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(copper 70  × 10–6 m, zinc 350  × 10–6 m, 
and iron 340 × 10–6 m).[1,2] Nanomaterials 
are receiving high attention in the treat-
ment and diagnosis[3] of neurological 
disorders where the classical pharmaco-
logical approach is not effective due to 
low blood brain barrier (BBB) permea-
bility. An effective drug delivery method is 
combining of drugs with nanocarriers, for 
example, polymeric micelles, liposomes, 
lipid, and polymeric nanoparticles (NPs), 
that have high BBB affinities.[4] Metal ion 
chelators, which are bound covalently to 
nanoparticles, can facilitate drug entry 
into the brain.[5]

Desferrioxamine (Desferal) is an iron 
(Fe), aluminum (Al), copper (Cu), and 
zinc (Zn) chelator that showed a decrease 
of AD progression in clinical trials,[2,6] 
even if the low BBB permeability of DFO 
is still debatable.[7] DFO conjugated to pol-
ystyrene NPs of 240 nm and examined in 

human cortical neurons in vitro prevented Aβ peptide aggrega-
tion,[8] the main component of the  amyloid plaques  found in 
the brains of people with Alzheimer’s disease.[9] Nevertheless, 
low bioavailability and high toxicity restrict the use of metal 
chelators in humans.

Functional nanoparticles are characterized by multiple incor-
poration of positron emitting radionuclides and signal enhance-
ment in positron emission tomography (PET).[10] It has been 
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1. Introduction

Transition metals play pivotal roles in human metabolism in 
trace amounts but may be toxic when they exceed the tolerance 
limit. Elevated levels of copper (390 × 10–6 m), zinc (1055 × 10–6 m),  
and iron (940  × 10–6 m) have been reported for Alzheimer’s 
disease (AD) in brain. This contrasts sharply with metal con-
centrations found in samples collected from healthy patients 
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reported that NPs with long-lived isotopes increase signal-to-
noise ratio. Among different NPs, mesoporous silica nanoparti-
cles (MSNs) are of high interest as imaging agents,[3,11] as well as 
drug carriers for in vitro and in vivo[11,12] experiments. On top of 
that, MSNs are environment-friendly, and are typically removed 
from the body through renal clearance.[13] Moreover, the par-
ticle and pore size, shape, and surface properties of MSNs can 
be kept under control, making delivery even more feasible for 
many biomedical applications. Furthermore, the high internal 
surface area and pore volume of MSNs, work together with the 
possibility of tuning pore dimensions and mesopore surface 
chemistry. These properties enable loading of large cargo and 
tuning the interactions between the cargo and the carrier.

Copper (Cu), gallium (Ga), indium (In), yttrium (Y), and zirco-
nium (Zr) metal ions are commonly used in PET imaging. DFO 
is a very efficient chelator known for 89Zr4+ ions.[14] Recently, pore-
expanded MSNs functionalized with DFO were used to complex 
high quantity of 89Zr4+ and gave a high PET signal in vivo.[10]

Most PET contrast metal agents are delivered directly into 
the bloodstream where they interact with serum proteins. For 
this reason, the metal complexes do not reach their destina-
tion and provoke side effects in imaging. Different proteins 
and peptides present in the serum can compete with chelating 
agents for metal ions[15] and perturb the species distributions of 
metal drugs/prodrugs during absorption, distribution, metabo-
lism, and excretion processes. Indeed, it is crucial to know the 
rate, strength, and nature of binding between metallodrugs and 
serum proteins in order to better understand the pharmacoki-
netic properties, transport, as well as the mechanisms of action.

As accurately pointed by Debbie Crans:[16] “The rapidly 
growing popularity of solid state chemistry and its expansion into 
the areas of new materials and chemistry of materials has resulted 
in a grow in achieving the detail and species composition on the 
atomic level. (…) We can investigate systems at an increasing resolu-
tion, however, the processes involved in the studies are becoming less 
mechanistically focused in their molecular description.”

Adsorption isotherms are routinely drawn in order to present 
and determine the binding capacity of a surface,[17] but titrations 
and kinetic consideration are also required to determine the 
concentration(s).[17] Protonation processes[18] and simple com-
plex formation reactions have been quantitatively described[19] 
on a surface, but few studies have described surface speciation.

Triethylenetetramine (TETA) dihydrochloride, also commonly 
known as trientine, is a therapeutic molecule that has been used 
as a copper-chelating agent for second-line treatment of patients 
with Wilson’s disease for many decades.[20] In recent years, it has 
also been tested as an experimental therapeutic molecule in dia-
betes, where it improves cardiac structure in patients with dia-
betic cardiomyopathy and left-ventricular hypertrophy.[21] TETA is 
known for forming stable complexes with copper and zinc ions[21] 
and functionalized SBA-TETA particles could be used as new 
effective chelators for zinc and copper ions in human organs.

In this study, several biophysical methods such as potenti-
ometry, electron paramagnetic resonance (EPR), UV–vis, and 
solid-state nuclear magnetic resonance (ssNMR) spectroscopy 
were extensively and successfully used for characterization of 
SBA-TETA particles. Moreover, potentiometric titrations were 
used, to the best of our knowledge, for the first time to quantify 
ligand content in a functionalized nanostructured material and 

to determine metal complex formation constants. We present 
this new potentiometric approach for the physico–chemical 
characterization of mesoporous functionalized materials and 
their metal adsorption capacity in water solution.

