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Abstract

The use of the spatial structure of mesoporous silica combined with organic
molecules opens up a wide range of possibilities in the field of separation
of single atoms and the precise creation of their environment. Materials
obtained in this way can find applications as single-atom catalysts (SAC)
and in environmental applications in ion and molecule trapping processes.
An example of such a material is silica of the SBA-15 type functionalized
with cyclam (1,4,8,11-tetraazacyclotetradecane) anchored inside the pores
with propyl chains. In this work, we present such a material containing
5% functional groups, additionally activated with iron(II) chloride, which
was chelated by cyclam anchored inside the pores of silica. The presented
nanocomposite has been thoroughly tested for its assumed molecular struc-
ture and stability. We compared it to a material containing only cyclam.
The obtained results showed the high efficiency of the silica matrix with cy-
clam in the separation of single FeCly molecules and the correct molecular
structure of the obtained material. The nanocomposite containing chelated
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molecules with iron showed good stability, while the structure of the material
with cyclam alone collapsed with time.
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1. Introduction

The modern approach to environmental protection involves not only the
disposal of waste but, above all, the reduction of the nuisance of production.
One way is to use selective and efficient catalysts. Some catalysts are metals
finely dispersed on a support with a large surface area for efficient use of
catalytically active components. The size of the metal particles is one of
the most important factors that affect the performance of the catalyst [1].
Studies show that sub-nanometer clusters can have better catalytic activity
and/or selectivity than nanometer-sized particles [2, 3]. In contrast, single
atoms with a low degree of coordination often function as active sites. By
designing a material consisting of single atoms: Single Atom Catalyst (SAC),
new possibilities open up for creating truly efficient or selective catalysts. In
addition, a well-designed system can utilize 100% of a metal atom’s surface as
a catalytic surface. This is important for expensive elements or fast-wearing
catalysts. A key part of the design process is to know and understand the
structure of the surrounding metal atom. This is a difficult task because SAC
catalysts often undergo various undesirable reactions due to their reactivity.

To achieve metal separation, as described above, the metal atom anchors
on a support, which forms a spatial framework, and also sometimes partic-
ipates in catalytic reactions due to the formation of a suitably molecular
environment. In addition, due to the spatial structure of such a material,
it has an unfolded surface. Such a skeleton can be made of metal oxides,
metals, carbonaceous materials, silicate materials, zeolites, organometallic
structures, and ordered mesoporous materials [4]. One of the first materials
used to refer to SAC, even before the acronym was defined in 2011 [5], was
mesoporous silica [6]. Such a framework makes it possible to design and syn-
thesize a material with a specific surface structure, pores, or more complex
systems, such as porous spheres [7] or nanostructured thin films [8, 9]. For
the research presented in this publication, we chose silica SBA-15 which is
characterized by the ability to form well-defined spatial systems [10].

Having selected a suitable matrix and a catalytically active metal atom,
the key activity is to choose how to anchor it in the matrix. For this purpose,



strongly chelating molecules such as cyclam can be used.

Cyclams are 14-membered tetraamine macrocycles that bind strongly to
a wide range of metal ions [11]. Unfortunately, metal-cyclam complexes are
susceptible to oxidative degradation, which is initiated by deprotonation of
the secondary amine [12]. Cyclam derivatives, no less, are used in various
catalysts. The combination of silica and cyclam are interesting materials that
have properties as heavy metal adsorbents [13], oxidation catalysts [14], or
magnetic materials [15]. Moreover, the presence of a silica matrix prevents
the degradation of metal-cyclam complexes, as we will demonstrate in this
work.

The chelating properties of cyclam can be used in processes for the re-
moval of heavy metals from the environment, in catalysts in oxidizing waste,
or in improving the efficiency of chemical reactions, especially green synthesis
[16] including compounds that are the fuels of the future, such as ammonia
[17] or methanol [18]. However, this first application is the most interesting
for our team. Cyclam-based chelating compounds seem to have great applica-
tion potential in the uptake of metal chlorides from water or soils. However,
their effectiveness and stability should be tested before their application.

The research material analyzed in this paper is SBA-15 mesoporous silica
containing cyclam anchored inside the pores through propyl chains, chelat-
ing iron ions. The concentration of cyclam-iron groups was 5% molar, that
is, the molar ratio of Fe/Si = 0.05. Figure 1 shows an overview diagram
of the material. Within the framework of the present work, we intend to
verify that the material we have designed meets the basic conditions to be
considered useful in applications such as single-atom catalysts and heavy
metal adsorbent. To do this, we successfully synthesized this composite
metal-cyclam-silica nanomaterial and thoroughly investigated its structure
and properties. If the proposed nanocomposite had the assumed molecular
structure and properties, this would make it useful in environmental applica-
tions as a metal adsorber, including in the form of chlorides. Moreover, if the
proposed material is able to hold the separated metal-containing groups, the
nanocomposite could be considered as a potentially useful SAC in catalysis.
Of course, this will require further research in this direction, but maintaining
a certain distribution of functional groups is a sine qua non here.

Moreover, we investigated the stability of the material containing iron
chloride molecules chelated with cyclam with respect to the material con-
taining only cyclam inside the silica pores.
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Figure 1: The overview diagram of the material investigated: SBA-15 silica containing
iron chloride molecules chelated by cyclam inside silica channels

2. Materials and methods

2.1. Material’s synthesis

The SBA-15 mesoporous silica containing cyclam groups inside pores can
be used for capturing two-valence metal chlorides. In this case, iron chloride
was immobilized by cyclam inside silica pores, creating composite material.

