorb Si 60
AD-CS, (500 nf/g, 10pm) 452 | 1.26| 1.50 1.07 4.1
LiChroprep Si 60 .
AD-CS; (480 — 540 Aig, 15-250m) 295 | 0.77]| 0.94 0.67 3.9+4.4
LiChroprep Si 60 .
AD-CS, (480 — 540 rflg, 15-25um) 2.30 | 0.73] 0.76 0.54 3.9+4.4
LiChroprep Si 60 .
AD-CSs (480 — 540 Aig, 15-25um) 252 | 0.75] 0.85 0.61 3.9+4.4
LiChroprep Si 60 .
AD-CSs (480 — 540 g, 15-25m) 428 | 1.17| 1.03 0.74 3.9+4.4

2.1.4 AD-CS; chemical endcapping (FN°°AD-CSy)

The unreacted silanol groups of 2-aminopropyl dgized silica, AD-C§ were subsequently
end capped as described in reference [49]. Briéfyrimethylsilylimidazole (TMSI, 0.9 ml, 2.7
mmol) was added to a slurry of AD-g€& dry toluene (1.5 g in 30 ml), at room temperatu
The mixture was heated to reflux for 4 h. The miedifsilica gel was isolated by filtration,
washed with toluene, MeOH, MeOH + TEA 1 %, MeOH d»@M and dried under vacuum

until constant weigh. FTIR (KBr): 2931, 2854 ¢m

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

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

2.1.5 Synthesis of cyclohexyl-1,2-diaminesilica gel (AD-CS;)



Silica was modified as previously reported [50]slarry of 10.2 g of silica gelL{Chrosorb Si-60
10 um, 500 ni/g) and 4.3 g of (+/-) 1,2-diaminocyclohexane (C6H14N®y 114.19) in MeOH
(45 ml) was heated to reflux under argon atmospl@c continuous stirring. A solution of
glycidoxypropyltrimethoxysilane (COH20SiO5, Mw 238, d: 1.07 g/ml) in MeOH (1.5 ml in
30 ml) was added dropwise during 1 h. The mixtuas Weated to reflux fo¥8 h. After cooling
to r.t., modified silica gel was isolated by filin, washed with MeOH, DCM (100 ml each)

and dried in vacuum (0.1mmHg) at T=80to constant weight.

FTIR (KBr): 2938, 2862, 1878, 1622, 1456, 1088 tm
Elemental analysis of C,H,N provided the followipgrcentages: 5.13 %C; 1.10%H, 0.81% N,
corresponding to 0.29 mmol of derivatizing framekya@nd to 0.58 mmol of amino groups per g

of silica (based on nitrogen percentage).

2.1.6 Acid-base reaction of S O,-R-NH, amino groups with 3,5-dinitrobenzoic acid:

preparation of AD-CS,;"DNB" silicas.

Depending on the amount of derivatized silica toréacted with the 3,5-dinitrobenzoic acid
(DNBA), the adopted procedure must be distinguisimetivo independent approaches, listed

below as type A and B.

Approach A. An amount ranging from 100 to 900 mg of the sgtided amino-silica
derivatives AD-C§{ is reacted with DNBA by dispersing it in a waterluion of
3,5-dinitrobenzoic acid 2.3xT0M under constant stirring, at room temperature 3fd minutes,
respecting a silica-mass/DNBA-solution ratio of @/ml. The so-treated silica powder
(AD-CS,"DNB)) is recovered by filtration, and then washed i tsteps, first with water, and
next with methanol. Finally, the AD-GS&DNB" silica is exhaustively dried, under reduced

9



pressure (40°C, 0.1 mmHg), until constant weighflR- (KBr), shows new characteristic

absorbing bands close to 1635, 1547, 1385 and di356

Approach B. An amount of amino-silica derivative of type ADB¢Cranging from 10 to 30 mg

is dispersed in 10 ml of a water solution of 3,Biibbenzoic acid (DNBA) 2.3xIHM, and
then the solution is left under constant stirriagroom temperature, for 10 minutes. After its
quantitative recover by centrifugation, the disper&entrifugation steps are repeated two more
times. Finally, the obtained powder of AD-G®NB’ silica is washed with water and separated
from the supernatant through centrifugation, rapgathese steps for three times. The wet
sample is then directly initiated to the subsequstep of DNB displacement, used for the

desired amino-groups quantitation.