2. Experimental Section

2.1. Chemicals

Pluronic copolymer P123 (EO20PO70EO20) tetraethylorthosili-
cate, TEOS (≥99%); (3-chloropropyl)trimethoxysilane, CPTMS 
(≥97%); triethylenetetramine, TETA (≥97%); copper chloride 
dihydrate, CuCl2∙2H2O (≥99.0%), ZnCl2 (≥99.0%) anhydrous 
toluene (≥99.7%), dimethylformamide (DMF, ≥99.9%), acetone 
(≥99%), HCl (37%), NaCl, NaOH pellets were purchased from 
Sigma-Aldrich (Milano, Italy). Copper (1000 ± 2 ppm in HNO3 
2% m/m) and zinc (1000 ± 2  ppm in HNO3 1% m/m) stock 
solutions were purchased from Fluka Analytical and Aldrich 
Chemical Company, respectively. Diethyl ether (99.8%), and 
ethanol (99.8%) were purchased from Honeywell.

2.2. Synthesis of Mesoporous Materials

SBA-15 mesoporous silica was synthesized and functionalized 
with CPTMS according to the method described in the previous 
work.[21] Briefly, the functionalization with chloro-propyl group 
was carried out by dispersing 1 g of obtained SBA-15 in 25 mL 
of anhydrous toluene, adding 700 µL of CPTMS[21] and keeping 
the mixture under stirring at 110  °C overnight. The resulting 
SBA-Cl was collected by filtration, washed with EtO2 and water, 
and dried under vacuum.

0.5  g of SBA-Cl were dispersed in 14  mL of anhydrous tol-
uene, then the green solution of the ligand (0.56 g of TETA dis-
solved in 1 mL of DMF) was added and the resulting mixture 
was kept under stirring at 110 °C for 24 h. The dark-yellowish 
suspension of SBA-TETA was recovered by filtration, washed 
with H2O, EtOH, and Et2O, and dried under vacuum overnight.

SBA-NH2 was synthesized as a reference material for UV–vis 
metal coordination studies. The procedure and characterization 
are described in the previous paper.[22]

2.3. Physico–Chemical Characterizations

TEM imaging was performed using a Titan CT (Thermo Fisher 
Scientific) operating at 300 kV equipped with a 4 k × 4 k CCD 
camera (Gatan, Pleasanton, CA, USA). Images were acquired 
in bright field using a 100 µm objective aperture under parallels 
illumination.

N2 adsorption/desorption isotherms at 77 K were carried out 
on an ASAP 2020 instrument to obtain textural parameters of 
the materials such as the surface area (Brunauer-Emmett-Teller, 
B.E.T. theory), pore width, and distribution (Barrett-Joyner-
Halenda, B.J.H. theory).[23] Before analysis, SBA-15 samples 
were heated at 110 °C at a rate of 1°C min−1 under vacuum for 
12 h, whereas functionalized samples were outgassed under the 
same conditions while heating at 80 °C.
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FT-IR analysis, to verify the presence of chloro-propyl group 
and TETA, was carried out with a Bruker Tensor 27 spectropho-
tometer equipped with a diamond-ATR accessory and a DTGS 
detector. A number of 128 scans at a resolution of 2 cm−1 were 
averaged in the spectral range 4000–400 cm−1. To quantify the 
functionalization percentage, Elemental Analysis (PerkinElmer 
Series II 2400) and Thermogravimetric Analysis—TGA (Perkin
Elmer) were performed.

2.4. Potentiometric Measurements

Potentiometric titrations were performed in 0.1 m NaCl at 
298.1 ± 0.1 K using an automated Mettler Toledo titrator. The ther-
mostated glass-cell was equipped with a magnetic stirrer system, 
a Mettler Toledo glass electrode, a microburet delivery tube, and 
an inlet–outlet tube for Argon. The combined Mettler Toledo 
electrode was calibrated as a hydrogen-ion concentration probe 
by titrating previously standardized amounts of HCl with CO2-
free NaOH solutions and determining the equivalence point by 
Gran’s method,[24] which gave the standard potential, E°, and the 
ionic product of water (pKw = 13.74(1) in 0.1 m NaCl at 298.1 K).  
The computer program HYPERQUAD2013[25] was used to cal-
culate ligand (TETA or -OH) content (in mmol) in MMs mate-
rial, MMs-ligand protonation, and complex stability constants 
from potentiometric data. The potentiometric titrations were 
prepared from acidic to alkaline conditions (the studied pH 
range 2.5–11.0). Solutions at 0.1 m ionic strength in NaCl were 
titrated at 25.0 °C with 0.1 m NaOH. The activity of the species 
present in the solution was proportional to concentration, where 
the proportionality constant was the activity coefficient that 
brings the stoichiometric constant close to the thermodynamic 
constant. For this reason, the ionic strength was kept constant 
during experimental determinations of stability constants. Car-
bonate free sodium hydroxide solutions were prepared according 
to Albert and Serjeant.[26] An mV signal drift module was used 
to reach equilibrium after each base addition and obtain optimal 
accuracy of measurements. The metal concentration in ZnCl2 
and CuCl2 stock solutions in HCl was determined by EDTA titra-
tion. The MMs were stored at 50 °C and cooled in a desiccator to 
room temperature before being weighed (analytical weight scale, 
precision ±0.01 mg). The working MMs content was 2.5–2.7 mg 
in 20 mL of water. The total mmol of the ligand in the functional-
ized MMs was determined by the NaOH titration and metal com-
plex formation studies were performed at 2:1, 1:1, and 1:2 metal/
ligand molar ratios. Each measurement, both for ligand protona-
tion and metal-complex experiments, was repeated at least two 
times in order to verify the repeatability. The different titration 
curves were calculated as separated curves without significant 
variations in the values of the calculated stability constants. 
Finally, the sets of data were merged and treated simultane-
ously to give the final stability constants. Different equilibrium 
models for the complex systems were generated by eliminating 
and introducing different species. Only those models for which 
the HYPERQUAD program furnished a variance of the residuals 
σ2 ≤ 9 were considered acceptable. Such a condition was unam-
biguously met by a single model for each system.