The specimen can be prepared via co-condensation in the presence of
P123 non-ionic surfactant (poly(ethylene glycol)sp-poly(propylene glycol)zo-
poly(ethylene glycol)yg — Sigma-Aldrich Chemie GmbH, Germany). Here,
we present the synthesis route of the material containing 5% of cyclam units
(molar concentration with regards to silica groups). The three-step procedure
is shown in Fig. 2.

First, the surfactant solution was prepared: 8g of P123 was dissolved
in 320ml of aqueous solution of HC1 (pH=1.5). After the complete dissolu-
tion of the surfactant (after approximately five hours), we added weighted
amounts of the precursors: 17.78g of tetraetyl orthosilicate (Sigma-Aldrich
Chemie GmbH, Germany), hereafter called TEOS and 0.89g of chloropropyl
trimethoxysilane (CIPTMS, Sigma-Aldrich Chemie GmbH, Germany) as a
precursor for cyclam. The molar ratio between TEOS and CIPTMS was
19:1. This mixture was vigorously stirred at room temperature till a clear
solution was obtained (after approximately three hours). Next, 0.151g of NaF
was added to induce hydrolysis and polycondensation, and the material was
immediately heated to 60 °C in a hot oil bath and stirred vigorously for 48
hours. The resulting material was filtered and placed in a Soxhlet apparatus
in order to remove the surfactant by hot ethanol. The obtained powder was



dried in a vacuum at 120 °C for 24 h. After this step, a part of the powder
(SBA-15 silica containing chloropropyl units inside the pores) was left as a
reference for spectroscopic measurements (sample named SBA-CI).

In the second step, the chlorine atoms in chlopropyl groups are substituted
by cyclam. This is realized by mixing the pre-functionalized silica powder
with cyclam dissolved in acetonitrile (MeCN) and triethylamine (TEA). Per
one gram of pre-functionalized silica, we added 45cm® of MeCN, lem? of
TEA, and 0.2g of cyclam (slightly more than necessary 0.79mmol). The
product was heated under reflux and stirred for 48h. The white solid can be
recovered by filtration and washing five times with hot chloroform and three
times with hot ethanol to remove the excess cyclam. After drying at 120 °C
overnight in a vacuum, the material containing cyclam inside pores is ready.
At this stage, we preserved a small amount of the material as a reference
(sample named SBA-Cy).

In order to functionalize the sample with iron chloride, we added 0.12g
FeCl, to each gram of SBA-Cy powder (slightly more than the necessary
0.7mmoles) and placed the mixture under a reflux condenser overnight with
dry ethanol (about 50ml for each gram). The resulting solid (SBA-Cy-
FeCl,) was recovered quantitatively by filtration and washed several times
with ethanol to remove excess iron salts. After filtration and drying, the final
material was ready.

Just after synthesis, a portion of the samples containing cyclam (SBA-
Cy-FeCl, and SBA-Cy) were aged for 30 days to be able to investigate their
structural stability. To do this, we kept samples in a laboratory maturing
cabinet at 20°C and 55% humidity for 30 days.

Additionally, we also prepared the reference material for spectroscopic
measurements: FeCly chelated by cyclam (hereafter called Cy-FeCly). For
this purpose, we dissolved 15 mmoles of cyclam (3g) and 15 mmoles of Cy-
FeCl, (1.90g) in 100ml of dry ethanol. We left the resulting solution under
reflux overnight. The yellow solution was evaporated, and the resulting pow-
der was dissolved in 40ml of methanol and 80ml of acetone. After cooling
to -20°C for three hours, the yellow powder was filtered and washed with
acetone.

2.2. Experimental details

The morphology of samples was characterized using a scanning electron
microscope (SEM) Tescan Vega 3 (Tescan, Brno, Czech Republic) operated
at 30kV using the SE detector. The observation of pores structure was
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Figure 2: The schematic presentation of the synthesis route of the investigated material:
SBA-15 silica containing iron chloride molecules chelated by cyclam inside silica channels.
Designations: TEOS — tetraethyl orthosilicate, CIPTMS — chloropropyl trimethoxysi-
lane.

performed by transmission electron performed microscope (TEM) FEI Tecnai
G2 20 X-TWIN (FEI Company, Hillsboro, OR, USA) operated at 200kV.

To study the ratio between the elements, the Energy Dispersive X-ray
microanalysis was provided by SEM coupled to an energy-dispersive X-ray
spectrometer(QUANTAX EDS, Bruker), equipped with XFlash 610 M de-
tector with the resolution of j129 eV for the Mn K line.

To determine the amount of nitrogen and carbon in the samples, elemental
analysis was performed using a vario EL II elemental analyzer operating in
CHNS mode. Measurements were repeated twice, using weights of about 4.5
mg.

More detailed microscopic observation was possible thanks to the use of
a transmission electron microscope (TEM). For this purpose, we used JEOL
JEM-3010 high-resolution transmission electron microscope (TEM, JEOL
Ltd., Tokyo, Japan) with 300 kV acceleration voltage, equipped with a LaBg
emission source and Gatan 2k x 2k Orius™ 833 SC200D CCD camera (Gatan
Inc., Pleasanton, CA, USA).

The small-angle XRD patterns were measured using Bruker D8 Advance
diffractometer operating at 40 kV and 40 mA. The diffractometer was equipped
with the copper tube (CuKe radiation; A = 1.5418 A) and the LynxEye sili-
con strip detector. The XRD studies on a pure Mnjs-stearate were performed
with the use of Gobel Mirrors to create a parallel beam. Furthermore, 0.1
mm primary divergent slit, as well as Soller slits on diffracted beam, were
used. In this experiment, the measurements were performed in the 0D mode
of the LynxEye detector and the range of 20 angles from 0.2 to 5 deg with
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a step size of 0.01 deg and measurement step time of 20 s.