2.1.7 Displacement of DNB" ions from AD-CS,"'DNB’ silicas by treatment with an acid

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

An appropriate amount of amino-silica salt AD+{CBNB" is dispersed under stirring, at room
temperature, in a water solution of HCI 1M, alwagspecting a silica-mass/HCI-solution ratio in
the range 2 - 6 mg/ml. Next, the supernatant isvex@d by centrifugation and transferred into a
graduated flask, while the isolated silica is dispd into a HClI 1M solution. The whole
procedure is repeated for other two times, colhgctll the recovered supernatants into the same
graduated flask. Finally, the content of the graeddlask is brought to volume with HCI 1M
solution and the absorbance of the released DNBmegssured at 229 nm by UV visible

spectrophotometry. The quantitation of DNBA is tledrtained from a calibration curve created

10



with ten standard solutions of DNBA (2xiM + 1x10° M) in HCI 0.1 M (Figure Slof

Supplementary Material, SM).

2.1.8 Displacement of DNB" ions from AD-CS,'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#CBNB" in the range 10-30 mg is dispersed
under stirring, at room temperature, in 5 ml of. 2 K solution of tetraethylenpentamine, TEPA
in acetonitrile (ACN) (molar mass: 189.31 g/mol73b g dissolved in 250 ml of ACN). Next,
the supernatant, containing the H:TEBPAIB™ salt, is recovered by centrifugation and
transferred into a 20 ml graduated flask, while idadated silica is again dispersed into 5 ml of
the 0.1M TEPA solution. This procedure is carrieat ¢or three times, collecting all the
recovered supernatants into the same 20 ml gradiflask. Finally, the content of the graduated
flask is brought to volume with 0.1M TEPA solutioand the absorbance at 250 nm of the
H:TEPA'DNB™ species is registered by UV visible spectrophotoyneafter dilution with
methanol (ACN:MeOH 1:2). The quantitation of thdeessed H:TEPADNB™ salt is then
performed by referring the recorded absorbanckeaadlevant calibration curve obtained from a
standard solution of TEPA in ACN, that was usedtfar preparation of six diluted solutions
with concentrations ranging from 8.3%10 to 8.3x1C0° M, respecting the solvent ratio

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

2.1.9 Quantification of amino-group densities within the AD-CS; and AD-CSs silicas by

NHD-M method.
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A 0.35% (w/v) ninhydrin solution in absolute ethbm@s freshly prepared. A variable amount
(in the range 6-30 mg) of dried amino-functionaliz&D-CS, or AD-CS silica samples is
dispersed in 10 ml of ninhydrin solution in a cappp@l, placed in an ultrasonicator bath for 30
min. Next, the vial is transferred in a water batl65 °C for 2 hours under constant stirring, in
order to guarantee a complete reaction betweenydiimhand amino-groups of the AD-GS
silicas (see Figure S4 of SM for the change suffevger time by the UV-visible spectra
recorded for the supernatant of the dispersion MdhCS; as function of time). After cooling to
room temperature, the colored supernatant is reedvieom the dispersion by filtration and then
analysed by UV-visible spectrophotometry to quantife density of amino-groups reacted with
ninhydrin, making reference to a proper calibratmmve, obtained from four solutions of
hexylamine (concentration range 0.19 + 0.76 mMgppared by diluting a standard solution of
hexylamine 7.6 mM in ethanol with appropriate antswf the 0.35% (w/v) ninhydrin solution.
The standard solutions were placed in a water &b °C for 2 hours before the UV-visible

spectra registration at 585 nm for each sample.