The equilibrium concentrations of various species were 
computed by solving the system of mass balance equations 

constructed for each component (Equations (1)–(3) for a system 
containing three components: M, L, and H), and these mass 
balance equations were then solved iteratively for the concen-
trations of the free components.[27] In addition, it was neces-
sary to know the stoichiometry and overall/cumulative stability 
constants (β(MpLqHr)) of all associations (e.g., ligand species, 
LHr; metal complexes, MpLqHr; and metal hydrolysis products, 
MpHr; where p, q, and r are the stoichiometric numbers of the 
components in the given species) and the ionization constant 
of water (Kw). β(MpLqHr) was defined for the general equilib-
rium shown in Equation  (4), where M denotes the metal ion 
and L is the completely deprotonated ligand

∑ β= +
=

[M] [M] [L] [H]M 1
C pi pqri

n pi qi ry

� (1)

∑ β= +
=

[L] [M] [L] [H]L 1
C pi pqri

n pi qi ry

�
(2)

∑ β= +
=

[H] [M] [L] [H]H 1
C pi pqri

n pi qi ry

� (3)

β+ + ↔ =M L H M L H as (M L H ) [M L H ]/ [M] [L] [H]p q r p q r p q r p q r
p q r

	
(4)

2.4.1. HySS Software Theoretical Calculations

Various computer programs were developed to produce dis-
tribution diagrams for the species formed in solution, such as 
HySS.[25] Species distribution curves represented the percentages 
(or partial mole fractions) or equilibrium concentrations of the 
different chemical species present in a solution under given con-
ditions in a representative manner.[28] Concentration distribution 
curves were generally presented as a function of a single variable, 
such as pH, where the fixed values of the components (reagents) 
uniquely determined the molar ratios of the species formed.

The speciation distribution curves calculated for compounds 
containing dissociable protons represented the fractional con-
tribution of each protonated (LHr) and unprotonated (L) species 
in equilibrium, and thus the average number of protons bound 
and the actual charge of the ligand could be viewed as a func-
tion of the pH.

In these studies, HySS software[25] was used to calculate 
speciation plots of free ligand (Scheme 1, Figure 1), metal com-
plexes (Figure  2), and copper and zinc hydrolysis (Figure S3, 
Supporting Information) as a function of pH. The curves were 
calculated on the basis of proper constants: ligand protonation 
constants, ligand protonation constants and its metal complex 
formation constants, and metal hydrolysis constants, respec-
tively. The ligand and metal concentrations used for the calcula-
tions were the same as experimental data.

The theoretical competition studies were calculated on the 
base of SBA-TETA protonation constants (Table 1) and complex 
formation constants (Table 2). The speciation diagrams (Figure 4) 
were calculated with the ligand and metal concentrations used 
in experimental competition studies with inductively coupled 
plasma optical emission spectrometry (ICP-OES) analysis. More-
over, the free metal concentration was calculated at pH 4.

Adv. Mater. Interfaces 2020, 2000544
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Figure 1.  A–D) Transmission electron micrographs of SBA-TETA, E–H) SBA-TETA with copper ions, and I–N) SBA-TETA with zinc ions. TEM analysis 
highlights a well-structured mesoporous structure in all samples. Comparing their side views (A,B,E,F,I,L) and their top views (C,D,G,H,M,N) no 
evident structural differences are observed.

Scheme 1.  Schematic representation of SBA-TETA material and metal coordination process by TETA ligand. [Images produced by KAUST scientific 
illustrators. This image is original and designed specifically for the targeted publication. It should not be cropped, distorted, or in any way edited without 
the expressed consent of Research Publication Services. Because KAUST owns the copyright of the original image, you may cause a copyright conflict 
between the journal and KAUST if you modify the illustration in any way before submitting it to the journal. Any other use of the image apart from 
your paper (e.g., in a presentation, poster, or website) should be accompanied by credits to the journal in which it is published and to the illustrator 
as follows: Xabier Pita/KAUST].
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The HySS program was also used to calculate the pM(etal) 
value for each studied ligand. The negative logarithm of the 
concentration of the free metal in solution, was calculated for 
total [ligand] = 10−5 m and total [metal] = 10−6 m in solution at 
proper pH (Table 3). For the sake of comparison with literature 
data, the pH of 7.4 was chosen for the pCu and pZn calcula-
tions. Moreover, pCu e pZn values for SBA-TETA in different 
pHs were calculated (Figure 3).

2.5. ICP-OES Competition Studies

The copper and zinc concentrations in aqueous solutions were 
analyzed by ICP-OES (Agilent 5100). The operational param-
eters were: RF power:1.2 kW. Plasma gas: 12 L min−1, Aux gas: 
1.0 L min−1, and nebulizer flow 0.7 L min−1. Emission lines 
(nm): Cu (327.395, 324.754, and 213.598) and Zn (213.857, 
202.548, and 206.200). No spectral interference was observed. 
The standard solutions: 0.5–50 ppm in 1% nitric acid were pre-
pared by the analytical dilution of standard zinc and copper 
solutions for linear calibration curve (R2 = 0.999).

