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A B S T R A C T

The efficiency of the sulfur cross-linking in rubber is enhanced by zinc-based activators. Zn(II) centers are formed 
by the interaction of microcrystalline ZnO with fatty acids and generate reactive zinc-based organic complexes 
through the reaction with the accelerator and sulfur. Despite ZnO is the most used industrial activator, several 
efforts have been made to find more sustainable alternatives, by reducing the zinc content and the zinc leaching 
during the lifecycle of rubber products. Among them, a promising candidate recently proposed is composed of Zn 
(II) single sites anchored onto the surface of silica nanoparticles. This material has proven good curing efficiency, 
thanks to a good zinc reactivity towards the curing agents and high availability to form active Zn(II) complexes. 
In this context, the present study deeply investigates the reactivity of the Zn(II) single sites by modifying the zinc 
coordination onto the silica surface, through the introduction of five surface ligands (L) producing Zn-L-SiO2 
curing activators. These were synthesized by using amino, carboxyl and sulfur-based terminated ligands, to 
promote different coordination geometry in the Zn(II) coordination sphere. This strongly impacts on the reac
tivity of Zn(II)-based activators tested during the sulfur curing process, paving the way for their fine tailoring.

1. Introduction

Zinc plays a crucial role in the sulfur curing process of rubber, which 
is employed to enhance its strength, elasticity and durability, together 
with the addition of reinforcing inorganic fillers [1]. Specifically, it is 
added in the form of microcrystalline zinc oxide (ZnO), which represents 
the worldwide most widespread curing activator in the industrial pro
duction of rubber, significantly increasing the efficiency of the sulfur 
cross-linking within rubber and its reaction rate [2–4].

From a mechanistic point of view, its main scope is both to assist the 
formation of reactive compounds, i.e. active sulfurating agents, in the 
first stages of the curing process [5–7] and to induce a more favorable 
shortening of the poly-sulphidic chains towards more cross-linked ma
terials [8]. The first essential step in the curing process is the generation 
of Zn(II) centers from microcrystalline ZnO, thanks to the complemen
tary usage of a co-activator (i.e. fatty acids as stearic acid, StH) that 
reacts forming soluble zinc-based coordination complexes [9]. Despite 

the structure of this Zn-stearate is generally described as a chelated 
bidentate complex [5,8], several recent studies have proven that this 
intermediate complex is composed of bridging bidentate stearate ligands 
coordinating two Zn(II) centers [10,11], responsible for accelerating the 
cross-linking reaction [12]. This was validated also by studying the 
interaction of supported ZnO nanoparticles (NPs) over silica particles as 
double function fillers with StH, which could lead to structurally 
different intermediate zinc-stearate complexes based on the ZnO 
morphological and structural properties [13]. After this first step, these 
complexes are claimed to interact with the accelerator (i.e. organic 
species such as benzothiazoles, sulfenamides, thiurams, etc.), forming 
the active accelerator complexes, where Zn is coordinated to the organic 
pendants due to the accelerator break, such as mercaptobenzothiazole 
(MBT) groups [6,14]. The presence of zinc is then reported to facilitate 
the sulfur insertion in the active accelerator complex to form the active 
sulfurating agents [5]. The structure of these latter agents has been 
suggested to include Zn(II) in the poly-sulfidic chain through either a 
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covalent bond or a coordinative bond between Zn(II) and sulfur [4]. In 
both cases the stability of the zinc complex could be potentially 
increased by other ligands such as amino or carboxylate groups, released 
from the accelerator or the StH [8]. Overall, the debate on the structure 
and nature of the Zn-complexes formed at all the reaction stages is still 
open; however, their pivotal role and especially the role of Zn(II) centers 
in the reaction mechanism and in the enhancement of curing efficiency 
is undeniable and is supported by the entirety of the current literature 
[1,5,8,15].

Based on this background and owing to the potentially negative 
impact on the aquatic systems of the Zn(II) released into the environ
ment during the rubber products life cycle [16–20], the development of 
new activators as efficient substitutes to ZnO appears challenging and 
requires a deep knowledge of the zinc coordination chemistry. The 
possibility to introduce Zn(II) complexes in the reaction, as dithiocar
bamate (Zn-DTC), Zn-MBT, acetylacetonate (Zn-AAC), or other green 
ligand additives based on natural oils or waste recovery materials was 
recently explored [21–25]. Among them, an interesting study by Przy
byszewska et al. [26] demonstrated that the increase of the stability of 
the zinc complexes results in a lower tendency of Zn(II) to interact with 
the curing agents. Besides, the size reduction of the Zn-based materials 
was exploited as a promising tool to increase the exposed area and the 
reactivity, by introducing nanosized ZnO particles [27–31] as well as 
supported/dispersed ZnO NPs onto suitable supports [32–37]. In addi
tion, a reduction up to the atomic scale was recently proposed to further 
enhance the Zn(II) reactivity in the curing process, in line with the 
increasingly widespread single-atom catalysts in the broad field of het
erogeneous catalysis [38–40]. In this context, our group recently pro
posed an innovative activator in which Zn(II) single-sites were dispersed 
onto the surface of silica filler NPs (Zn–SiO2) by means of a surface 
amino-based ligand [41]. This material already demonstrated higher 
vulcanization efficiency leading to enhanced mechanical properties and 
cross-linking densities when compared to a conventional silica filled 
composite vulcanized with ZnO [41–43]. In this case, the peculiarity is 
that the isolated Zn(II) centers directly react with the accelerator and 
sulfur, without any intermediate reaction with the co-activator. How
ever, the design of the Zn(II) single sites requires a careful selection of 
the coordination groups on the surface ligand chain, as the resultant Zn 
(II) complexes should be stable enough to form but should show a high 
reactivity towards the curing agents. This strongly depends on the 
amount as well as on the coordination mode of the Zn(II) sites on the 
silica surface, that both determine their stability and reactivity in the 
curing process.

In this scenario, the aim of this work was to investigate the potential 
modulation of the reactivity of Zn(II) single sites in the curing process, 
by a fine tailoring of the Zn(II) coordination over the silica surface. Five 
surface functionalizing agents (L), having different terminal groups 

available for Zn(II) anchoring, i.e. amino, carboxyl or sulfur-based li
gands, were selected in order to produce Zn-L-SiO2 curing activators, 
having both the modified structural and electronic properties of the Zn 
(II) coordination sphere. Besides, ligands with numerous heteroatoms 
were considered to promote Zn(II) chelated coordination and analyze 
the impact on their subsequent reactivity. The materials were i) syn
thesized and fully characterized to get insights into the possible coor
dination geometry of Zn(II) centers in the presence of various ligands, 
and ii) tested as activators for the curing process of isoprene rubber (IR) 
nanocomposites (NCs) filled with silica and the resulting mechanical 
properties preliminary tested. The results highlight that the use of 
different surface functionalizing ligands is an efficient tool to tune the 
coordination sphere of Zn(II) single site and represents a promising way 
to modulate their reactivity in the rubber vulcanization process.

2. Experimental

2.1. Materials

Zn-L-SiO2 preparation: precipitated silica Rhodia Zeosil MP1165 
(BET specific surface area SSA = 160 m2 g− 1) was obtained from Rhodia; 
(3-Aminopropyl)triethoxysilane, H2N(CH2)3Si(OC2H5)3 (99 %, APTES), 
N-[3-(trimethoxysilyl)propyl]ethylendiamine, (CH3O)3Si(CH2)3NHCH2 
CH2NH2 (97 %, EDTMS), 3-mercaptopropyl)trimethoxysilane, HS 
(CH2)3Si(OC2H5)3 (95 %, MPTMS); ammonium hydroxide, NH4OH 
(25 %) and copper nitrate trihydrate Cu(NO3)2 ⋅ 3H2O (puriss) were 
purchased from Sigma Aldrich; succinic anhydride (99 %, SA), carbon 
disulfide (99.9 %, CDS), triethylamine (99 %, TEA), toluene (99 %), 
sodium hydroxide pellets NaOH (98 %) and zinc nitrate hexahydrate Zn 
(NO3)2•6H2O (98 %) were obtained from Alfa Aesar; ethanol EtOH 
(puriss, p.a., absolute, ≥99.8 %) was obtained from Exacta + Optech 
Labcenter.