3. RESULTSAND DISCUSSION

As stressed in the “Introduction” section, the amthe present study was to propose a new
procedure able to allow an accurate quantificabbithe basic sites chemically bound on the
surface of solid porous matrices that, with respedhe methods already available in the field,
was simpler, faster and non-destructive of theyemeal sample. Overall, the conceived approach

consists in a back-titration protocol to be carwed in three-steps (Scheme 1).
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Procedure for the quantification of amino groups linked to silica

amino-groups bound on silica are reacted with the DNBA acid:

Si02-R-NH2 + DNBA 5  Si0Q2-R-NHs* DNB~

the conjugate base of DNBA, DNB- is displaced from the salified silica
according to one of two possible options, A or B:

option A
- treatment with HC| —a= S$i0.-R-NH;* DNB- + HCI & Si02-R-NH;+ Cl-+ DNBA
option B
- treatment with TEPA —= Si0;-R-NH;*DNB- + :TEPA & 8i0:-R-NH: + H:TEPA*DNB-

the displaced DNEA acid, in its protonated (Step I, option A) or ionized form (Step I, option B),
is finally titrated according to one of two possible approaches, A or B:

approach A

- titration based on spectrophotometric UV-absorbance measurement of DNBA at 229 nm
or of DNB~ at 250 nm.

approach B

- HPLC resolution of DNBA (directly obtained in Step Il - option A, or formed by addition
of HCI to the H: TEPA* DNB- salt obtained in Step Il - option B), and its subsequent
quantification based on the measurement of the related peak-area

Scheme 1. Flowchart of the procedure adopted to quantifyremgroups linked to silica.

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

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

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

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

acronym DNBA-M. Indeed, DNBA has been previousledisto generate charge transfer

complexes with a variety of aromatic amines, forichhsome parameters as stoichiometry,

formation constant and molar extinction coefficiemére effectively determined by an UV-

spectrophotometric approach. [51-55]
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In the second step, the anion DN@e. the conjugate base of DNBA) of the generatetio-
silica salt (hereafter generically symbolized a®,FR-NH;'DNB") is displaced from the solid
according two possible options: SHB-NH;" DNB™ can be dispersed in 1) a water solution of
HCI, which, being much more acidic than DNBA, cauiee release of DNBA from the amino-
silica salt in its un-ionized form or 2) in an amsitrile solution containing a non UV-absorbing
base (:B), able to quantitatively deprotonate tf@-8R-NH;" cation, according to the following

double exchange reaction:
Si0-R-NH;'DNB™ + :B 5 SiO-R-NH, + H:B'DNB".

As the base :B, we chose tetraethylenpentamineATERal = 9.68; pKa2= 9.10; pKa3= 8.08;

pKad= 4.72; pKab= 2.98).

Thus, in the case of treatment with acid, a suganbacontaining the UV-absorbing DNBA
species is recovered, while, in the case of treatnvdth base, a supernatant with the
UV-absorbing anion DNB is obtained. Finally, in the third step, the amooh DNBA or
DNB species is quantified by UV spectrophotometric ragaments, using an appropriate
calibration curve. The ratios millimoles of DNBA BINB™/ related mass of amino-silica from
which they were displaced, provide the desired angiroup densities, symbolized from now on
as "“AG-density™®* or "EPAAG-density™®*, depending on whether the DNBA-displacement
was performed with HCI or with TEPA, respectivdly.Figure 1 the UV spectra of DNBA in its
neuter and ionised form are reported. The spettosvshe absorbance peaks at 229 nm for
DNBA and at 250 for the DNB which has been used to obtain the respectivbrasiibn curves

(Figure S1, of SM).
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In addition to the spectrophotometric approachakernative quantification of the DNBA acid
or of its conjugate base DNBas been obtained by reverse phase chromatograplleth

details about are given in SM).