A mass of 15  mg of SBA-TETA were incubated for 24 h in 
25 ºC with the copper and zinc 10 ppm solution and in the solu-
tion containing 10 ppm copper and 100 ppm zinc ions at pH 4. 
The process was stopped by filtration of the suspension, then 
the metal concentration in the solution was quantified through 
ICP-AES measurements.

2.6. Spectroscopies

SBA-15, SBA-NH2, and SBA-TETA (20 mg each) were dissolved 
in 0.123 m copper solution in water (pH = 2.8). After 24 h rota-
tion at room temperature, the solutions were centrifuged and 

lyophilized (Figure S4A, Supporting Information). In the next 
step, the samples were re-hydrated, centrifuged, and dried in 
the vacuum (Figure S4B, Supporting Information). Succes-
sively, the solid-state samples were analyzed by UV–vis.

SBA-TETA, (100  mg) were dissolved in 2  mL of ZnCl2 and 
CuCl2 solutions (0.88 m, pH 4, filtered 0.2 × 10–6 m) and rotated 
(15  rpm) for 24  h. Afterward, the solutions were centrifuged 
(14  000  rpm, 30  min) and dried under vacuum. The samples 
were studied by ssNMR and EPR, respectively.

2.6.1. Nuclear Magnetic Resonance

All NMR experiments were performed on Bruker 400  MHz 
AVANACIII NMR spectrometer at magnetic field strength of  
9.4 T with resonating 13C corresponding frequency of 
100.04  MHz. The spectrometer was equipped with 4  mm 
Bruker double resonance MAS probe (BrukerBioSpin, Rhein-
stetten, Germany). All 13C NMR spectra were recorded under 
the same conditions and parameters with 14 and 12 kHz spin-
ning rate using cross polarization CP pulse program.

The 13C signals were referenced to the methylene signal 
of adamantine at 37.78  ppm. Bruker Topspin 3.5pl7 software 
(Bruker BioSpin, Rheinstetten, Germany) was used for data 
collection and for data analysis.

2.6.2. EPR Spectroscopy

Bruker EMX PLUS spectrometer equipped with standard 
resonator for high sensitivity CW-EPR (Bruker BioSpin, 
Rheinstetten, Germany) was used to record all EPR spectra.  
The operating frequency was set (9.384688 GHz) and the 
microwave power was set to 0.625  mW with 5 G modulation 
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Figure 2.  Speciation plots relative to the protonation of SBA-TETA (left) and SBA-15 (right). Charges are omitted for simplicity.

Table 1.  Protonation constants (log K) of SBA-TETA and SBA-15 at 25.0 °C and 0.1 m NaCl, in comparison with log K literature data[20] of free TETA.  
L refers to ligand: free TETA, TETA grafted on MMs material, -OH on SBA-15 material, respectively.

Specie TETA Specie SBA-TETA SBA-15

log β log K log β log K log β log K

(L)H 9.79(5) 9.79 (L)H 10.6(2) 10.6 10.0(1) 10.0

(L)H2 18.90(4) 9.11 [(L)H2]+ 20.7(1) 10.1

(L)H3 25.58(2) 6.68 [(L)H3]2+ 29.9(1) 9.2

(L)H4 28.86(2) 3.28 [(L)H4]3+ 38.1(1) 8.2

[(L)H5]4+ 43.8(2) 5.7
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amplitude and 100  kHz modulation frequency. Bruker Xenon 
software (Bruker BioSpin, Rheinstetten, Germany) was used to 
collect data and for post processing.

2.6.3. UV–Vis Spectroscopy

UV–vis spectra were recorded on Agilent CARY 60 spectropho-
tometer equipped with a photomultiplier tube detector. Spectra 
were collected in the wavelength range 200–900  nm with a 
band width of 5.0 nm and at rate of 200 nm min−1.

3. Results and Discussion

3.1. Physico–Chemical Characterizations

SBA-15 mesoporous silica was synthesized and then functional-
ized CPTMS and with TETA to obtain SBA-Cl and SBA-TETA 
(Scheme  1), respectively. The physico–chemical characteriza-
tions (SAXS, TEM, FTIR, N2 adsorption isotherms, TGA) of 
the obtained samples[21] are reported in Figure S1 and Table S1, 
Supporting Information.

Analysis of all SBA-TETA samples by TEM in bright field 
mode revealed the typical mesoporous structure that resulted 
mainly characterized by the presence of ordered pore channels 
(Figure  1). In side view (Figure  1A,B,E,F,I,L) they appeared as 
parallel channels in bright contrast, whereas the top views of the 
same samples (Figure  1C,D,G,H,M,N) highlighted the ordered 
hexagonal array of the pores. The above results point out that all 
examined samples (before and after Cu2+ and Zn2+ ions loading) 

share similar structure, being characterized by analogue hexag-
onal pore array and uniform pore size and no differences con-
cerning their mesoporous structure were observed.