The specific surface area was determined using isothermal sorption of ni-
trogen. Adsorption-desorption isotherms were recorded at 77.4 K using an
Autosorb iQ (Quantachrome Instruments, Boynton Beach, FL, USA) ana-
lyzer.  The calculations of BET surface area, pore volume, and pore size
distribution were performed with ASIQWin software. The specific surface
areas were calculated according to Brunauer- Emmett-Teller (BET) method
from the adsorption data in the relative pressure range determined by Rou-
querel’s criteria [19]. This means that seven points were taken into account
in calculating the specific area in each case. The selection of the seven points
was made possible by dense measurements of relative pressure p/pgy, which
was changed in 0.01 increments.

Raman spectra of samples were gathered through WITec confocal Ra-
man microscope CRM alpha 300 R (WITec Wissenschaftliche Instrumente
und Technologie GmbH, Ulm, Germany) equipped with an air-cooled solid-
state laser (A = 532nm, P=20mW). The excitation laser radiation was cou-
pled into a microscope through a polarization-maintaining single-mode opti-
cal fiber with a 50 pm diameter, and the monochromatic light was focused
on the sample by an air Olympus MPlan (100x0.90NA) objective. Raman
scattered light was passed through a multi-mode fiber (50um diameter) into
a monochromator with a 600 line/mm grating and a CCD camera. The
spectrometer monochromator was checked before the measurements using a
silicon plate (520.7cm™). Raman spectra in the 150-4000cm™ were accu-
mulated by 60 scans with an integration time of 10 s and a resolution of
3emt, while the post-processing analysis, such as baseline correction or cos-
mic ray removal done in the WITecProjectFive Plus (version 5.1.1, WITec
Wissenschaftliche Instrumente und Technologie GmbH, Ulm, Germany). Fi-
nally, the peak fitting analysis of RS data was performed using GRAMS
(version 9.2, Thermo Fisher Scientific, Waltham, MA, USA) software.

The chemical analysis of the iron-containing sample was conducted us-
ing a Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) inves-
tigation, with the use of TOF-SIMS 5 spectrometer (ION-TOF GmbH in
Munster, Germany), a reflection-type spectrometer equipped with a bismuth
liquid metal ion gun. Measurements were performed in both positive and
negative polarity modes. High-resolution mass spectra were obtained us-
ing a Bi*" primary beam (0.3pA and 30kV). The spectra were collected
by rastering the ion beam across a 500 pmx500pm area, with a resolution
of 256x256 points. The low-energy flood gun was utilized to compensate
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for surface charging. Analysis was carried out using SurfaceLab6 software
(IONTOF GmbH, Munster, Germany) and PySPM[20]. Positive spectra
were calibrated to characteristic hydrocarbon fragments, such as H*, CH3™,
CoHs™, C3H3™, and C3Hs™, while negative spectra were calibrated to H-,
C, CH, CHy, CHj3", Cy7, Cy7, and C4. The mass resolution (m/Am) was
approximately 5600 for positive spectra and 4400 for negative spectra (de-
termined at 3°Si m/z).

To improve the interpretation of the experimental data, we prepared a
molecular model of SBA-15 mesoporous silica containing iron(II) chloride
chelated by cyclam anchored inside a channel via a propyl chain. Geometry
optimization calculations of model molecules were carried out with Gaussian
G16 Revision C.01 program package[21] using the Becke’s three-parameter
(B3) hybrid functional [22] with Lee—Yang—Parr(LYP)[23] correlation func-
tional [24] with the Grimme’s dispersion and the Beck-Johnson damping
parameter with standard G-31G(d) basis set [25]. We build and optimized
the model similarly, as in our earlier works [26, 10, 27].

The magnetic properties of iron-containing samples were measured using
a Quantum Design Physical Properties Measurement System (QD-PPMS)
and Vibrating Sample Magnetometer (VSM) option in a wide temperature
range from 300K to 3K.

3. Experimental results

First, we conducted a microscopic observation of the microstructure of
the samples under an SEM microscope (detailed SEM images with stability
analysis can be found in Section 4). During this study, we also analyzed the
elemental composition.

The material containing ferric chloride (SBA-Cy-FeCly) was examined
for chemical composition using EDS elemental analysis during SEM obser-
vations. Since our goal was to determine the exact iron content with respect
to silica (which was assumed to be 5% relative to the SiOy groups), we did
not test the sample containing sole cyclam (since such a sample without iron
as a reference point, would not bring any informative results). The results of
elemental analysis, together with a linear scan, can be seen in Figure 3. The
EDS spectrum (Figure 3 left side) clearly shows the atomic content of iron
of 5% relative to the SiO, groups, thus exactly according to the synthesis
assumption. What’s more, the linear EDS scan (Figure 3 right side) shows
the presence of iron only where silicon is found (and thus where the sample



is). In addition, the ratio of iron to silicon remains constant, as seen in the
line scan. Therefore, it can be concluded that we are not dealing here with
any contamination of the sample with iron salts or crystallites but with its
homogeneous distribution in the volume of the material.
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Figure 3: Elemental analysis EDS of the SBA-Cy-FeCl, sample (left) together with a
linear EDS scan, showing the presence of iron only in the sample.