For rubber compounding: cis-1,4-polyisoprene rubber (IR) from 
Nizhnekamskneftechim Expor; bis(3-triethoxysilylpropyl) disulfide 
(TESPD) from Aldrich; antioxidant N-(1,3-dimethylbutyl)-N'-phenyl-p- 
phenylenediamine 6PPD Santoflex (6PPD) from Flexsys; stearic acid 
(StH) Stearina TP8 from Undesa; N-cyclohexyl-2-benzothiazole sulfe
namide (CBS) Vulkacit CZ/C from Lanxess; sulfur (S8) Crystex OT33 
from Flexsys; micro-crystalline zinc oxide ZnO (wurtzite BET specific 
surface area = 5 m2 g− 1) from Zincol Ossidi.

2.2. Synthesis of Zn-L-SiO2 curing activators

Zn-L-SiO2 NPs were prepared by a two-step procedure (Fig. 1): i) 
functionalization of SiO2 NPs with different ligand groups (L-SiO2), 
through hydrolysis and condensation of L-terminated silane precursors 
with the SiO2 surface hydroxyl groups; ii) addition of the zinc precursor 

Fig. 1. Scheme of the reaction paths for Zn-L-SiO2 synthesis.
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to L-SiO2 NPs to promote the Zn-L interaction in the final Zn-L-SiO2 
activators. The L-SiO2 samples consists of amino or ethylendiamino 
groups (A-SiO2 or E-SiO2, respectively), carboxyl (SA-SiO2), mercapto 
(M − SiO2) or dithiocarbamate groups (CDS-SiO2). 

i) Functionalization of SiO2 NPs

The functionalization with L-terminated silane was performed by 
using two amounts of surface ligands, corresponding to a molar ratio 
between L and surface SiO2 hydroxyl groups (-OH) equal to 1/6 and 1/2. 
The number of available hydroxyl groups on silica was determined by 
TGA by Eq. S(1) as reported in Supporting Information (SI) and was 
equal to 3.93 mmol/gSiO2. Hereafter, the corresponding samples were 
labelled as L1/6-SiO2 and L1/2-SiO2.

A- and E-SiO2 were prepared following a previously described pro
cedure [41]. Briefly, suitable amounts of APTES or EDTMS were added 
to a SiO2 suspension in toluene at T = 120 ◦C and kept under stirring for 
24 h. The powder is recovered by filtration, washed twice with fresh 
toluene and dried at 80 ◦C for 12 h.

SA-SiO2 and CDS-SiO2 are prepared by modifying the terminal –NH2 
groups of APTES into –COOH and CS2 groups, respectively. In the former 
case, the SA ring opening reaction and the amide formation from NH2 
groups are carried out by adding SA and APTES simultaneously to the 
SiO2 suspension (APTES: SA molar ratio 1:1) at the temperature of 60 ◦C, 
to avoid the thermal degradation of SA. In the latter case, TEA and CDS 
(molar ratios APTES: CDS = 1:2; TEA: APTES = 1:2) are added to 24 mL 
of toluene at room temperature (RT), under stirring for 10 min. Then, 
1.0 g of A1/2-SiO2 is added to the solution to promote the nucleophilic 
attack of NH2 to CDS and the reaction is kept under stirring for 24 h at 
RT. In this case, only A1/2-SiO2 was used to optimize the effective 
number of CS2 groups on the SiO2 surface. The powders were recovered 
by filtration, washed twice with fresh toluene and dried at RT for 12 h. 
Finally, M − SiO2 is synthesized by adding MPTMS and NH4OH (0.4 % 
vol/vol) to a SiO2 suspension in EtOH (1.0 g in 25 mL). The mixture is 
left under stirring at reflux for 24 h, and the final product is separated by 
filtration, washed twice with fresh EtOH and dried at 80 ◦C for 12 h. 

ii) Zn (II) anchoring on L-SiO2 NPs

Zn(II) centers were anchored onto L-SiO2 NPs as reported in 
Ref. [41], using Zn(NO3)2⋅6H2O as precursor in EtOH at reflux for 2 h. 
Three Zn:L molar ratios (0.50; 1; 2) were used in the presence of 
L1/2-SiO2 to verify the influence of the nominal Zn amount on the Zn 
coordination with L surface ligands. In the case of L1/6-SiO2, only the Zn: 
L molar ratio of 0.50 was used. For SA-SiO2, NaOH (molar ratio NaOH: 
SA = 1:1) was added to promote the deprotonation of –COOH groups 
and the temperature kept at 60 ◦C to avoid their thermal degradation. 
The powders were then separated by vacuum filtration, washed with 
fresh EtOH and dried at 60 ◦C for 12 h.

2.3. Characterization of Zn-L-SiO2 NPs

The effective functionalization of L-SiO2 was assessed by Fourier 
Transform Infrared Spectroscopy in the Attenuated Total Reflectance 
mode (ATR-FTIR), by using a ThermoFisher Scientific Nicolet instru
ment (4 cm− 1 resolution spectra, 4000-650 cm− 1 region, 32 scans). The 
amount of L units in L-SiO2 was evaluated by Thermogravimetric 
Analysis (TGA) with a TGA/DSC1 STARe system (30-1000 ◦C tempera
ture range, 10 ◦C min− 1 heating rate, constant air flow of 50 mL min− 1) 
and calculated from the weight loss of L-SiO2 in the range 150-1000 ◦C 
(ΔW150-1000 ◦C), according to Eqs. S2-S6 in the SI. To confirm TGA 
quantification, CHNS Elemental Analysis was carried out with an Ele
mentar VarioMICRO analyzer (temperature of combustion col
umn = 1150 ◦C, reduction column = 850 ◦C).

The amount of Zn in Zn-L-SiO2 was measured by Inductively Coupled 
Plasma Optical Emission Spectroscopy (ICP-OES) analysis using an ICP- 

OES Optima 7000 DV PerkinElmer instrument. Sample preparation was 
carried out according to the procedure reported in the SI. To get insights 
onto Zn(II) distribution, elemental mapping was performed by Energy 
Dispersive X-Ray Spectrometer (EDX)-equipped Transmission Electron 
Microscopy (TEM). The instrument used is a JEOL JEM-2100Plus TEM, 
operating with an acceleration voltage of 200 kV. Samples were pre
pared according to the procedure in the SI. Structural features were 
investigated by powder X-Ray Diffraction (XRD) with a Rigaku MiniFlex 
600 diffractometer with 0.154 nm Cu Kα radiation. The measurements 
were performed in the 2θ range 20-70◦ (2θ step 0.02◦, 2◦ min− 1 scan 
rate).

Electron Paramagnetic Resonance spectroscopy (EPR) was per
formed by introducing Cu(II) as a paramagnetic probe into Zn-L1/2-SiO2 
to gain indirect information on the ligands’ geometry and availability to 
coordinate Zn(II) centers. To this purpose, Cu/Zn-L-SiO2 materials were 
synthesize by using Cu(NO3)2⋅3H2O as a Cu precursor with a Cu/Zn 
molar ratio equal to 1/100. The EPR spectra were acquired using a 
Bruker EMX spectrometer operating at the X-band frequency and 
equipped with an Oxford cryostat with the following conditions: 130 K, 
modulation frequency 100 kHz, modulation amplitude 5 G, and micro
wave power mW. Solid-state nuclear magnetic resonance (SS-NMR) was 
carried out both on L-SiO2 and Zn-L-SiO2 samples by means of a Bruker 
Advance 400WB spectrometer with a CPMAS dual band probe analyzing 
both 13C (υ 100.52 MHz, cross-polarization pulse sequence, 3.5 μs π/2, 
2 ms contact time, 6.3 μs decoupling length, 4 s recycle delay, and 2k 
scans) and 1H (υ 400.13 MHz, 5 μs π/2 pulse, 8 s recycle delay, and 32 
scans). Samples were packed in 4 mm zirconia rotors, which were spun 
at 7 and 10 kHz under air flow. Adamantane was used as external sec
ondary reference.