4. Protonation and Metal Complex Equilibria

The stability constants determined in potentiometric titrations 
can be used in calculating distributions and concentrations of 
metal species even in complex systems containing many ligands 
and metal ions, such as biological fluids (e.g., blood serum or 
gastric juice) and environmental solutions (e.g., sea water or 
natural water).[29] Detailed discussions of chemical speciation in 
various biological fluids and tissues as well as examples of the 
application of various methods for determining the distribution 
of trace elements in biological systems are provided.[30]

The aims of our potentiometric studies are as follows: 
i) obtaining full descriptions of equilibria, including the 
distribution of the species in the equilibrium system and 
determining their characteristics, such as solution structures 
(binding modes) of the species that are in equilibrium with each 
other; and ii) using equilibrium descriptions of these systems 
in modeling calculations to determine the species distributions 
of the constituents in conditions where experimental measure-
ments cannot obtain data, for example, due to extremely low 
analytical/total concentrations.

SBA-TETA and SBA-15 were characterized through poten-
tiometric titrations. As shown in Scheme  1, TETA molecule 
has four amino groups and hence four protonation constants 
(Table 1). The first two constants, log K1 and log K2, are related 
to the protons bound to the two-terminal primary-amine groups 
(NH2), while log K3 and log K4 constants are related to the 
protonation of the two secondary amine groups (NH). Poten-
tiometric measurements of SBA-15 (Table 1) showed the pres-
ence of one protonation constant at pH 10.0 due to the dissocia-
tion of silanols (SiOH) into SiO−. A more acidic constant, not 
observed in our experiment, due to the protonation of SiOH 
into SiOH2

+, should occur at pH < 2.[31]

SBA-TETA has five protonation constants, which can be 
attributed to the four nitrogen atoms of TETA and to free 
Si-OH, which may still occur also after SBA-15 functionaliza-
tion. Indeed, the occurrence of free silanol groups in SBA-TETA 
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Table 2.  Complex formation constants of TETA,[20] SBA-TETA, and SBA-15 with Cu2+ and Zn2+ at 25 °C, 0.1 m NaCl ionic strength, obtained from 
potentiometric data using the Hyperquad program. *Negative logarithm of the concentration of the free metal in solution, calculated for total 
[ligand] = 10−5 m and total [metal] = 10−6 m at pH 7.4. L refers to ligand: free TETA, TETA grafted on MMs material, -OH on SBA-15 material, respectively.

  TETA SBA-TETA SBA-15

Specie Cu Zn Cu Zn Cu Zn

log β log K log β log K log β log K log β log K log β log K log β log K

[MLH4]5+     46.08(8)   44.0(3)    

[MLH3]4+     42.0(1) 4.08 38.97(4) 5.03  

[MLH2]3+     37.19(8) 4.84 32.48(5) 6.49  

[MLH]2+ 23.4(1)   18.06(6)   30.8(1) 6.39 25.54(5) 6.94   −1.7(1)

[ML]+ 20.3(1) 3.1 12.24(3) 5.82 23.4(1) 7.4 17.77(5) 7.77 −5.80(7)  

[MLH-1]     2.90(6) 9.34            

pM* 17.1 8.4 16.1 10.8 7.5 6.0

Table 3.  The comparison of theoretical (HySS) and experimental 
(ICP-AES) results of copper and zinc competition studies.

Metal ion
Experiment 1 Experiment 2

Cu [ppm] Zn [ppm] Cu [ppm] Zn [ppm]

Initial 10.00 10.00 10.00 100.00

Finala)
HySS 0.10 0.20 0.08 64.97

ICP-OES 0.01 1.20 3.20 81.70

a)After 24 h incubation at pH 4 and 25 ºC.
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was confirmed by the FTIR band at 960 cm-1 (Figure S2B, Sup-
porting Information). Hence, the highest protonation con-
stants of SBA-TETA could be assigned to SiOH dissociation 
(log K = 10.6) and the terminal nitrogen atoms of grafted TETA 
(log K  = 10.1; 9.2), respectively (Table  1). Analogously to free 
TETA, the remaining two protonation constants (log K  = 8.2; 
5.7) are assigned to the inner nitrogen atoms. By comparing log 
K values for free TETA and SBA-TETA a general shift toward 
higher pH is observed. This shift could be due to the pres-
ence of intramolecular hydrogen bonds, which makes proton 
dissociation more difficult for SBA-TETA compared to the free 
ligand.[32]

In a recent pioneering study the pKas of ionizable ligands 
immobilized on nanoparticles(NPs) were determined through 
potentiometry, and compared with theoretical calculation 
studies.[33] It was shown that apparent pKas of NP-immobilized 
ligands were significantly higher than those of the free ligands 
in solution. The apparent pKa increased with increasing both 
NPs and cation size, while decreased with increasing salt con-
centration (particularly for salt concentration <  0.05 m). Even 
for very low concentrations of NPs, the local environment of 
the acid groups determines, through a balance of chemical 
free energy, electrostatic, van der Waals, steric, and packing 
interactions, its protonation state. The degree of dissociation 
was affected by the restriction/immobilization of the COOH 
groups on the NPs surface and, possibly, by other factors such 
as NPs curvature.[33]

Figure  2 shows the speciation plot of SBA-TETA and 
SBA-15. At neutral pH SBA-TETA is positively charged 
([(MMs)H4]4+), while SBA-15 is not dissociated and remains 
uncharged.

The copper and zinc complexation by SBA-TETA and SBA-15 
was then investigated through potentiometry (Figure 3). Copper 
complexation starts at very low pH, since at pH 2 about 50% of 
Cu2+ ions are already bound to SBA-TETA (Figure 3A). The log 
K values of the formed complexes are lower than protonation 
constants of the free SBA-TETA (Table  2). This suggests the 
involvement of all dissociated groups in the metal coordination. 
Above pH 3, the protons of [Cu(SBA-TETA)H4]5+ complex disso-
ciates, and only at pH 9 all nitrogen atoms of TETA ligand are 
involved in metal chelation. Even at basic pH copper complexes 
with SBA-TETA remain stable.