EDS analysis of the content of individual elements throughout the area
showed molar ratios of elements as follows. The ratio of iron to silicon, as
with the line scan, was about 1:20 (Fe: 4.9%, Si: 95.1%), so very close to the
assumed ratio. The iron to nitrogen ratio was similarly close to the intended
ratio. We almost got the expected 1 mole of iron per 4 mole of nitrogen (Fe:
19.3%, N: 80.7%). The key to understanding the complexation of iron was
the ratio of iron to chlorine. We obtained the values of Fe: 34.5 and Cl: 65.5,
which give similar ratios to the assumptions of one mole of iron for two moles
of chlorine.

Due to the fact that EDS analysis performed in the SEM microscope
chamber does not give reliable results of carbon content due to the carbon
tape used to attach the sample, we performed additional CHN analysis, ob-
taining information not only about the mass content of carbon in the sample,
but also about the nitrogen content, and their mutual proportions. Analyz-
ing the atomic composition of our material and the masses of the individual
elements, the expected nitrogen content of the total mass of the sample is
3.59% (since we have four nitrogen atoms in the cyclam), and the carbon
content is 10.01% (since we have 10 carbon atoms in the cyclam and three



in the propyl chain). Elemental analysis of CHN showed 3.12% nitrogen and
9.84% carbon in the sample, so we got values close to the assumed ones.
The elemental composition analysis seems to confirm the correctness of the
chemical composition of the samples obtained.

Observations with a transmission electron microscope provided detailed
information on the structure of the samples. A first look at the TEM images
alone reveals differences between the SBA-Cy and SBA-Cy-FeCl, materials.
Looking at the top photo of the iron-containing material, one can clearly see
the correct, sharply defined structure of the SBA-15 silica, along with its
characteristic channels, ordered 2D hexagonal [28, 29].

In contrast to the iron-containing material, the SBA-Cy sample (bottom
photo) shows a material with a much less well-defined structure. Closer
inspection of the TEM images reveals a certain degree of degradation of
the 2D hexagonal structure, typical of SBA-15. This is evident from the
collapsed silica channels and their distinct lack of order, presumably caused
by the structure degradation cited here.

10



SBA-Cy-FeCl]

Figure 4: Tansmission electron microscopy images of SBA-15 silica containing iron chloride
chelated by cyclam inside the pores — SBA-Cy-FeCly (top) and SBA-15 silica containing
only cyclam inside the pores — SBA-Cy sample (bottom).
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The degradation of the structure of the material containing only cyclam,
without the chelated metal compound cited above, is also confirmed by X-ray
studies (Figure 5).
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Figure 5: The small angle X-ray diffraction pattern for SBA-15 mesoporous silica func-
tionalized by iron chloride chelated by cyclam inside the pores — SBA-Cy-FeCl, (black
line) and SBA-15 silica containing only cyclam inside the pores — SBA-Cy sample (red
line).

For the SBA-15 mesoporous silica functionalized by iron chloride chelated
by cyclam inside the pores, the diffraction pattern consists of three peaks
corresponding to the (100), (110), and (200) planes. They are specific for
the hexagonal order of the pores in SBA-15 silica [30]. This proves that the
SBA-Cy-FeCl, sample has a correct SBA-15 structure, undisturbed by the
functionalization process. The calculated interplane distances and periodic
distances between pore centers are given in Figure 5. In contrast, the peaks
characteristic of the SBA-15 structure are virtually invisible in the SBA-Cy
sample. Only a very broad feature for the 20 angle between 0.8 and 1.0

12



can be noticed, and second, even broader at the 20 region between 1.5 and
2.0. This fact may prove that the two-dimensional ordered structure of the
silica matrix has been lost. The above-mentioned features are the remnants
of peaks originating from the (100), (110), and (200) planes. Those bumps
are slightly shifted toward higher angles, thus indicating the collapse of the
structure (reduction of interplane distances).

Supplementary information for all structural data was provided by ni-
trogen sorption analysis. The nitrogen adsorption-desorption test was con-
ducted to provide information about the porosity of the samples and their
changes with the introduction of FeCly. In order to better understand the
structural changes occurring in the sample containing only cyclam, we also
analyzed the precursor sample of the sample with cyclam: silica SBA-15
containing chloropropyl groups (SBA-CI).

The BET surface area of the SBA-Cy-FeCl, sample was 761m?g™!, while
the pore size was 6.3nm with a very narrow pore size distribution (obtained
from the Barret-Joyner-Halenda equation, as can be seen in Figure 6). The
curve obtained for the SBA-CI reference sample has very similar character-
istics. In this case, we got a specific surface area equal to 851m?g! and a
pore size of 6.6nm, also with a narrow pore size distribution. Difference in
adsorption-desorption curves in high relative pressure can be related to the
presence of cyclam groups with FeCl, inside pores which can decrease to-
tal pore volume and specific surface area. This fact also explains the slightly
larger pore diameter for the SBA-CI sample. Both samples mentioned present
typical IV isotherms with a parallel H1 hysteresis loop, typical for SBA-15-
type mesoporous materials [31, 32].

Silica containing only cyclam (SBA-Cy) shows different characteristics
(Figure 6). Its specific surface area is much smaller, and its pore diameter
distribution is much more blurred than that of a sample containing ferric chlo-
ride (with specific surface area 400m?g! and average pore diameter 6.7nm).
What is more, the adsorption-desorption curve lies below those measured for
SBA-CI and SBA-Cy-FeCl, samples. This fact is probably due to the dis-
appearance of microporosity due to the degradation of the silica structure.
Also, the adsorption and desorption branches of isotherm of SBA-Cy are not
close (also in the range of 0.05-0.64 relative pressure) probably due to the
destruction of silica walls and the presence of pore space interconnectivity
[33]. All of this is indicative of the sample’s degradation under atmospheric
conditions.