The DNBA acid (that, in the case of the TEPA treatins obtained by subsequent protonation
of the DNB anion with addition of HCI) has been effectiveolated from the supernatant
(examples of chromatograms are reported in Fig@refSSM). Its dosage can then be obtained
through measurement of the area subtended by ltedeeak, referring to a proper calibration
curve, (Figure S3 and Table S1 of SM). However, reasons of greater practicality, all the
AG-density"®* density data reported and discussed in the texeé feeen obtained by the
spectrophotometric approach. It is important taaeothat, concomitant with the step of DNBA
or DNB™ release, the starting amino-silica material ismestan its SiQ-R-NH;" cationic or
SiO,-R-NH; neuter form, which, in turn, can be advantageousiysed. In particular, thanks to
the very mild conditions involved, the final badkdtion step of the amino-silica salt promoted
by TEPA base in a non-aqueous solvent could beraalgaously exploited for quantitative
determinations of basic sites bonded on statiop&ses already packed in chromatographic
columns. This should make possible to establisactiguantitative relations between the basic
activity of these sites and chromatographic behasispecifically related to their presence. For
the development of the method, seven batch-sangbledica (denoted G with ni ranging
from 1 to 7), three of which different in partickeze, pore size and surface area (details about
their characteristics are reported in Table 1),ehd&@een amino-derivatized, and hereafter

symbolized with the abbreviation AD-GS

15
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Figure 1. UV spectra of DNBA in its both neuter (left sidepdaionised form (right side),

dissolved within an HCI aqueous solution and TER&NAMeOH 1:2 solution, respectively. The

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

DNBA and of its conjugated base DNBere 229 nm and 250 nm, respectively.

In details, samples derivatized from {8 C$ silica were obtained by reaction with APTMS,

while the sample AD-Cghas been prepared in one step through reactiorebatsilica-powder,

(¥)-cyclohexane-1,2-diamine and glycidoxypropyltetioxysilane, this latter used as anchor

and spacer of the amino-selector on the silicaaser{Scheme 2, see also experimental section).
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Scheme 2. Schematic representation of amino derivatizatiorC&f silica samples. First and

second line: preparation &D-CS;.¢ amino-propyl silica and\D-CS; cyclohexyl-1,2-diamine

silica, respectivelyThird line: end-capping procedure of residual sllanof AD-CS, which

supplies thé"P°AD-CS; silica.

Each amino-derivatized AD-GSsilica has been effectively reacted with acid bgpending it in

a water solution of DNBA (namely, AD-GSDNB" in the text). The differences, visible by

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

confirmed the success of the salt formation. Inddwdinspection of the spectra, reported in

Figures 2 and S5 of SM, the appearance of absoli@ngs strictly close to those characteristic

of asymmetric (1635 ci) and symmetric (1385 ch) stretching bonds of the carboxylate group,
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as well as of the asymmetric (1547 tnand symmetric (1356 ¢t stretching bonds of the nitro
moieties can be observed. In addition, FTIR speofrahe silica samples recovered after
treatment of AD-C$'DNB™~ with HCI solution (see next subsection for diséuss have also
confirmed the effective release of DNBA (the exefigative case of silica GSis reported in

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

AD-CS,'DNB" salts.

OEt
HzN/\/\SffoEt /é\
A\
OEt ;N NO.
Cs; —— AD-CS; —— AD-CS;'DNB-

[Silicagel 60 (40-63 um)] "

120
%T %T %T ™
"o 109
a5l 0
2331, 2854
8
604 g
0
! \
T T T T T T T L r v T r T r T T T T T T T T
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0
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Figure 2. FTIR spectra monitoring the progressive structunaldification underwent by the
silica sample CS(selected as case-example): i) covalent aminopagyvatization to form
AD-CS;; ii) reaction of AD-C$ with DNBA to form AD-CS,"DNBT; iii) displacement of

DNBA from AD-CS,"DNB" by dispersion in HCI solution and regeneratioMBECS;.
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3.1 Displacement of DNBA from AD-CS,"DNB” silicas by dispersion within an aqueous

solution of HCI.

By adopting, as final step of the whole procedtire, DNBA displacement with HCI, all the AD-

CS. samples have been submitted to estimation of ¢nenpnt amount of amino-groups, AGs,

bonded on 1 gram of derivatized silica (i.e. a dgrexpressed as mmol-AGs / g-AD-SIn

order to confer statistical significance to thefpened assessments, for each AD;Gample

the amino-groups density determination was

repeadédleast three time,

(seventeen

measurements in the case of silica AD)C3he obtained quantitative results are colledted

Table 2.