2.4. Rubber compounding

IR was mixed with Zn-L-SiO2 as filler and curing activator to obtain 
silica-filled NCs, using a Brabender Plasti-Corder lab station internal 
mixer (65 mL mixing chamber, 0.6 filling factor, 60 revolutions per 
minute (rpm) rotor speed. Three steps were employed for the mixing 
procedure, as reported in the SI. Hereafter, the NCs prepared with Zn-L1/ 

6-SiO2 materials will be called Zn-L1/6-SiO2/IR. Reference ZnO + SiO2/ 
IR NCs were prepared by using bare SiO2 filler and microcrystalline ZnO 
as curing activator at Zn and SiO2 content equal to Zn-L1/6-SiO2/IR.

Additionally, Zn-L1/2-SiO2/IR NCs at higher Zn content (1.50 phr) 
and equal SiO2 content (43.0 phr) were prepared by using Zn-A1/2-SiO2, 
Zn-E1/2-SiO2 and Zn-SA1/2-SiO2, together with the respective reference 
ZnO + SiO2/IR NC at the same zinc and silica contents.

2.5. Characterization of vulcanized IR NCs

Vulcanization curves and dynamic mechanical properties of IR NCs 
samples were registered with a Rubber Process Analyzer (RPA2000, 
Alpha Technologies). The vulcanization was performed at 170 ◦C for 
4 min (frequency = 1.670 Hz, angle = 6.980◦) and the related curves 
were obtained by measuring the torque requested to keep the rotor at a 
constant rate, that depend on the change of viscosity over time due to 
the cross-linking process.

The dynamic-mechanical properties were studied with a shear stress 
mode (70 ◦C, 10 Hz) at angle values in the range of 0-10 %. Specimens 
were cut with a constant-volume rubber sample cutter (CUTTER 2000, 
Alpha Technologies), having a 3.4 cm diameter, 0.2 thickness and a 
weight of 5.0 ± 0.3 g.

Lastly, swelling experiments in toluene were used to calculate the 
cross-linking densities of Zn-L-SiO2/IR, according to Eqs. S7-S8 in the SI.
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3. Results

3.1. Silica functionalization of L-SiO2

The functionalization of L-SiO2 was first investigated through FTIR 
analysis, by comparing L-SiO2 spectra to that of bare SiO2. FTIR spectra 
of L1/2-SiO2 are shown in Fig. 2, whereas L1/6-SiO2 samples are reported 
in Fig. S1 and show similar features to L1/2-SiO2 samples.

For all L-SiO2, the typical peak at 954 cm− 1 of bare SiO2, due to the 
stretching of Si–OH surface groups, enlarges and shifts to higher wave
numbers, probably due to the partial condensation of –OH groups with 
the alkoxysilanes after SiO2 functionalization with L groups (Inset a, 
Fig. 2). Besides, the intensity of the bending peak at 1630 cm− 1 due to 
molecular coordinated H2O adsorbed on bare SiO2 [44] is partially 
reduced after functionalization for all L-SiO2.

The introduction of the silane alkyl chains on the SiO2 surface is 
evidenced by the presence of the C–H antisymmetric and symmetric 
stretching vibrations of the alkyl CH2 groups at 2934 cm− 1 and 
2880 cm− 1 (Inset b, Fig. 2). Moreover, in the region 1800-1400 cm− 1 

peaks due to the different functional groups of L can be evidenced (Inset 
c, Fig. 2). In A-SiO2 and E-SiO2 spectra, the peaks at 1570 cm− 1 and 
1490 cm− 1 correspond to the NH2 scissoring vibration and the sym
metric –NH3

+ bending mode [45], respectively. The corresponding 
asymmetric mode at 1610 cm− 1 is not detectable as it overlaps with the 
intense peak at 1630 cm− 1. For E-SiO2 the additional peak at 1460 cm− 1, 
assigned to the CH2 bending mode, is more evident due to the longer 
aliphatic chain compared to APTES.

In SA-SiO2, the signals at 1701 cm− 1, 1650 cm− 1, 1562 cm− 1 and 
1430 cm− 1 are related to the stretching vibration of C=O in terminal 
COOH groups, the bending vibration of amidic C–N bond formed after 
APTES-SA interaction and the asymmetric and symmetric stretching of 
C=O in the amidic unities, respectively. No asymmetric and symmetric 
stretching peaks at 1789 and 1868 cm− 1 due to cyclic anhydride groups 
are detected confirming the complete ring opening of SA after inter
acting with APTES and the efficient removal of unreacted SA.

No additional peaks related to the sulfur containing groups are 
detectable in the M − SiO2 and CDS-SiO2 spectra, since the spectral 
feature due to C=S stretching at about 1067 cm− 1 [46] overlaps with the 
main SiO2 signals; besides, the expected weak signal of S–H stretching 
at ~ 2580 cm− 1 [46,47] is probably under the detection limit due to its 
very low amount bonded on the SiO2 surface, as observed by TGA. 
However, in the CDS-SiO2 spectrum, the NH2 scissoring vibration of 
APTES shifts at 1555 cm− 1 and could be related to a modification of the 
chemical environment of the APTES amine groups after their interaction 
with CS2 and C–N bond formation [48].

Overall, the FTIR spectra clearly indicate the presence of organic 
residues on the SiO2 NPs for all L ligands. To verify the covalent grafting 
of these ligands via surface hydroxyl groups, 13C CPMAS NMR spectra 
were collected for the L1/2-SiO2 series (Fig. 2d), as the higher organic 
loading provides a better signal-to-noise ratio compared to the L1/6-SiO2 
samples. In all spectra, the chemical shift of C1 resonance of the propyl 
chain (10 ppm) clearly indicates successful silane grafting onto the silica 
surface, due to the loss of ethoxy and methoxy groups by hydrolysis and 
condensation reactions [41]. This is confirmed by the almost complete 
absence of the related methylene and methyl resonances, with the only 
exception of sample M1/2-SiO2, which exhibits resonances at 16 and 
58 ppm (attributable to residual EtOH) and an additional signal at 
50 ppm (unreacted methoxy groups), suggesting an incomplete hydro
lysis of the silane precursor.

In all cases the presence of the expected resonances of the specific 
organic component can be clearly identified (see Scheme S1 with C 
labelling and Fig. S2a). The behavior of grafted APTES (not shown) is in 
perfect agreement with our past works (peaks at about 10, 23 and 
44 ppm due to C1–C3 of the propyl chain) [41]. The quantitative reac
tion between the amino groups of APTES and SA used in SA1/2-SiO2 is 
confirmed by peak area comparison, whereas the C4 chemical shift (δ 
174.4 ppm), overlapped with C7 (centered at 178 ppm), proves the 
formation of the amide bond and the presence of terminal carboxylic 

Fig. 2. FTIR (top) and 13C CPMAS NMR (bottom, d) spectra of L1/2-SiO2 compared to bare SiO2. Magnifications in the wavenumber ranges 1250-850 cm− 1, 3000- 
2800 cm− 1, 1800-1400 cm− 1 are shown in the insets a), b) and c), respectively.

Fig. 3. TGA curves of L-SiO2 compared to bare SiO2 between 150 and 1000 ◦C.
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groups [49]. In CDS-SiO2 sample, the resonance at 183 ppm assigned to 
the –CSSH carbon proves the reaction of the amino-bearing silica with 
carbon disulfide. However, the C3 resonance is composed of two over
lapping components centered at 47 and 43 ppm, thus indicating only a 
partial conversion of the amino group into the dithiocarbamate one. In 
fact, according to Goubert-Renaudin et al. [50], the α–C resonance of the 
aminopropyl group appears at 43 ppm, whereas it is shifted at 47 ppm in 
the case of dithiocarbamate.