Further research revealed the detailed molecular structure of the samples.
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Figure 6: Nitrogen adsorption—desorption isotherms recorded for SBA-15 mesoporous silica
functionalized by iron chloride chelated by cyclam inside the pores — SBA-Cy-FeCl, (black
line), SBA-15 silica containing only cyclam inside the pores — SBA-Cy sample (red line),
and SBA-15 containing chloropropyl units — SBA-CI (green line), together with the pores
sizes distributions obtained from the Barret-Joyner-Halenda equation (inset).

Raman spectroscopy was employed to systematically track the structural
alterations within the silica network resulting from SBA-15 pore wall func-
tionalization with cyclam and to confirm the sorption potential of cyclam
through the activation of the composite with iron(II) chloride. This compre-
hensive approach involved the analysis of three distinct SBA-15-based speci-
mens’ spectra, allowing for a detailed structural examination (see Figure 7).
Additionally, Raman spectra of SBA-Cy-FeCly; were compared to reference
bulk FeCl; chelated by cyclam (Cy-FeCly) to validate the assumed sorption
potential while considering the structure of SBA-15, the method of pores
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interior functionalization, and the sorption properties of cyclam [34, 35].
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Figure 7: Raman spectra of SBA-15 mesoporous silica functionalized by chloropropyl units
— SBA-CI (a), cyclam — SBA-Cy (b), bulk FeCly chelated by cyclam — Cy-FeCly (c), and
silica functionalized by iron chloride chelated by cyclam inside the pores — SBA-Cy-FeCly
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The Raman spectra of the investigated silica-based samples were divided
into two spectral regions: (1) 3800 — 2650cm™ and (2) 1850 — 120cm™!
(Figure 7). The first region provided insights into the hydrophilicity of the
system, signifying the presence of hydroxyl groups or molecular water. In
turn, the latter region featured a band arrangement involving i) stretching
and deformational modes within chloropropyl chains overlapping with similar
stretching and deformational groups within macrocyclic ligand and complex
(1800 — 1250cm), ii) silicon-oxygen tetrahedral modes (1250 — 850cm™) over-
lapping with deformational vibration of macrocyclic ring molecular structure
(1350 — 800cm™) as well as iii) the medium-range order silica vibrations cor-
responded with lattice defects (850 - 150cm™).

In this context, the Raman spectra of all composites in the first region
exhibited dominant bands with maxima at 2930 and 2880cm™ corresponded
to v, and vsCHsy originating from the asymmetric and symmetric stretch-
ing modes of CH; groups within propyl chains (inside SBA-15 channels) and
the macrocyclic ring of cyclam (cyclam-containing samples). The complex
arrangement of bands observed for SBA-15-derived indicated a high con-
formational diversity of propyl chains, further affirming the correctness of
silica pore wall functionalization. Incorporating cyclam into the silica car-
rier marginally altered the band arrangement in the region (1), especially
concerning the number and intensity of CHy bands. This change resulted
from the structural modification of propyl chains. It implied the formation
of macrocyclic ring cyclam anchored to the propyl chains (cyclam substituted
Cl atom at the end of the -Si-propyl chain). A similar CHs-band arrange-
ment was observed after chelating iron chloride by cyclam in SBA-Cy-FeCl,
sample, where the bands’ intensity was reduced several times, confirming the
formation of metal complexes [36].

Furthermore, the spectra of SBA-15-derived samples (especially SBA-CI)
exhibited weak bands with maxima around 3465 and 3208cm™, confirming
the presence of hydroxyl groups or molecular water. Incorporating cyclam
and the confinement effect within the silica pore walls revealed an additional
band of around 3282cm™, related to the symmetric vNH stretching vibration
of secondary amino groups. It may suggest the coexistence of cyclam in
various configurations (see: further discussion in section 4).

The Raman spectrum of the iron chloride-cyclam chelated system dis-
played a similar CHy+NH-related band arrangement. However, the amino
groups exhibited downshifts to lower frequencies due to the chelation na-
ture and interaction with iron. Two amino bands around 3150 and 3105cm™
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resulted from free NH and inter- or intra-hydrogen bonded amino groups,
reflecting the variable conformation of metal-doped cyclam [37]. Introduc-
ing iron chloride salt to the functionalized silica pores slightly modified the
spectral pattern. The Raman spectrum of SBA-Cy-FeCly showed the ab-
sence or substantial weakening of amino-related bands and the appearance
of a band at 3730cm™, linked to the stretching vibration of hydroxyl units
(see Figure 7). This effect was hypothesized to result from the complexation
nature of cyclam, which weakened the N-H bonds by enhancing the Fe-N
bond [36, 38, 39]. This complexation led to structural rearrangements and
conformational transformations of the cyclam macrocyclic ring enforced by
its interaction with iron. Consequently, the more mobile cyclam moieties
within the pores reorganized into a mixture of cis/trans forms, with varying
iron sorption potential, resulting in the formation of oxygen—oxygen bond-
stabilized complexes [Fe"(cyclam)(O),]™ and [Fe¥ (cyclam)(OH)(O)y]* [40].