Table 2. Collection of single AG-density data measured byanseof the EA-M, DNBA-Mand
NHD-M methods on the AD-GS silica samples and of the related statistical ttias.

AGD ="“AG-density®™®* | AG-density™ or AG-density™'® (mmol/g)

AD-CS, AD-CS, | AD-CS; | AD-CS, | AD-CS; | AD-CSs | AD-CS; |™"°°AD-CSy
mg AGD | mg | AGD mg | AGD | mg |[AGD| mg |AGD| mg |AGD| mg |AGD| mg AGD
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| 13.21 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
4 425 | 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 20.40.37
6 |120.3]| 0.63 245 0.35| 21.8 0.35
7 |100.3| 0.63 22.4 0.33
HCIA G-densityP® 8 | 745 | 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 | 999 | 0.51
14 | 19.5| 0.55
15 | 49.2| 0.73
16 | 37.2 | 0.76
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17 | 205 | 0.77
Standard deviation 0.09 0.00(3) 0.010 0.01 0.03 0.02 0.02 0.0
Aver age value of 0.67 0.49 0.36 0.33 0.33 0.35 0p3 0.59
HC|AG_denS'tyDNBA
AG-density®* 1.61 1.07 0.67 0.54 0.61 0.74 0.58 0.72
AG-density*® 1 86 | 0.76 6.3| 0.38
2 | 280 0.73 13.4 0.49
Average value of
AG-densityNHD 0.75 0.44

From the"“'AG-density"®* values measured for the AD-CSample (i.e. the one analysed with

the greater number of determinations), it can bedohat they are dispersed according to a

gaussian distribution (R0.9852, Figure 3), with a standard deviatian, of 0.09, that

corresponds to a maximum uncertainty of the measomeunting to +13% of the average value

(i.e., of the best estimation obtained T6AG-density®*, Figure 3).

R?=0.9852

Number of determinations

0.54 0.63 0.72
HCl

DNBA

AG-density

Figure 3 Gaussian distribution of the seventd€fAG-density®* values measured for the
AD-CS; sample, clustered within intervals correspondmgheir calculated standard deviation,

o =0.09.
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Thus, it can be assumed that, in first approxinmatibis value also represents the upper limit of
uncertainty featuring the measurements of AG-dgnpierformed through our DNBA-M
approach. Afterwards, the necessary new step ofttiey was focused on the validation of the
method. This was pursued by comparingtHaG-density®* values, obtained employing the
DNBA-M method on all the AD-C$ samples, with those determined by using another
independent procedure. The choice fell on the EMbthod, which is commonly appreciated
for the known good quality of the results it iseabd provide in the field. Therefore, all the AD-
CS, samples were also submitted to EA-M determinafiand the obtained AG-density results,
symbolized in this case as AG-denSityvalues collected in Table 2), have been plotedus
the correspondertt®AG-density"®* data. The resulting plot (see Figure 4) evidenetbry
good linear correlation when the regression angaly&s limited to the silica samples based on

the same typology of amino-selector (i.e. the AD-gSlicas):
AG-density” = 2.9731 ¥'“AG-density®* - 0.3718 (1) (R=0.9883)

The correlation quality underwent, instead, a mbdesrease if also the silica derivatized with
1,2-diaminocyclohexane is included within the asayR = 0.9372). This difference may be
reasonably justified as due to a dissimilar freed#fnrmovement and steric hindrance that the
amino molecular framework of AD-G3$s able to manifest in establishing interactionghwi

silanols when compared to the more flexible amiopgl arm of the AD-C&; silicas.