The quantification of L on SiO2 surface was then carried out by TGA 
analysis, comparing the ΔW150-1000 ◦C of L-SiO2 to bare SiO2 (Fig. 3). The 
higher weight losses of all L-SiO2 confirm the effective presence of 
functionalizing agents onto the silica surface. The amount of grafted L 
(wt%), the reaction yield of silane grafting (grafting Y, %) and the 
number of L groups over SiO2 surface (σ, molecules/nm2) calculated 
considering the SiO2 SSA (160 m2 g− 1) according to Eqs. S4-S6 in the SI 

are reported in Table 1. The resulting molar ratios between L and SiO2 
surface OH groups (L:OH molar ratio) are calculated for each sample and 
compared to the nominal values.

For all L1/6-SiO2, the functionalization step proceeds with high re
action yields of grafting (>90 %) and the calculated L:OH molar ratios 
are equal to the nominal ones. However, by increasing the nominal ratio 
(L1/2-SiO2), the resulting L:OH molar ratios are lower, suggesting that a 
maximum level of surface coverage is achieved. In fact, the anchoring of 
the amino-based ligands in A1/2-SiO2 and E1/2-SiO2 is characterized by 
lower reaction yields, corresponding to L:OH molar ratios of 1/3 and to 
5-6 molecules nm− 2 for the ligands APTES and EDTMS, respectively.

Regarding the sulfur-based ligands, the lower grafting yield for M1/2- 
SiO2 (Y = 33 %) indicates that L:OH molar ratio is comparable to that 
obtained in M1/6-SiO2, and the number of ligands corresponds to almost 
half of the amino groups available with APTES (2.4 molecules nm− 2). 

Table 1 
Amount of L anchored over SiO2 calculated from TGA analysis.

Sample Nominal L:OH molar ratio Calculated 
L:OH molar ratio

ΔW150-1000 ◦C (%) wtL (%) grafting Y (%) σ (molecules nm− 2)

SiO2 - - 3.3 ± 0.1 - - -
A-SiO2 1/6 1/6 6.6 ± 0.1 4.1 ± 0.1 95 2.4 ± 0.2

1/2 1/3 9.1 ± 0.2 7.6 ± 0.2 68 5.0 ± 0.2
E-SiO2 1/6 1/6 9.6 ± 0.2 7.2 ± 0.2 94 2.7 ± 0.2

1/2 1/3 15.6 ± 0.2 16.4 ± 0.2 83 6.1 ± 0.2
SA-SiO2 1/6 1/6 12.6 ± 0.3 10.7 ± 0.3 96 2.3 ± 0.2

1/2 1/3 18.3 ± 0.5 19.9 ± 0.5 65 4.8 ± 0.4
M-SiO2 1/6 1/6 7.0 ± 0.2 4.6 ± 0.2 91 2.3 ± 0.2

1/2 1/6 7.2 ± 0.2 4.8 ± 0.2 33 2.4 ± 0.2
CDS-SiO2 1/2 1/2 10.6 ± 0.3 9.6 ± 0.3 -(CH2)3NH2: 68 

-CS2: 17
-(CH2)3NH2: 5.0 ± 0.2 
-CS2: 0.85 ± 0.05

Table 2 
Amounts of carbon, nitrogen and sulfur measured through CHNS analysis compared to the TGA results. The C/N and C/S molar ratios were calculated using the CHNS 
results.

Sample C % (TGA) C % (CHNS) N % (TGA) N% (CHNS) S% (TGA) S% (CHNS) C/N molar ratio C/S molar ratio

A1/6-SiO2 2.5 ± 0.2 2.7 ± 0.1 1.0 ± 0.2 1.1 ± 0.2 - - 2.9 -
A1/2-SiO2 4.7 ± 0.2 4.5 ± 0.1 1.8 ± 0.3 1.5 ± 0.2 - - 3.4 -
E1/6-SiO2 4.3 ± 0.2 4.4 ± 0.2 2.0 ± 0.2 1.9 ± 0.2 - - 2.7 -
E1/2-SiO2 9.7 ± 0.2 8.9 ± 0.1 4.5 ± 0.3 3.9 ± 0.2 - - 2.6 -
SA1/6-SiO2 5.7 ± 0.3 6.0 ± 0.2 1.0 ± 0.3 1.1 ± 0.2 - - 6.4 -
SA1/2-SiO2 10.6 ± 0.5 11.2 ± 0.1 1.8 ± 0.5 2.0 ± 0.2 - - 6.7 -
M1/6-SiO2 2.2 ± 0.2 2.0 ± 0.2 - - 1.9 ± 0.2 1.8 ± 0.2 - 3.1
M1/2-SiO2 2.3 ± 0.2 2.3 ± 0.1 - - 2.0 ± 0.2 1.7 ± 0.2 - 3.4
CDS-SiO2 5.2 ± 0.3 5.5 ± 0.1 1.9 ± 0.2 1.8 ± 0.1 1.5 ± 0.1 1.8 ± 0.1 3.6 7.9

Table 3 
Amount of Zn measured for Zn-L-SiO2 samples through ICP-OES analysis.

Samples nominal 
Zn:L (mol:mol)

ICP 
Zn amount (wt%)

no. of Zn atoms/L-SiO2 surface (atoms/nm2) calculated 
Zn:L (mol:mol)

Zn-A1/6-SiO2 0.5 1.4 ± 0.1 1.1 ± 0.2 0.46
Zn-A1/2-SiO2 0.5 2.9 ± 0.1 2.4 ± 0.2 0.48

1 3.1 ± 0.2 2.5 ± 0.2 0.50
2 3.2 ± 0.2 2.6 ± 0.2 0.52

Zn-E1/6-SiO2 0.5 1.3 ± 0.1 1.1 ± 0.1 0.41
Zn-E1/2-SiO2 0.5 3.5 ± 0.2 3.6 ± 0.2 0.59

1 5.9 ± 0.2 6.2 ± 0.2 1.02
2 6.6 ± 0.2 7.1 ± 0.1 1.16

Zn-SA1/6-SiO2 0.5 1.2 ± 0.3 1.0 ± 0.2 0.44
Zn-SA1/2-SiO2 0.5 3.1 ± 0.5 2.7 ± 0.6 0.56

1 3.5 ± 0.7 3.0 ± 0.7 0.62
2 3.9 ± 0.7 3.3 ± 0.7 0.68

Zn-M1/6-SiO2 0.5 1.3 ± 0.2 1.1 ± 0.2 0.48
Zn-M1/2-SiO2 0.5 1.5 ± 0.3 1.3 ± 0.2 0.54

1 1.4 ± 0.4 1.2 ± 0.4 0.50
2 1.8 ± 0.3 1.5 ± 0.3 0.62

​ 0.5 1.5 ± 0.1 1.2 ± 0.1 0.24
Zn-CDS-SiO2 1 1.6 ± 0.2 1.3 ± 0.2 0.26
​ 2 1.7 ± 0.1 1.3 ± 0.1 0.26
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This suggests both that the use of a higher MPTMS amount does not 
promote a higher functionalization degree and that the hydrolysis and 
condensation reaction with MPTMS is effectively less efficient as 
observed by solid state NMR analysis. In the case of CDS-SiO2, the higher 
ΔW150-1000 ◦C compared to that of A1/2-SiO2 is due to –CS2 groups from 
CDS linked to the terminal amino groups of APTES chains. However, the 
small difference of ΔW150-1000 ◦C suggests that the APTES amino groups 
are only partially substituted by CS2 groups, in agreement with the 
previous observation obtained by 13C CPMAS NMR. From the TGA data, 
it can be estimated that about 17 % of the available –NH2 groups are 
converted to –CS2, corresponding to about 0.85 –CS2 groups nm− 2 onto 
SiO2 surface. Consequently, both not-converted amino and dithiocar
bamate groups are expected to coordinate the metal in CDS-SiO2.