Raman spectra of all SBA-derived samples in the latter region featured a
band arrangement involving i) stretching vibration of alkane C-C and defor-
mational CH, groups within propyl chains overlapping with stretching alkane
v(CC+CN) and deformational methylene and amino groups within macro-
cyclic ligand and complex (1800 — 1250cm™), ii) silicon-oxygen tetrahedral
modes (1250 — 850cm™) overlapping with deformational (1350 — 800cm™) as
well as iii) the medium-range order silica vibrations corresponded with lattice
defects (850 — 150cm™) [40, 37].

In greater detail, the fingerprint region spanning from 1850 to 1250cm™
exhibited numerous bands attributed to the bending of -CHs- groups over-
lapping with skeletal C-C stretching vibrations within the propyl chain and
confirms its presence in both SBA-Cl and SBA-Cy samples [41]. However,
the introduction of the cyclam ligand into the interior of the pores led to
the appearance of a weak band around 1563cm™ and a slight modification
in band intensities between 1480 — 1420cm™. These changes resulted from
the activation of deformation dNH, asymmetric and symmetric deformation
0CH, and stretching ¥CC and vCN modes within the macrocyclic ring due
to the presence of cyclam [42, 36, 43].

Interestingly, the Raman spectrum of cyclam-containing SBA-15 shows
a shift in the N-H band compared to available literature data, indicating
variable conformations of the cyclam ligand and confirming the postulated
variable anchoring to the propyl chains (Figure 7). The band arrangement in
the cyclam complex exhibited a downshifted and weakened intensity of the
ONH band characteristic for a trans conformed [42, 36, 43, 38]. In addition,
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the second 0NH band seemed to be upshifted and increased in intensity, sug-
gesting the complexation of iron through the cis-cyclam conformer, change
in the iron valency, and [FeV(cyclam)(O) »]* and [FeV(cyclam)(OH)(O)s]™
complex formation in the presence of hydroxyl or water molecules [40]. An
alternative hypothesis assumed a proton exchange mechanism within the iron
complex system as N-H----Fe, activating the Fe—H species [44]. In both hy-
pothetical scenarios, three bands appeared in the Raman spectrum around
1654, 1632, and 1725cm™ may originate from Fe-X (X = -H, -OH, - H,0)
overlapping with deformational CH,; modes within [Fe(cyclam)]*™ cation [45].
It’s worth noting that the typical bands of Si-propyl chains exhibit weakened
intensities and are masked, confirming the formation of the cyclam complex
(Figure 7).

The nature of other bands, particularly those falling within 1250 — 850cm™
range, was notably intricate due to overlapping vibrations originating from
various molecular fragments of the functionalized composite, including stretch-
ing Si-O-Si modes within the silica network [46, 47], symmetric deformation
of long aliphatic chain in Si-CHy, as well as stretching and deformational
modes of v(CC+CN), §(CH,+NH) [38, 48].

In the context, the Raman spectrum of chloropropyl-functionalized SBA-
15 (SBA-CI) featured four bands at 1180, 1135, 1100, and 1075cm™ at-
tributed to the overlapping asymmetric SiO, (Q4) vibrations in fully poly-
merized silica structures [49, 50, 51] with asymmetric stretching Si-C vibra-
tions, confirming the presence of propyl chains tailored to the silica pore walls
[52].

On the other hand, Raman spectra of cyclam-functionalized silica, con-
trary to this observed on the SBA-CI spectrum, displayed two additional
bands with maxima around 1024 and 950cm™, suggesting lowering of sil-
ica network ordering during synthesis in the presence of cyclam-anchoring
reagent. Unfortunately, the nature of such bands was complicated because
of the coexistence of symmetric stretching vibrations of the terminal oxygen
atoms of Si0, tetrahedra with one or two non-bridging oxygen molecular
fragments (NBO) [53, 54], as well as deformational modes of 60NH and pCH
within the macrocyclic ring of the ligand [43, 39, 48|.

Interestingly, functionalization of SBA by cyclam led to a significant in-
crease in band intensity around 950cm™ and a reduction of other bands above
1100cm™, while the observable effect amplified by the confinement effect cor-
relate with alterations in the lone pair electron availability within the ring
caused by iron complexation [43, 42]. The latter effect additionally explained
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the progressive reduction of bands related to the deformational CHs; modes
of propyl observed in the 925 -— 850cm™ (Figure 7).

The band arrangement at lower frequencies below 650 cm™ within all
functionalized SBA-15-based samples provided insights into the O-Si-O bend-
ing motion of n-membered silica rings, where n can be 3, 4, 5, 6, etc. [55].
The complexity of these bands was further associated with the modification
of the silica network resulting from the incorporation of propyl inside sil-
ica pores, which enhanced the formation of structurally defective fragments
such as SipOg* and SipOs%. A similar band arrangement was observed for
SBA-Cl and SBA-Cly, with the latter displaying a new band around 687 cm™,
indicating the formation of an additional Si;O7% molecular unit [56].