Nevertheless, with respect to the AG-deriéityalues, the™'AG-density®* data resulted
systematically underestimated by an average famt®.0+0.3 (2.20.3 when also AD-CSis
included within the calculation), suggesting tHa¢ DNBA-M approach is able to detect just a
partial quote of the whole AGs bonded to silicaisTis not an unexpected result, in fact, our

DNBA-M method, for the principle on which it is based, centy allow the dosage of amino-
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groups with lone pairs free by any possible chemntaraction with residuatSi-OH groups of
the matrix, while EA-M is not affected by this linisince it merely takes into account the
nitrogen percentage characterizing the sample.bfaima direct confirmation of the correctness

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

AG-density®AM = 2.9731 x HOAG-density? B4 - 0.3718 TEPAA G-density?™®A = 0.9981 x HCIAG-density?~B4
1.8 - 0.7
R?=0.9883 AD-CS; R? = 0.9897 AD-CS;
1.6 0 »
‘ e
= 149 Z 06
< 14 ’
1.2 g .
z z .
p) =
z g P apcs; 2 L
3 £ 05 L > «=0.998
T 0.8 AD-CS; . ENDCAD-CS¢ = . S
2 AD-Css % ’ 9 e
< 06 ° 3 AD-CS; ::
CcS;  ~®p.c 2
oa | AD-CS; T oAD-Cs, B 04 L’
’ : AD-CS, .
[P
0.2 | S “®AD-CS;s
] T . . s 0.3 .
0.100 0.300 0.500 0.700 0.900 0.3 0.4 0.5 0.6 0.7
HCIA G-densityPNBA HCIA G-density? B4

Figure 4. Left side: linear correlation found betweBNAG-density®* and AG-density*"
density values determined for the AD-GSilica samples (see Table 1). Magenta and grden fu
points (not included in correlation) are relevant the AD-CS and E'P°AD-CS; silicas,
respectively,. Right side: plot of the correspormterxisting betweeA“'AG-density™®* and

TEPAAG-density’®* values.

A proper amount of AD-Cssilica has been submitted to chemical endcappinigsafesidual
silanol groups by reaction with 1-(trimethylsilMH-imidazole (TMSI), giving rise to the
derivatized silica samplé°“AD-CSy). It was expected that, compared to the case oiCSE)
the acid-base reaction BY°°AD-CS; silica with DNBA (i.e. the"°°AD-CSs'DNB" solid salt)

could involve a much larger number of amino-groupecause free by interaction with
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endcapped =Si-OH groups. This was exactly what we found wheamgles of
ENDCAD-CS;"DNB™ have been submitted t8“/AG-density™®* dosage. In particular, with
respect to what found for AD-GSthe increase of“'AG-density"®*, due to the performed
silanol-endcapping, was of 78% (see about Figuré&ldyertheless, the absolute amount of AG
detected foFN"°°AD-CSs through the EA-M method was still 19% superiortie bne obtained

by means of the DNBA-M approach, indicating théittlee amount of silanols still lie unreacted
on the surface df"°°AD-CSs. To achieve an independent and definitive confiromaabout the
correctness of our analysis, two samples have belatted (the AD-CSand AD-CS silicas)
among the seven considered ADrCS&mples and submitted to AG-density measurement by
means of the standard NHD-M ninhydrin method. Thimimed AG-density™ values have been
collected in Table 2. The reason that promptedysetform this additional test is that, similar to
what already stressed about the DNBAgkbcedure, also the approach based on ninhydrin
should be able to dose only AGs endowed with loakespfree by chemical interaction with
silanol sites, since these are essential to all@vnucleophilic attack on ninhydrin required by
the reaction. The obtained AG-denSity values have then been compared with those obtained
by means of both the EA-M and DNBA-Nhethods, (see Table 2). As expected, such a
comparison clearly indicated that, analogously e tesults afforded by the DNBA-M
measurements, also the AG-densiyues obtained by the NHD-M procedure are sigaiftc
lesser than those coming from EA-M determinationsthis case by an average factor of
1.8t0.4. This confirms that also the procedure basedinhydrin cannot afford AG-density

values inclusive of nitrogen atoms strongly intéragwith =Si-OH groups.