Similarly, for SA-SiO2 sample, the presence of COCH2CH2COOH 
groups from SA linked to NH2 groups of the APTES chains (-(CH2)3NH2), 
is responsible for the higher ΔW150-1000 ◦C compared to that of A-SiO2. In 
this case, the ΔW150-1000 ◦C increase is consistent with the complete 
conversion of –NH2 groups into –COOH as indicated also by 13C CPMAS 
NMR analysis, so that the SA moles correspond to APTES moles in A- 
SiO2.

These results are confirmed by CHNS analysis, where the measured 
percentage of carbon (C%), nitrogen (N%) and sulfur (S%) almost 
correspond to the amount estimated by TGA (Table 2). Besides, the 
calculated C/N and C/S molar ratios of A-SiO2, E-SiO2 and M-SiO2 
(equal to ~3) are consistent with the ligands used for silica functional
ization, where the functional groups are positioned at the end of the 
isopropyl chain. Whereas the C/N molar ratio of SA-SiO2 (~7) further 
validates the almost complete conversion of APTES amino groups with 
SA, fully supporting the previous observations drawn with both 13C 
CPMAS experiment and TGA evaluation. Lastly, the overestimated C/S 
molar ratio of CDS-SiO2 agrees with the partial substitution of –NH2 
groups with CS2, as already observed by both TGA and SS-NMR.

3.2. Zn(II) coordination in Zn-L-SiO2

After reacting the L-SiO2 materials with the Zn(II) precursor, the 
resulting Zn-L-SiO2 materials were thoroughly characterized to deter
mine the Zn(II) loading, its spatial distribution and the structural fea
tures of the most plausible Zn(II) complexes formed on the SiO2 surface.

First, the amount of Zn(II) in Zn-L1/2-SiO2 and Zn-L1/6-SiO2 prepared 
by using different Zn:L molar ratios (0,50; 1; 2), was measured by ICP- 
OES (Table 3) and the number of Zn atoms over SiO2 surface (atoms/ 
nm2) calculated considering the L1/2-SiO2 SSA of 107 m2 g− 1 and L1/6- 
SiO2 (111 m2 g− 1). In the case of L1/6-SiO2 a constant Zn:L molar ratio of 
0.50 was used. For all Zn-L1/6-SiO2 samples, the amount of anchored Zn 
is close to the nominal value and consistent with a Zn:L coordination 
equal to 0.50. A similar behavior is observed in Zn-A1/2-SiO2, Zn-SA1/2- 
SiO2 and Zn-M1/2-SiO2, with a calculated Zn:L ratio equal to ~0.50, 
whatever the nominal Zn:L tested ratios. On the contrary, the Zn(II) 
loading in Zn-E1/2-SiO2 changes by modifying the Zn: EDTMS ratio, 
suggesting a modification of the Zn(II) coordination. In fact, at the 
lowest nominal Zn:L molar ratio (0.50), the resulting calculated ratio is 
0.59, while by increasing the nominal Zn:L ratio up to 1 and 2, the 
measured Zn(II) content correspondently increases, resulting in a Zn:L 
equal to 1. Finally, in the presence of –CS2 groups in CDS-SiO2, the 
calculated Zn(II) loadings at all tested Zn:L nominal ratios (equal to 
0.24-0.26) are lower than A1/2-SiO2 used as a precursor. In this case, the 
experimental Zn:L molar ratio is calculated considering both non- 
converted –NH2 groups and –CS2 functional groups, whose total num
ber corresponds to that of A1/2-SiO2 (5.0 ± 0.2). These results suggest a 
lower availability of CDS-SiO2 to coordinate Zn(II) compared to bare A- 
SiO2.

The successful anchoring of Zn(II) onto L-SiO2 was confirmed also by 
TEM/EDX analysis. EDX maps of Zn-E1/2-SiO2 as representative sample 
are presented in Fig. 4, whereas the other materials are provided in 
Fig. S3. The EDX maps collected for the Zn-L-SiO2 samples show a 

Fig. 4. TEM/EDX maps of Zn-E1/2-SiO2 reported as representative sample. In e) the elemental co-localization image of Zn and N is shown.
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homogeneous distribution of Zn(II) across the entire surface of the ma
terials for all tested L ligands. This uniform dispersion is consistent with 
the even distribution observed for the heteroatoms belonging to the 
terminal groups of L (especially S and N, which are clearly visible in the 
EDX maps). To further verify this, the degree of overlap between the Zn 
and N elemental distributions on the material surface was assessed by 
superimposing the corresponding single-element maps (Fig. 4e). The 
resulting co-localization confirms the homogeneous distribution of the 
two elements. Moreover, no Zn(II)-based aggregates were detected, 
suggesting that ZnO particles do not form during the reaction. This 
indication is further supported by the XRD patterns, which show no 
additional peaks attributable to crystalline ZnO particles for all Zn-L- 
SiO2 samples (Fig. S4). Altogether, these results suggest that Zn(II) is 
present mainly as dispersed ionic species rather than as crystalline ZnO 
domains.

To deepen our understanding of the Zn(II) possible chemical envi
ronment, we employed two complementary resonance-based spectro
scopic techniques that provided both direct and indirect insights into the 

nature of the surface Zn(II) complexes. First, EPR spectroscopy was used 
to assess the ability of the L groups on L-SiO2 to coordinate isolated 
metal centers. Although this technique provides only indirect informa
tion on the availability of the L ligands and cannot yield direct insight 
into the Zn(II) coordination environment, it is nevertheless useful for 
evaluating the uniform distribution of the L groups and the number of 
the heteroatoms in their terminal functionalities effectively involved for 
metal binding. To this purpose, EPR spectra of Cu/Zn-L-SiO2 activators 
were collected, in which Cu(II) centers act as paramagnetic probes (Cu/ 
Zn molar ratio equal to 1/100, using a Zn:L molar ratio equal to 0.5). The 
EPR spectra of all Cu/Zn-L-SiO2 samples display resonance lines 
attributed to monomeric Cu(II) species in axial symmetry (Fig. 5), 
confirming the formation of isolated copper centers coordinated to L 
groups without any metal-metal interactions. This provides an initial 
indication of the ability of the L groups to bind metal centers on the silica 
surface. The magnetic tensor values gꓕ and g‖ and the hyperfine coupling 
constant A‖ (Table 4) are consistent with tetragonally elongated or 
square-planar or square pyramidal Cu(II) centers [51] and their values 
depend on the heteroatoms of the coordinative ligands directly linked to 
the metal, according to Peisach and Blumberg [52,53].

First, the gꓕ and g‖ values along with the A‖ value in Cu/Zn-A-SiO2 
are consistent with Cu(II) centers coordinated by two nitrogen and two 
oxygen atoms [41,52], whereas the lower g‖ (2.19) and the higher A‖

value (199 G) of Cu/Zn-E-SiO2 suggest the Cu(II) coordination with four 
nitrogen atoms in the presence of EDTMS. Regarding the sulfur-based 
ligands, the lower g‖ and A‖ values observed for both Cu/Zn-M-SiO2 
and Cu/Zn-CDS-SiO2 when compared to Cu/Zn-A-SiO2 are consistent 
with a sulfur-rich Cu(II) coordination environment [54]. This coordi
nation likely involves either four sulfur atoms or a mixed environment of 
two sulfur and two nitrogen atoms. Furthermore, the low A‖ value of 
Cu/Zn-M-SiO2, as well as its high g‖/A‖ ratio (274 cm− 1), suggests the 
occurrence of a tetrahedral distortion to the Cu complex [55,56]. To 
better discriminate between –CS2 and –NH2 groups, both of which are 
potential ligands in CDS-SiO2, an additional control experiment was 
performed. A reference sample prepared in the absence of Zn 
(Cu-CDS-SiO2) exhibits the same EPR signal observed in Cu/Zn-A-SiO2. 
This suggests that in the presence of an excess of Cu(II), the metal is also 
coordinated by –NH2 groups; the less intense signal from the 
sulfur-metal bond is likely obscured by the broader, more dominant 
APTES-related signal. This observation confirms that both –NH2 and 
–CS2 ligands are available to coordinate the metal centers. Nevertheless, 
with the lower amount of Cu(II) used in Cu/Zn-CDS-SiO2, only the signal 
related to –CS2 groups is detected, thus suggesting that Cu(II) is first 
selectively coordinated by these groups and then by the residual APTES 
molecules. This is in agreement with the previously reported higher 
chelating efficiency of sulfur-containing ligands towards Cu(II) ions 
[57].