The studies of metal complex formation with SBA-TETA 
were performed at 2:1, 1:1, and 1:2 metal:ligand molar ratios 
and the obtained results were analyzed with Hyperquad soft-
ware. Only 1:1 metal:ligand stoichiometry was formed (Table 2) 
and further confirmed by EPR studies.

HySS program allowed to calculate pM parameter (on the 
base of log β in Table 2). The higher the pM, the lower the con-
centration of free Mn+ in solution. Hence a high pM means a 
high stability of metal–ligand complexes. The pM value depends 
on the pH of the aqueous solution. Figure 4 shows that the pM 
of both Cu2+ and Zn2+ in the presence of SBA-TETA sharply 
increases already at pH 4 meaning that copper and zinc can be 
strongly adsorbed on that functionalized mesoporous silica.

Table 2 reports pM at pH 7.4 for SBA-TETA complexes with 
copper in comparison with the respective complexes with free 
TETA ligand. The pCu (=16.1) value for SBA-TETA complexes 
is slightly lower than the corresponding pCu value of Cu-TETA 
complexes (pCuTETA = 17.1). The lowering of pCu can be caused 
by the rigidity of the TETA ligand bound to the mesoporous 
material, which may make difficult obtaining planar copper 

Adv. Mater. Interfaces 2020, 2000544

Figure 3.  Speciation plots of A,B) SBA-TETA([TETA] = 1.00 × 10–4 m, [Cu2+] = 1.00 × 10–4 m, and [Zn2+] = 5 × 10–5 m) and C,D) SBA-15 ([-OH] = 1.00 × 10–3 m,  
[Cu2+] = 1.00 × 10–4 m, and [Zn2+] = 1 × 10–4 m) metal complexes calculated on the basis of stability constants reported in Table 3. Charges are omitted 
for simplicity.
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coordination, which is characteristic for free TETA chelate with 
copper ions.[34]

The stoichiometry of zinc complexes is the same of that of 
copper complexes (metal:ligand = 1:1), although the stability is 
slightly lower (Table  2). The [Zn(SBA-TETA)H4]5+ complexes 
start to form above pH 2 and to carry out proton dissociation at 
pH 4, where only about 50% of zinc ions are bound. The log K 
values of zinc complexes are lower than respective protonation 
constants of free ligand and it is likely that all ligand binding 
sites are involved in the zinc coordination. At the reference pH 
7.4, zinc complexes with SBA-TETA (pZn = 10.8) are more stable 
than those with free TETA (pZnTETA  =  8.4) and in equimolar 
ligand and metal solution 100% of zinc ions remain bound to 
SBA-TETA in the pH range 6–9 (Figure 3B). The coordination 
number and the geometry of zinc complexes depend only on 
ligand size and charge, while there are no ligand field stabiliza-
tion effects and nor constraints on complex geometry as in the 
case of copper complexes.[35] In most zinc complexes a slightly 
distorted tetrahedral coordination frequently occurs.[35] This 
enhances Lewis acidity of the metal center as well as the acidity 
of a coordinated water molecule.

In contrast to SBA-TETA, SBA-15 does not form stable com-
plexes neither with copper nor with zinc ions (Figure  2C,D). 
Only above pH 6, SBA-15 forms weak metal complexes with 
low stability constants (Table 2). This confirms the importance 
of TETA grafting on SBA-15 to obtain an effective adsorbent.

4.1. Comparison between the Potentiometric Data and the Data 
Obtained from the Adsorption Isotherm

In recent studies, the isotherms of copper and zinc ions were 
studied by means of ICP-OES. The adsorption pH  =  4 was 
chosen after the analysis of speciation diagrams of copper and 

zinc hydrolysis (Figure S2, Supporting Information), while at 
this pH there is no precipitation of copper and zinc hydrox-
ides. 15  mg of SBA-TETA were treated for 24  h at 25  ºC with 
10 mL solution containing growing concentration of metal ion. 
The obtained results showed that SBA-TETA adsorbs copper 
at a higher extent than zinc. Indeed, the maximal adsorbed 
amounts, are 23.9 and 13.6 mg g−1 for copper and zinc, 
respectively.[21] The maximal loading of copper on SBA-TETA 
is comparable to 29.1 mg g−1the value obtained by mean of 
potentiometric titrations (see Figure 3A; pH 4). The slight dis-
crepancy between the two values ​​can be attributed to a higher 
experimental error of ICP-OES respect to potentiometric meas-
urements. Indeed, the experimental method used before ICP 
measurements require an additional sample filtration step and 
do not permit a strict control of pH during metal adsorption 
process on SBA-TETA.

As far as zinc is concerned, potentiometric measurements 
(see Figure  3B; pH 4) show the maximum metal loading  
18.5 mg g −1. In this case the greatest discrepancy, in addition to 
the same probable reasons set out above for copper, may be due 
to the fact that the zinc complex is less stable and perhaps after 
a treatment period of 24 h, part of complexes hydrolyzes.