Therefore, all data support us to affirm that,hna tase of solids of siliceous nature, the proposed
DNBA-M method is able to provide, in a direct waffordable quantitative information about

the density with which amino-groups, still activetheir capacity to express basic/nucleophilic
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properties, are distributed on the surface of timagnatrix. At the same time, by resorting to the
very good linear correlation found between AG-dsfi§i™ and H'AG-density™®* data,
expressed by equation (1), the DNBA-M method cao @rovide reliable information (within
11% of error) on the absolute AG-density of thelgsed samples endowed with aminopropyl

selector, just making reference to their alreadgmeined’“'AG-density"®* amounts.

3.2 Displacement of H:TEPA'DNB™ from AD-CS,"DNB™ silicas by dispersion within an

acetonitrile solution of TEPA.

Once established the validity of the proposed DNBAnethod and considering the substantial
conservative effect towards the analysed sampkstite procedure demonstrated, we focused
the attention on the possibility to further improtiee already mild operative conditions
characterizing the approach. In fact, althoughfithe stage of the proposed procedure requires
short times of contact of the AD-GENB~ samples with the strong acid HCI for the
displacement of DNBA, this condition could not beceptable in some possible extensions of
application of the method. Thus, as a practicalmgta, a suitable reduction of the potential
chemical aggressiveness attributable to the teinstep of the method could allow its use for
gaining direct information about the amounts of ibasites distributed on the surface of
stationary phases (SPs) already packed in chromagoig columns. In fact, it is well known that
these sites may be responsible for a wide varighdf effects on both retention times and
selectivity concerning selectands submitted to wiatographic resolution. For this purpose, it
has been verified the possibility to quantitativphpmote the displacement of the DN&nion
from the AD-CS'DNB™ powders by dispersing them in an acetonitrile sotubf TEPA. This
non-aggressive operative condition would avoid pagsible degradation reaction of the silica
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matrix due to hydrolysis that, instead, could bggered out in the agueous and strongly acidic
environment required by the DNBA-displacement prtaddoy HCI. The test was performed on
a subset of three AD-GSsamples, the amino-silicas AD-CAD-CS, and AD-CS. Details
about the step of DNRlisplacement from the AD-GSDNB™ samples promoted with TEPA,
the UV-absorbance measurements of the recovereédrratpnt solutions containing the
H:TEPA'DNB salt and the construction of the used calibratiowve (Figure S1 of SM), needed
for the final AG-density quantitation, are reportaceExperimental Section. The obtained results
confirm that full coherence betwe&ffAG-density®* and "=""AG-density"®* values exist,
when carried out starting from a same batch of AR'ONB" salt for each of the three analysed
AD-CS, silica. More specifically, the percentage diffezes found between the determined
HCIAG-density™®* and "EPAAG-density™®* values is very little (0.6 % for AD-GS5.7 % for

AD-CS,; and 3.8 % for AD-C§ Table 3 and Figure 4).

Table 3. AG-density values (determined starting from a saatch of AD-CH DNB™ salt)

obtained by displacement of the DNBA acid with bbit@l and TEPA treatments.

AG-density values deter mined through DNBA-M procedure (mmol/g)
AD-CS, AD-CS, AD-CS;

mg | "OAG-densityPNeA mg HCIA G -densityPNeA mg HCIA G-densityPNeA

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
HCAG-densityPNEA 0.64 0.34 0.36
(mmol/g)

mg | EPAAG-density®™®A | mg | TEPAAG-density®™®A| mg | TEPAAG-density? B

1 14.2 0.64 21.0 0.35 21.0G 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-densityPNEA 0.64 0.36 0.35
(mmol/g)

4. CONCLUSION

The aim of this work was the development of an inaand non-destructive analytical
procedure (the DNBA-Mmethod) to quantify the density of basic sites dcalty bonded to the
surface of solid porous matrices (AG-density valu&se study was performed on amino-silica
matrices specifically synthesized at the purposejths expected the approach can be employed

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

splitting the overall procedure in three steps:

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

absorbing acid DNBA;

i) the displacement of DNBA from the solid salt getedain the previous step by
dispersing it in an acid or basic solution;

iii) the final titration (performed by UV-absorbance sw@ament) of the DNBA displaced in
its neuter or deprotonated form, contained in th@ematant recovered in the second
step of the procedure. As a possible alternatilie, final titration could also be
performed by integration of the area subtendedhleychromatographic peak of the

displaced DNBA, isolated by HPLC in its protonafet.