Lastly, based on the lower A‖ and on the higher g‖ values, the Cu(II) 
coordination in Cu/Zn-SA1/2-SiO2 can be described with four oxygen 
atoms for each Cu(II) center. Interestingly, only in this latter case, the 
use of different amounts of SA as a ligand for metal coordination led to a 
modification of the g‖ and A‖ values: in fact, in Cu/Zn-SA1/6-SiO2 the 
shift of g‖ and the reduction of A‖ suggest the possible coordination 
through one nitrogen and three oxygen or two oxygen and two nitrogen 
(1N–3O or 2N–2O, respectively) [58], probably involving also the –NH2 
group of the ligand chain. This could hinder the coordination of the 
metal between two adjacent surface ligands, favoring the coordination 
by a single chain or in-between two SiO2 NPs. This hypothesis is 
reasonable by considering that at lower loadings of SA groups, the dis
tance between the anchored ligands strongly increases.

Based on these observations, the EPR results indicate that the use of 
amino-, sulfur- or carboxyl-containing groups not only enables the co
ordination of metal centers such as Cu(II) but may also give rise to 
distinct metal-coordination environments on the silica surface.

To directly elucidate the interaction between the anchored L groups 
and Zn(II), 1H and 13C CPMAS NMR spectra of Zn-L-SiO2 (Fig. S2a and b) 

Fig. 5. EPR spectra of Cu/Zn-L-SiO2 NPs. The position of the magnetic tensor 
gꓕ and g‖ and the hyperfine coupling constant A‖ are indicated for 
each spectrum.

Table 4 
Magnetic tensor gꓕ and g‖ and the hyperfine coupling constant A‖ measured from 
EPR spectra of Cu/Zn-L-SiO2.

Sample gꓕ g‖ A‖ (G)

Cu/Zn-A-SiO2 2.06 2.26 185
Cu/Zn-E-SiO2 2.05 2.19 199
Cu/Zn-SA1/6-SiO2 2.06 2.30 160
Cu/Zn-SA1/2-SiO2 2.06 2.35 140
Cu/Zn-M-SiO2 2.06 2.16 78
Cu/Zn-CDS-SiO2 2.03 2.08 110
Cu-CDS-SiO2 2.06 2.26 185
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were recorded and compared to L-SiO2 and. Solid state NMR experi
ments were used in a previous wok to confirm Zn(II) complexation with 
the amino groups of APTES surface ligands [41]. In particular, the 
presence of a single C2 resonance at 22 ppm in the 13C CPMAS spectrum 
of Zn-A1/2-SiO2, instead of the two distinct signals observed for the 
A1/2-SiO2 reference, indicated that the terminal amino groups are pre
dominantly coordinated to Zn(II) rather than interacting with surface 
silanols. Furthermore, in the 1H MAS spectrum, the disappearance of the 
sharp peaks at 1.9 and 5.2 ppm, alongside the intensity increase of the 
bands at 7.3 and 4.6 ppm, further confirmed the Zn(II)-amino groups 
coordination [59]. Following the same experimental procedure, these 
analyses were herein applied to the other surface L ligands (all the 
spectra are reported in Fig. S2a and b). Specifically, the 13C CPMAS NMR 
spectrum of Zn-E1/2-SiO2 (Fig. 6a, chosen as representative) exhibits a 
general signal broadening, with the exception of C1, which remains 
unchanged, likely due to its distance from the amino groups. Further
more, a 2 ppm upfield shift for C2 and C5, and the appearance of a 
highfield shoulder for C3/C4 resonances were observed, suggesting that 
Zn(II) complexation involves both amino groups on the EDTMS organic 
chains, consistent with previous observations for EDTMS-functionalized 
silica [60]. This interpretation is further corroborated by the 1H MAS 
NMR data (Fig. 6b): the broad resonance at ~2 ppm, typical of the -NHX 
groups in the parent E1/2-SiO2, disappears upon metal interaction. 
Despite being poorly resolved, the loss of this signal provides additional 
evidence that both amine groups are directly engaged in Zn(II) coordi
nation [60].

Regarding the SA-functionalized systems, a downfield shift of the C7 
component to 180 ppm in the 13C NMR spectrum of Zn-SA-SiO2 
compared to SA-SiO2 is clearly visible (Fig. S2a). This suggests the for
mation of a new bond through the carboxylic groups with Zn(II). While 
the amide group remains unaffected, the corresponding downfield shifts 
of C5 and C6 also confirm that metal cations mainly disturb the charge 
distribution around the nearest methylene groups. Besides, according to 
the literature, monodentate binding modes are generally more deshiel
ded than bidentate ones, and the higher the chemical shift, the longer 
the C–O distance [61]. Thus, the ~2 ppm shift could be attributed to the 
formation of a bidentate chelating coordination, as already reported for 
various Zn-carboxylates complexes [13,62]. The carboxylate-metal co
ordination was further validated by analyzing the FTIR stretching fre
quencies of the carboxylate groups in Zn-SA-SiO2. Specifically, the 
coordination mode was determined by comparing the difference (Δνas-s) 
between the antisymmetric and symmetric stretching vibrations of the 
C=O bonds in Zn-SA1/2-SiO2 (νas and νs, respectively) to that of the free 
anion in solution (Fig. S5a) [63]. For Zn-SA1/2-SiO2, the observed 
Δνas-s = 133 cm− 1 is significantly lower than the free succinate anion 
(Δνas-s = 149 cm− 1, with νas at ~ 1558 cm− 1 and νs at ~ 1409 cm− 1 

[64]). According to established spectroscopic criteria [63,65], such a 
reduction in the Δνas-s is characteristic of a bidentate chelating coordi
nation around Zn(II) sites (Fig. S5b). Finally, the corresponding 1H MAS 

spectrum shows a downfield shift and reduction of the water 4-ppm 
resonance, together with the disappearance of the broad component 
centered at about 7 ppm. The latter can reasonably be attributed to 
–COOH protons [66]; therefore, its disappearance after complexation 
further supports the Zn(II) interaction with the silane terminal groups.

In the case of MPTMS, evidence of the Zn(II) interaction with ter
minal –SH groups were provided by the intensity reduction of the C2 and 
C3 resonances. This indicates a less efficient H→C polarization transfer, 
which may suggest the partial deprotonation of thiol groups (–SH to –S-) 
upon Zn(II) complexation. Furthermore, both the slight broadening of 
these resonances and the formation of a downfield shoulder can be 
ascribed to metal coordination, which is expected to induce a chemical 
shift and restrict the mobility of the organic chains. Furthermore, the 1H 
NMR spectra show marked differences before and after Zn(II) interac
tion. It is worth noting that the intensity reduction of the main resonance 
at 4.5 ppm likely reflects a decrease in adsorbed water. This could result 
from water displacement during complexation, further surface conden
sation, or variations in the aging and storage conditions of the samples. 
Lastly, for the Zn-CDS-SiO2 materials, a decrease in the intensity of both 
the C4 resonance at 183 ppm and the 47-ppm component of the C3 
resonance is observed. The former is attributed to the conversion of 
–CSSH groups to (–CSS)–Zn species upon metal coordination; the loss of 
the SH proton significantly reduces the efficiency of H→C cross- 
polarization. Similarly, the intensity reduction of the 47-ppm compo
nent suggests that the H→C polarization transfer for C3 is also affected 
by the nearby functional groups involved in metal coordination. A 
possible explanation is that some –CS2 groups may act as bidentate 
chelating ligands, while others may serve as bridging ligands between 
two zinc centers. Such coordination modes likely increase the overall 
rigidity of the organic chains, suppressing the signal intensity at 47 ppm 
due to altered polarization dynamics. The proposed structural modifi
cations are further supported by the clear changes observed in the 1H 
spectrum upon Zn2+ complexation. The disappearance of the peak at 
2.3 ppm and the broadening of the main component at 4.3 ppm are 
consistent with the loss of the SH proton and with increased chain ri
gidity following metal coordination. Moreover, the 7.5 ppm resonance, 
which can be attributed to terminal –NH2 [67], also disappears, sup
porting the complexation with Zn(II). This picture strengthens the EPR 
indication of Zn centers coordinated by both N and S terminal groups.