Iron chloride salt introduced into the interior of the silica pore enforced
structural rearrangements and enhanced the intensity of the Si;O;% [56]
band. Furthermore, according to literature, metal complexation activates
bands related to stretching vFeN modes with deformation involving the metal
atom, which on the Raman spectrum of Cy-FeCl, appeared at 445, 415, and
225cm™ [57, 43]. On the other hand, the Raman spectrum of Cy-FeCly
highlighted strong bands at 380, 310, and 285 cm™ indicating symmetric
stretching modes of linear FeCl, complexes, charged FeCl,2™ complexes with
explicit HyO solvation, and hydrated charged FeCl>T complexes [58, 59, 60]
(Figure 7). However, due to the confinement effect and the predominant
impact of silica in SBA-Cy-FeCly, those modes overlapped with O-Si-O vi-
brations, making it challenging to confirm iron chloride complexes directly.
An alternative explanation corresponded to the system’s relatively low po-
tential to entrap iron chloride in the macrocyclic ring due to the coexis-
tence of cis/trans cyclam conformations. Hence, trans conformers tend to
complex iron and iron chlorides. In contrast, cis conformers with the pres-
ence of hydroxyl and/or water molecules present within the interior of the
pore walls enforced iron oxidation and the formation of [FeV(cyclam)(O)s]™
and [FeV(cyclam)(OH)(O),]" complexes [40]. Such complexes, through a
proton-coupled electron transfer process yielded conversion to FeV(O)(OH),
which, in the presence of saline conditions [61], crystallizes into oxyhydroxides
with chlorine incorporated into the tunnel structure of 5-FeOOH akagenaite
(62, 63, 64]. We have found such nanocrystals in some parts of the SBA-Cy-
FeCl, sample — see: Figure 8. Here, we must remark that it is possible that
their visibility is related to the surface amplification of the signal by the silica
walls between which the crystals are located, so the signal is disproportionate
to their quantity [65].
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Figure 8: Raman spectra of iron-activated SBA-15 sample (SBA-Cy-FeCly) gathered from
variable places of the samples (A, B), showing some remaining 5-FeOOH akagenaite crys-
tals occurring in the sample. Spectra were summarized in the 100 — 3800 cm™ range
and fitted using the Voigt function to recognize accurate band positions with highlighting
vibration of individual molecular fragments.
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The SBA-Cy-FeCl, sample was examined using Time-of-Flight Secondary
Ion Mass Spectrometry. This technique allows analysis of the upper layers of
the material’s surface (1-3 nm). In addition, it provides information on both
atomic and molecular ions [66], and is also used to study catalysts [67].

Analysis of the carbon-containing fragments indicates the presence of
cyclam and organic bonding directly to the silicon atom, as we would ex-
pect from a synthesis procedure. Examples of the ions analyzed are: CHy™*
(m/z 14.01), CH3" (m/z 15.02), CHN* (m/z 27.01), CoHzt (m/z 27.02),
CH2N+ (Il’l/Z 2801), C2H4+ (m/z 2802), C2H5+ (I'Il/Z 2903), CgH3+ (m/z
39.02), SiCHyt (m/z 41.99), CoH4NT (m/z 42.03), CoHsNT (m/z 43.04),
03,1'17Jr (Il’l/Z 4305), C?)I‘I(;l\]Jr (m/z 5605), (311,1‘151\12Jr (Il’l/Z 6905), C4I‘Igl\1Jr
(Hl/Z 7007), 03H7N2+ (rn/z 7106), C4H5N2+ (Hl/Z 8104), C4H7N2+ (m/z
83.06), C4HoNo ™ (m/z 85.07), CsH7No™ (m/z 95.05), CsHgNy ™ (m/z 97.07),
CeH12NT (m/z98.09), CHy (m/z 14.02), NH™ (m/z 15.01), CoH™ (m/z 25.01),
CN" (m/z 26.00), CNCI" (m/z 60.97) and CClI' (m/z 46.96). It was not
possible to find a fraction containing C-C-C-N-C-C-C-N-C-C-C or similar
fragments to confirm that the cyclam ring is anchored in at least 2 places.

Of interest is the SiH-textsuperscript+ ion (m/z 28.98) confirmed by the
isotope effect (signals at: 28.9842 'H28Si*, 29.9848 'H?SiT, 30.9810 m/z
'H39Si* in proportions 1:0.05:0.03). The SiH-textsuperscript+ bond should
not be present in the sample due to the method of synthesis. It was probably
formed from the decomposition of the Si-CH fragments,.

Ion fragments containing silicon and carbon show direct bonding of the
carbon chain to silicon, e.g.: SiCHy™ (m/z 41.98). Other silicon-containing
ion fragments are typical of silicas, for example: SiOy (m/z 59.97), SisHO7
(m/z 196.90), Si;HOgy™ (m/z 256.86), and SisHO;;” (m/z 316.82).

Fragments containing an iron atom were also found on the spectra: Fe™
(m/z 55.93), FeH" (m/z 56.94), FeO' (m/z 71.92), FeOH" (m/z 72.94),
CHNFe™ (m/z 82.94), CHyNFe™ (m/z 83.95), FeClt (m/z 90.90) CoH4NFe™
(m/z 97.97), FeNH™ (m/z 70.95), FeO™ (m/z 71.92), FeOy (m/z 87.91), FeCl*
(m/z 90.90) and FeCly™ (m/z 125.86). The fragments listed indicate that, the
iron atom is in close proximity to the cyclam. No fragments of Fe with SiO
were found, or their intesiveness is negligibly low, which shows that the iron
atoms are mainly in a complex together with cyclam. In addition, fragments
containing chlorine show that this atom is found in close surroundings of
both the iron atom and the cyclam. Noteworthy ions are: FesO3™ (m/z
215.78), Fe,O4" (m/z 287.70), FesO5™ (m/z 359.64), FegOgt (m/z 431.56),
Fe;O;" (m/z 503.50), FesOs™ (m/z 575.41). Despite the fact that the signal
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intensity is four orders of magnitude lower, I show that the 5-FeOOH clusters
of akagenaite containing at least z 1-8 Fe atoms are incipient. The presence
of akagenaite was also observed on Raman spectra.