4.1.1. Competitive Adsorption of Cu2+ and Zn2+ on SBA-TETA

Theoretical speciation studies with HySS program[25] allow to 
evaluate the competition between two (or more) metal ions for 
ligand binding sites in solution. This approach was recently 
used to evaluate the competition between copper and zinc 
ions toward free TETA.[20] In this work, speciation studies, car-
ried out by means of HySS software,[25] were used to evaluate 
the free metal ion content in the solution after treatment with 
SBA-TETA (Table  3). The HySS software uses the protona-
tion constants (Table  1) and complexes formation constants 
(Table  2) of SBA-TETA with both copper and zinc ions but 
does not consider the formation of mixed SBA-TETA-Cu-Zn 
complexes. Cu2+ ions bind more preferably to SBA-TETA than 
and Zn2+ ions. The results were compared with ICP-AES 
experimental data in the same ligand and metals concentra-
tion conditions.

According to the theoretical competition studies with HySS 
program (see Section 2.4.1), SBA-TETA in the equimolar metal 
ion solution, can coordinate both metal ions (Figure  5A) and 
there are still free metal binding sites (free ligand: (SBA-TETA)
H5, (SBA-TETA)H4, and(SBA-TETA)H3, Figure 5A). In the same 
theoretical calculations with a ten times excess of zinc ions 
(Figure  5B) all metal binding sites are saturated above pH 4, 
and the excess of zinc forms Zn(OH)2 above pH 8. At pH 4 
the calculated free copper and zinc concentrations are 0.08 and 
64.97 ppm, respectively.

The theoretical calculations were compared with experi-
mental data. In the solution containing 10 ppm metal concen-
tration the remaining free copper content was 0.01 ppm (theo-
retical calculation 0.10 ppm), while zinc concentration was 1.20 
(theoretical calculation 0.2  ppm). In the solution containing a 
Zn:Cu = 10:1 concentration ratio, 3.2 ppm of copper (theoretical 
calculation 0.08 ppm) and 81.7 ppm (theoretical concentration 
64.97  ppm) of zinc ions remained unbound. The differences 

Adv. Mater. Interfaces 2020, 2000544

Figure 4.  Relationship between pMn+ of SBA-TETA and growing pH 
values.
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between theoretical and experimental data are likely due to the 
experimental errors of ICP-AES measurements (filtration of 
the samples, high LOQ) without pH control during experiment 
or due to the formation of mixed SBA-TETA-Cu-Zn complexes 
with different stability constants. Potentiometry is a highly pre-
cise technique and as shown in our studies, can be used for 
ligand grafting quantification as well as for the determination 
of surface charge. Next to the metal-complex stability constant 
data, potentiometry provides the maximum metal loading data. 
The greatest advantage of potentiometry is the lack of buffer 
solutions, which influence metal coordination studies by com-
petition with ligand for metal binding sites or/and formation of 
mixed metal-ligand-buffer complexes.[36]

The complex formation stability constants provide important 
data of complex stability and can be used for theoretical compe-
tition studies in biological systems (e.g., in human serum com-
petition with Human Serum Albumin), where experimental 

data are difficult to obtain. The SC-Database provides access 
to published stability constants for metal complexes of ≈9800 
ligands.[37] and deliver data for competition studies.

4.2. Spectroscopic Metal Complex Characterization

In order to investigate metal coordination sites (previously indi-
cated in the potentiometric studies) and geometry of the zinc 
and copper complexes, three distinct spectroscopic techniques 
were used.

4.2.1. Zinc Complex Characterization by ssNMR

NMR spectroscopy is a potent analytical tool for identifica-
tion of the chemical composition of a given sample.[38] In this 

Adv. Mater. Interfaces 2020, 2000544

Figure 5.  Theoretical competition studies between zinc and copper ions with SBA-TETA calculated with HySS program on the base of the proto-
nation constants (Table 2) and complex formation constants (log β) of SBA-TETA in Table 3: A) MMs functionalized with [TETA] =  7.24 ×  10–4 m, 
[Cu2+] = 1.57 × 10–4 m (10 ppm), and [Zn2+] = 1.53 × 10–4 m (10 ppm); B) MMs functionalized with [TETA] = 7.24 × 10–4 m, [Cu2+] = 1.57 × 10–4 m (10 ppm), 
and [Zn2+] = 1.53 × 10–3 m (100 ppm).
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study, we investigate the interaction between Zn2+ ions and 
SBA-TETA, using solid state 400  MHz NMR spectrometers. 
Figure 6 shows the NMR spectra of before and after Zn2+ ion 
adsorption. The figure shows clear shift mainly in the peak 

observed around 175 ppm proposing that the ion interaction is 
mainly through the nitrogen sites atoms.

4.2.2. Copper Complex Characterization by EPR

EPR known also as electron spin resonance is a potent tool 
to probe species with unpaired electrons such as the organic 
free radicals[15,39] and the paramagnetic transition metals.[40–42] 
EPR is an analog of NMR as it provides chemical and struc-
tural information by probing the electron spin rather than the 
nuclear spin. The existence of unpaired electrons is common 
as electrons usually paired forming diamagnetic molecules, 
making EPR superior for selective sites studies. For example 
one can study the specific binding site of macromolecules such 
as the heme group in hemoglobin and myoglobin offering a 
powerful tool to monitor only the active sites in the macro-
molecules.[42,43] Moreover, EPR can be used to screen reactions 
that involve paramagnetic reactive intermediates, elucidate 
the structure of paramagnetic inorganic molecules, and to 
determine the oxidation state of transition metal ions.[41,44] 
For example, copper can have different oxidation states such 
as Cu+ and Cu2+ where Cu+ is d10 system with no unpaired 
elector hence no EPR signal can be observed while Cu+2 is d9 
with one unpaired electron that can be detected by EPR spec-
troscopy. Moreover, EPR spectrum contains information about 
all interactions of the unpaired electron spin and the magnetic 
moments of nuclei spin in the vicinity of the electron spin.[41,45] 
Thus, EPR spectroscopy is widely used for structural elucida-
tion of inorganic copper complexes and copper enzymes in 
addition to confirm copper binding with biomolecules. In this 
study we employed x-band EPR spectroscopy to investigate 
copper interaction with SBA-TETA. Figure 7 shows the x-band 
EPR at 100 K of SBA-TETA after copper adsorption and the 

Figure 6.  13C solid state NMR spectra of SBA-TETA (red) before and after 
Zn2+ ion adsorption (blue).