The uncertainty of the density measurements has degessed by 13%. In comparison with the
other analytical approaches commonly employed atsdime purpose, the proposed method
introduces several advantages that can be summanizkee following points:

1) all the steps of the procedure are operatiorsathple and fast to be performed, with a modest
instrumental requirement, consisting in the avdilgb of a common UV-visible
spectrophotometer;

2) in order to prevent/avoid the trigger of any gible degradation reaction of the regenerated
solid matrix, in the third stage of the procedure thoice of the acid or basic character of the
solution used for the displacement of DNBA can &tonally based on the particular chemical
nature characterizing the structure of the analygaadple;

3) each sample submitted to the determination mpbetely recovered at the end of the
procedure, and therefore available to be reusdatpwi limitations;

4) in the case of analyses performed on aminoasiinatrices, each determination carried out
through the DNBA-Mmethod can afford two kind of AG-density valuess #imount of amino-
functionalities with free lone pairs, and therefalde to express the basic/nucleophilic activity
typical of these sites, and the amino-groups chaliyiquiescent, because already involved in
acid-base raction with silanol groups of the matkiith respect to determinations based on
elemental analysis, the total amount of amino gspuesulting from the sum of the above two
typologies, can be estimated with an error of naentban 11%. In the present study, the found
amount of amino-groups endowed with lone pairs Kéml by acid-base reaction with close
silanols achieve the average value of about 51%hencase of the aminopropil-silica samples,

while the value of about 40% in the case of thdatyexanediamine-silica sample. AD-£S
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5) according to the principle on which DNBA-i8l based, the applicability of the method is not
precluded for the evaluation of AG-density valuelated 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 pong8 4), the here proposed procedure can also
be considered convenient under an economic pdintewv. Indeed, it allows to characterize
solid matrices without any recourse to more speed| but relatively expensive, external
analyses (X-ray-M, CAM-M, AFM-M or EA-M), as wellsao make possible a complete recycle
of the investigated materials, breaking down angte/a

By adopting the particularly mild conditions reqdrby the DNBA-M method when the final
step is carried out with a basic solution of TERAacetonitrile, the new procedure could be
usefully exploited for a direct characterizationsoime typology of chromatographic columns, as
those conceived for HILIC applications, as wellthgse that manifest behaviours specifically
connectable to the presence of basic-sites distiiban their stationary phase (e.g. the catalitic
promotion "on-column" of dynamic equilibria). Thigill be precisely the topic we aim to

address in a related study to be developed inltse duture.
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Procedure for the quantification of amino groups linked to silica

amino-groups bound on silica are reacted with the DNEA acid:

SiO2-R-NH: + DNBA & SiO2-R-NHs* DNB-

the conjugate base of DNBA, DNE- is displaced from the salified silica
according to one of two possible options, A or B:

option A
- treatment with HCl —= Si02-R-NH;* DNB~ + HCI| & 8i02-R-NH;* Cl—+ DNBA

option B
- treatment with TEPA —= Si0;-R-NH;* DNB- + :TEPA & Si0O2-R-NH: + H:TEPA+*DNB-

the displaced DNBA acid, in its protonated (Step ll, option A) or ionized form (Step Il, option B),
is finally titrated according to one of two possible approaches, A or B:

approach A

- titration based on spectrophotometric UV-absorbance measurement of DNEA at 229 nm
or of DNB~ at 250 nm.

approach B

- HPLC resolution of DNBA (directly obtained in Step Il - option A, or formed by addition
of HCI to the H: TEPA+ DNB- salt obtained in Step Il - option B), and its subsequent
quantification based on the measurement of the related peak-area
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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.