In conclusion, the NMR results provide strong evidence for Zn(II) 
coordination with the diverse terminal groups of L used for silica func
tionalization. Interestingly, the combination of ICP-OES, EPR, and NMR 
data enabled the development of a proposed coordination geometry for 
the Zn(II) centers (Fig. 7), assuming a likely tetrahedral symmetry in all 
cases [68].

Consistent with our previous findings, it is suggested that each Zn(II) 
center in the Zn-A-SiO2 materials is coordinated by two terminal amino 
functionalities. Indeed, the constant experimental Zn:L molar ratio of 
0.5, coupled with the direct evidence of amine-Zn interactions by NMR, 

Fig. 6. Representative NMR spectra: (a) 13C CPMAS and (b) 1H MAS spectra recorded for Zn-E1/2-SiO2 shown in comparison to E1/2-SiO2. The complete dataset is 
provided in the SI.
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supports a model where the coordination sphere for both Zn-A1/2-SiO2 
and Zn-A1/6-SiO2 is composed of two amino groups from the APTES li
gands. In this configuration, the remaining two coordination sites on the 
Zn(II) center are likely occupied by residual nitrate groups or surface 
hydroxyl species (depicted as G in Fig. 7). Conversely, for both Zn-E1/2- 
SiO2 and Zn-E1/6-SiO2 (at a nominal Zn:L molar ratio of 0.5) the Zn(II) 
coordination is proposed to involve two chelating EDTMS molecules, 
resulting in a coordination sphere where each Zn(II) center is sur
rounded by four nitrogen atoms from two ethylenediamine molecules. 
This model is strongly corroborated by EPR spectroscopy, which in
dicates the availability of both amino groups on the EDTMS chains for 
metal complexation and further supported by NMR results, which 
confirm their direct participation in Zn(II) coordination.

Moving to the sulfur-based ligands, the Zn(II) species in Zn-M-SiO2 
samples may be suggested to exhibit a coordination behavior similar to 
that observed with APTES. In fact, based on ICP-OES results indicating a 
constant Zn:L molar ratio of 0.5 and supporting NMR evidence on the 
thiol involvement, the Zn(II) coordination sphere can be reasonably 
assumed to rely on two terminal –SH groups. As with the APTES system, 
the remaining two coordination sites could be occupied by residual ni
trate groups or hydroxyl species. For Zn-CDS-SiO2, the combined data 
show that Zn(II) complexation may occur through both –CS2 and 
unreacted –NH2 groups on the organic chains. This dual interaction was 
verified both for Zn(II) and Cu(II) centers, as demonstrated by NMR and 
EPR, respectively. Thus, a mixed coordination environment model is 
necessary to accurately describe the metal centers on the functionalized 
CDS-SiO2 surface.

Finally, similarly to the EDTMS system, the Zn(II) coordination 

sphere in Zn-SA1/2-SiO2 can be described as involving four oxygen atoms 
per Zn(II) center, deriving from two chelating -COO- groups, as strongly 
suggested by both NMR and FTIR direct evidence. However, EPR data 
also revealed that reducing the amount of SA on the surface of SiO2 
(from 1/2 to 1/6) shifts the Cu(II) coordination toward a 2N–2O or 
1N–3O environment. To determine if a similar effect occurs for the Zn 
(II) centers, FTIR analysis was conducted on Zn-SA1/6-SiO2 (Fig. S5a). 
The spectrum shows a shift in the νas peak toward higher wavenumbers 
compared to Zn-SA1/2-SiO2. Specifically, a sharp peak at 1570 cm− 1 

becomes predominant, corresponding to Δνas-s = 155 cm− 1. This in
crease in the Δνas-s value suggests that at lower ligand loadings, the 
Zn–COOH coordination shifts from bidentate chelating mode toward a 
bridging or monodentate coordination mode (Figure Sb), as observed for 
Cu(II).

To summarize, different ligands were successfully used to anchor Zn 
(II) centers on SiO2 NPs as demonstrated by ICP-OES and TEM/EDX 
analysis. EPR and NMR spectroscopies proved instrumental in eluci
dating the structural features of the metal complexes formed on the SiO2 
surface (Fig. 7). Briefly, Zn(II) centers are possibly coordinated through 
two nitrogen and sulfur atoms in the presence of APTES and MPTMS, 
respectively, leaving the other two positions of the tetrahedral geometry 
available for nitrates or hydroxyl group. On the contrary, a chelate 
structure around the Zn(II) centers with four oxygen and nitrogen atoms 
can be reasonable supposed by using SA and EDTMS, respectively. 
Finally, in the case of CDS, both –NH2 and –CS2 groups are available for 
the Zn(II) coordination thus leading to a mixed coordination geometry.

3.3. Curing of elastomeric NCs with Zn-L-SiO2

To evaluate the possible effect of the different metal coordination on 
the zinc reactivity as curing activator, as well as on the filler networking, 
IR NCs were prepared by using Zn-L1/6-SiO2 and Zn-L1/2-SiO2 (Zn:L 
molar ratios equal to 0.5) both as curing activator and reinforcing filler. 
Thus, the role of the Zn(II) coordination onto the surface of SiO2 NPs was 
tested in the curing process by determining the availability of the metal 
centers towards the other curing agents. First, the vulcanization curves 
of Zn-L1/6-SiO2/IR at 170 ◦C (torque values S’ vs curing time) were 
recorded and compared to that of the conventional reference sample 
ZnO + SiO2/IR NC at equal Zn content (0.68 phr, Fig. 8).

For all IR NCs the increase of the torque modulus S’ is connected to 
the higher viscosity of the vulcanized NCs due to the sulfur cross-link 
formation between the polymer chains. By comparing the vulcaniza
tion curves of Zn-L1/6-SiO2/IR with that of ZnO + SiO2/IR, a reduced 
scorch time is evident (ts1, Fig. 8, Table S1 and Fig. S6), that is the time 
required to start the cross-linking process in the matrix after the initial 
interaction between the curing agents and the formation of the active 
sulfurating agents [4]. Analogously, the optimum curing time (t90, time 
to reach the 90 % of the maximum curing torque, Mmax, Fig. 8 and 
Table S1) is decreased compared to that of ZnO + SiO2/IR. These phe
nomena can be related to the higher availability of the Zn centers in 
Zn-L-SiO2 to react with the curing agents compared to the zinc centers 

Fig. 7. Suggested Zn(II) coordination in Zn-L1/2-SiO2 (nominal Zn:L molar ratio = 0.5), where G are other groups that coordinate Zn(II) in a tetrahedral structure, as 
nitrate or hydroxyl groups.

Fig. 8. Vulcanization curves of Zn-L1/6-SiO2/IR NCs compared to ZnO + SiO2/ 
IR NCs (Zn content = 0.68 phr). The maximum torque (Mmax), the scorch time 
(ts1) and the optimum curing time (t90) are indicated for ZnO + SiO2/IR.
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obtained from the microcrystalline ZnO lattice in the conventional 
reference process [41]. This strongly reduces the time required for the 
reaction with the curing agents in the first vulcanization steps and 
prompts the cross-links formation in the rubber matrix in the subsequent 
curing process.