Figure 7.  CW EPR spectra of copper-SBA-TETA (blue) and free copper salt (red) recorded at 100 K.
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copper spectrum of used copper salt ions. The figure shows a 
clear difference between the free copper salts ions compared 
with the spectrum of copper-SBA-TETA providing an evidence 
of copper interaction with SBA-TETA. The results show sig-
nificant differences of both g-values and hyperfine coupling 
constant (AII) of the copper salt and Cu-SBA-TETA complex 
(Table  4). The results confirmed that SBA-TETA completely 
coordinated copper with without any remaining free copper 
traces.

In order to determine the composition of copper com-
plexes formed on the surface of SBA-TETA, we analyzed the 
EPR spectra of Cu and Cu/SBA-TETA system (Figure  7). This 
allowed us to obtain the spin Hamiltonian parameters g||, g┴, 
and A|| for the spectra of copper complexes and to compare 
them with reference spectra of free TETA with copper ions[46] 
(Table 4) found in literature.

The parameters of red line correspond to Cu(NO3)2 complex 
of copper and are consistent with the literature data, while blue 
line data refer to Cu/SBA-TETA sample obtained with an excess 
of copper ions (See Section 2.6). The estimated values (Table 4) 
and a comparison with published data allowed us to suggest 
that the complex formed on the surface of SBA-TETA has the 
composition Cu(TETA)Cl2, while polyamine complexes are not 
formed. The copper complex has distorted square planar con-
formation, due to the presence of silanol in the metal coordina-
tion core.

4.2.3. Copper Complex Characterization by UV–vis

The comparison of lyophilized samples with the same hydrated 
samples (and dried under vacuum, see Section 2.6) of SBA-15, 
SBA-NH2, and SBA-TETA (Figure S3, Supporting Information) 
shows clearly the presence of water molecule in the copper 
coordination shell of all studied samples.

The Cu/SBA-TETA sample has a blue color, Cu/SBA-NH2 
is green, while Cu/SBA-15 does not coordinate copper ions 
and has pale blue color of Cu(H2O)6

2+ complex (Figure S4, 
Supporting Information). The UV–vis spectra of Cu/TETA 
and Cu/SBA-TETA (Figure S4, Supporting Information) 
show clearly d-d transitions and confirm direct inclusion 
of copper ions in the amine complex. The λmax at 440  nm 
for Cu/TETA system can be attributed to a distorted square 
planar conformation. In the Cu/SBA-TETA system, the λmax 
is shifted to the longer wavelengths due to the presence of 
CuO bond and participation of silanol in metal coordina-
tion core.

5. Conclusions

SBA-TETA is a mesoporous material functionalized with TETA 
copper and zinc chelating agent. SBA-TETA joins versatility of 
mesoporous materials to load a large amount of cargo, environ-
mental-friendly, and bioavailability, with TETA high efficiency in 
metal coordination. Such a combination gives an efficient tool 
for medical diagnostic, theragnostic, or metal clearance, but 
before being used, SBA-TETA complexes and their water solu-
tion equilibria need to be described. Potentiometry technique 
was used for the first time for ligand content quantification 
in the SBA-TETA material and for the determination of metal 
complex formation constants. Moreover, metal complexes were 
characterized by EPR and ssNMR spectroscopy. The obtained 
data were compared with classical adsorption studies giving 
rewarding results. Potentiometry is a fast and economic tech-
nique, which can be used for water solution equilibria studies 
with metal ions and deliver stability data of the formed com-
plexes, which are necessary to establish possible competition 
reactions with human endogenous molecules and metal ions. 
In summary, potentiometric studies deliver more precise data of 
metal coordination studies respect to more popular techniques 
for the characterization of mesoporous materials and permit 
theoretical competition studies with other ligands in solution.
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Table 4.  EPR parameters of the free copper and copper complexes with SBA-TETA compared with the literature data.[46]

Assumed composition  
of the complex

Obtained EPR results Assumed composition  
of the complex

Literature EPR resultsa)

A|| ± 3,G g|| ± 0.0005 g|| ± 0.0005 A|| ± 3,G g|| ± 0.005 g|| ± 0.005

Cu(NO3)2 170 2.1778 2.1223 Cu(H2O)6
2+ 117 2.420 2.091

Cu-SBA-TETA 182 2.2306 2.0661 Cu(TETA)Cl2 184 2.200 2.072

Cu-SBA-(TETA)2Cl2 – – – Cu(TETA)2Cl2 164 2.201 2.070

a)Solution of Cu(NO3)2 in an ethanol–water mixture (1:1), solution of TETA and CuCl2 (2:1) in ethanol, solution of TETA and CuCl2 (4:1) in ethanol, respectively.
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