Interestingly, the use of different L ligands led also to a different 
vulcanization efficiency in terms of Mmax (Fig. 8) and curing rate indices 
(CRI, Table S1): in fact, in the presence of Zn-A1/6-SiO2 and Zn-SA1/6- 
SiO2 a slightly higher Mmax value and higher CRI values are obtained 
compared to ZnO + SiO2/IR, consistent with a good reactivity of the Zn 
centers during the curing process. However, by using the sulfur-based 
ligands in Zn-M1/6-SiO2 and Zn-CDS-SiO2 a reduction of the Mmax and 
CRI values is observed. This phenomenon is particularly interesting in 
the case of Zn-CDS-SiO2/IR, in which the presence of a mixed coordi
nation geometry around the zinc centers, that involves both amino- and 
sulfur-based ligands, partially reduces its efficiency compared to Zn-A- 
SiO2, that was used as a precursor while maintaining a good overall 
reaction kinetics. The observed variations in performance can be ratio
nalized by examining the stability constants of the Zn(II) complexes 
formed with the various ligands. Since oxygen, nitrogen, and sulfur 
serve as the coordinating donor atoms, the resulting complexes exhibit 
distinct degrees of thermodynamic stability, a phenomenon described 
by the Irving-Williams series for divalent metal ions of the first transition 
series [69,70]. The slope and progression of this series can be considered 
at least in part as a result of the hard and soft characteristics of both the 
metal center and the donor atoms. In this framework, amino- and 
carboxyl-based ligands, possessing harder donor atoms (N and O), 
maintain the Zn(II) center in a more Lewis-acidic state. The resulting 
electronic environment around Zn(II) probably facilitates its interaction 
with the curing agents. Conversely, sulfur-based ligands promote 
enhanced soft-soft interactions, leading to significantly higher complex 
stability, which ultimately reduces their efficiency. This effect is 
particularly evident in the case of Zn-CDS-SiO2, where the replacement 
of an amino group with a sulfur-based moiety increases the stability of 
the zinc complex, as reported by Sigel et al. [71], thereby resulting in a 
marked reduction in the curing efficiency compared to Zn-A-SiO2/IR 
reference.

To better analyze the surface Zn(II)-complex activity in the vulca
nization process of IR NCs, also Zn-L1/2-SiO2 samples were tested to 
increase the Zn content in the resulting NCs up to 1.50 phr. These NCs 
were compared to a reference ZnO + SiO2/IR sample at the same silica 
and zinc content (43.0 and 1.50 phr, respectively). For these tests, only 
the amino- and carboxyl-based samples (i.e. Zn-A1/2-SiO2, Zn-E1/2-SiO2 
and Zn-SA1/2-SiO2) were used because of the low functionalization de
grees obtained with the sulfur-based ligands, as well as their low curing 
performances.

As observed before, reduced scorch times (ts1) and faster reaction 
kinetics (i.e. lower t90 and higher CRI) are highlighted with all Zn-L1/2- 
SiO2/IR than ZnO + SiO2/IR (Fig. 9a and Table 5), confirming the higher 

availability of the single Zn(II) centers to react with the curing agents. 
Noteworthy, a higher ts1 is observed for both Zn-E1/2-SiO2/IR and Zn- 
SA1/2-SiO2/IR compared to Zn-A1/2-SiO2/IR. To further elucidate this 
trend, it must be considered that the geometric arrangement of the Zn(II) 
sites plays a pivotal role in defining vulcanization kinetics. As previously 
described in Ref. [41], the coordination of each Zn(II) center by only two 
APTES units in Zn-A-SiO2, complemented by two labile ligands (such as 
hydroxyl or nitrate groups), ensures high accessibility for the curing 
agents. In contrast, as illustrated in Fig. 7, the introduction of chelating 
ligands (SA and EDTMS) induces a steric shielding effect around the 
metal center, creating a closed configuration that could effectively 
explain the prolonged scorch time observed in these systems. This 
structure-activity relationship suggests that while electronic properties 
dictate the overall curing efficiency, the coordination geometry is the 
primary tool for controlling the scorch time.

On the other hand, a significant improvement of the vulcanization 
efficiency is evident by the increase of Mmax compared to ZnO + SiO2/ 
IR, as well as the elastic moduli G’ (Fig. 9b and Table 5), especially for 
Zn-A1/2-SiO2/IR. Surprisingly, the curing efficiency of Zn-SA1/2-SiO2/IR 
and Zn-E1/2-SiO2/IR are almost comparable with similar Mmax, differ
ently from the case at lower Zn content. This can be connected to the 
strong chelating coordination of the Zn(II) single sites due to the ligands 
with four nitrogen or oxygen atoms, respectively, that are responsible 
for an almost equivalent reactivity.

To confirm the higher cross-linking efficiency achieved by Zn-L1/2- 
SiO2, the cross-linking densities of Zn-L1/2-SiO2/IR were measured 
through swelling experiments in toluene and calculated by following 
Eqs. S7-S8 in the SI. According to the higher Mmax measured during the 
vulcanization process, Zn-A1/2-SiO2, Zn-E1/2-SiO2 and Zn-SA1/2-SiO2 
promote higher νsw values (Table S2) than the reference ZnO + SiO2/IR.

Finally, Fig. 10 summarizes semi-quantitatively the discussed cor
relations among the zinc coordination on the silica surface obtained by 
using different L coordinative groups and the properties of the resulting 
IR NCs. In particular, both ts1 and ΔM were modulated by tuning the 
coordination of the Zn(II) single sites of the curing activators, thus 
leading to different vulcanization performances. This strongly support 
that a fine tailoring of the structural and electronic of Zn(II) allows 
targeted adjustments to the reactivity of rubber curing activators.

4. Conclusion

This work focused on the preparation of Zn-L-SiO2 curing activators 
by using five different silane functionalizing agents to modify the surface 
of commercial SiO2 NPs and tailor the coordination sphere of anchored 
Zn(II) sites. The ligands differ in terms of the heteroatoms involved in 
the Zn(II) coordination (N, O, S) and on their ability to promote Zn(II) 
complexes with different geometrical features. To this purpose, amino- 
based (APTES and EDTMS), carboxyl-based (SA) and sulfur-based 
(MPTMS and CDS) groups were selected as suitable L for Zn-L-SiO2 

Fig. 9. a) Vulcanization curves and b) elastic modulus G’ (0-10 % strain) of Zn-L1/2-SiO2/IR NCs compared to ZnO + SiO2/IR NCs (Zn content = 1.50 phr).
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synthesis.
All the ligands were successfully anchored onto SiO2 surface, as 

demonstrated by FTIR, SS-NMR, TGA and elemental analyses. The good 
ability to form metal complexes and the structural features of the Zn(II) 
sites were deeply investigated by EPR and SS-NMR, respectively. The 
good efficiencies obtained in the curing process for all Zn-L-SiO2 mate
rials demonstrated that the grafting method ensures a homogeneous 
dispersion of Zn(II) as isolated sites through the terminal functional 
groups, maximizing the atom economy of the activator compared to 
traditional bulk ZnO. Besides, the main advantage of this functionali
zation strategy lies in its high degree of tunability, as the selection of 
specific ligands directly allowed modulation of the curing efficiency and 
kinetics of IR NCs. A fundamental relationship was identified between 
ligand donor properties, Zn(II) complex stability and resulting effi
ciencies: only the nitrogen and oxygen donors lead to competitive Zn(II) 
reactivity in the curing process, whereas the soft sulfur donors promote 
the formation of stable Zn(II) complexes that hinder its reaction with the 
curing agents. In fact, both amino-based and carboxyl-based Zn(II) 
complexes showed high curing efficiencies and led to vulcanized IR NCs 
with good mechanical properties. Furthermore, it was demonstrated 
that the use of chelating ligands (SA and EDTMS) enabled superior 
control over the scorch delay. While the monodentate ligands (APTES 
and MPTMS) provide an open environment and highly accessible Zn(II) 
sites, the chelation effect induces a steric shielding effect over Zn(II). 
This offers a strategic advantage by extending the processing safety 
window during rubber compounding without compromising the final 
cross-linking density.

Although the current synthesis requires further optimization to 
ensure its viability for industrial scale-up, these results clearly demon
strate that the reactivity of the activator is governed by the electronic 
and geometric nature of its coordination sphere. This study thus pro
vides a generalizable roadmap for the fine-tailoring of metal-based ac
tivators, enabling the precise modulation of rubber vulcanization 
through rational ligand selection.
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