An analysis of the maps provided by ToF-SIMS provides interesting in-
formation. An example can be found in Figure 9. It shows that there is a
uniform distribution of the cyclam system in the test tube, probably cyclam
complexes are also present on the surface of the spatial silica structure. It
can be seen from the distribution of iron ions that akagenaite contamination
is local.
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Figure 9: Time-of-flight secondary ion mass spectrometry (ToF-SIMS) overlap maps of
distribution of NH3%, NH4 ™, NHs™ (a) and Fe™, FeH™t, FeCT, FeOH™, FeOH™, FeOH,™,
FeaNT (b).

On the basis of experimental and previous data, we prepared the model
containing a fragment of the silica wall and a cyclam ring (see: Figure 10).
After optimization, it can be clearly seen that there are classical Si-O-H---O
hydrogen bonds on the silica wall (Ig...0 = 1.8 to 2.1 A, apuo 140-170°).
The cyclam, together with the FeCly ion, is located on the silica wall, as
there is additionally an O-H.- - -Cl interaction. (lcLy = 2.16A, aqr 0=172°).
Interactions of this type in solvents have been discussed for five decades. This
means that it can be concluded that the Cl...H-O interaction is certainly not

purely electrostatic, but shows all the features of a ”standard” hydrogen bond
68].
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Stabilization of the cyclam ring with FeCl, also explains the clearer signals
on the XRD spectrum for the sample with metal than for SBA-Cy alone.
From the cell distance analysis, it is clear that the channel in the silica is
large enough that placing the ions together with the cyclam will disrupt its
diameter by only a few percent.

The second model that was prepared is a cyclam with four N-propyl
groups, illustrating the possibility of anchoring the cyclam in four places
(see: Figure 10, right model). The sizes and Si:Cyclam ratio shows that it
will be very difficult to create even two anchorages.

Cl Fe
(I I I )

Figure 10: Numerical model of SBA-Cy-FeCl; and cyclam with four N-propyl groups

Magnetic measurements, conducted over a broad temperature range, un-
veil compelling insights into the magnetic properties of the SBA-Cy-FeCl,
(as illustrated in Figure 11 with an upper inset). The striking magnetic or-
der, most evident during magnetization measurements performed without an
external magnetic field, is particularly noteworthy, displaying a spontaneous
magnetization characteristic. Of particular note was the pronounced mag-
netic order, which was most conspicuous during magnetization measurements
performed without an external magnetic field, manifesting a distinctive and
spontaneous magnetization characteristic.
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Figure 11: Magnetic measurements performed for the SBA-Cy-FeCl,. Data summarized
at 3K and 300K. Two insets illustrate the magnetization y of the sample vs. temperature
T (upper inset) and magnetization at a low magnetic field with a hysteresis loop typical
for a ferromagnet.
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The magnetization behavior at low magnetic fields revealed a hysteresis
loop that provides unequivocal evidence of the sample’s ferromagnetic na-
ture, stemming from the presence of iron. Specifically, at room temperature,
the hysteresis loop exhibits a width of approximately 30mT, which expands
to nearly double that width at 3K. As a result, temperature-dependent mag-
netization behavior was fitted using the Langevin curve defined as

m(z) = aL(fx) (1)
where o
Ho
T T @
and
L(z) = coth(z) — 1/x (3)

with kp representing the Boltzmann constant, H signifies the magnetic field,
and T represents the sample temperature. As a result of the fitting proce-
dure, the remarkable agreement between experimental data and the theoret-
ical model at low temperature (T = 3K) resulted in robust fit parameters of
f = 1.219 and a = 0.0535 signifies the maximum iron content (~ 5.35%) in
the sample of the overall sample mass. Notably, at room temperature, the
magnetization, represented on the y-axis as a fraction of the magnetization
of bulk iron at room temperature (217emu/g), was found as only 0.31% of
the value one would anticipate for bulk iron.

The discrepancy between the low-temperature and room-temperature
data can be attributed to the distribution of iron within the sample, which
was related to the occurrence of iron in the form of particles of varying sizes.
Notably, a minor fraction of the iron in the sample, constituting only about
5.8% of the whole iron 0.31% by weight of the sample, taking into account
the total mass content of iron of 5.35%.), comprises larger iron particles
exceeding the superparamagnetic limit with ferromagnetic order at room
temperature. Larger particles resulted from akageneite structure crystallized
within the silica interior. In turn, the predominant portion of the iron exists
as smaller particles, falling below the superparamagnetic limit, suggesting
the complexation of iron by the macrocyclic ring.

4. Discussion

Structural studies have clearly shown that the material functionalized
with iron chelated by cyclam retains the correct structure of two-dimensionally
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ordered SBA-15 silica after one month of aging. However, the structure de-
grades after this time of aging in the case of material containing only cyclam.
In order to better analyze the stability of the material containing sole cyclam
over time, we juxtaposed the structural results of this nanocomposite per-
formed just after synthesis and after one month of aging. A comparison of
the SEM, TEM, XRD and nitrogen sorption analysis results is shown in Fig-
ure 12. The material containing the iron(II) chloride chelating cyclam did
not show structural differences when tested just after synthesis and after one
month of aging, so it was omitted from this comparison.
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Figure 12: Juxtaposition of the structural investigations results for the SBA-15 silica
containing sole cyclam inside the pores: juxtaposition results for the material just after
the synthesis and aged for 30 days. Scanning electron microscopy (a), transmission electron
microscopy (b), small angle X-ray diffractometry (c), and Ny sorption analysis (d).
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Closely inspecting the scanning electron microscopy images (Figure 12a)
reveals some apparent differences between the samples. Looking at the left
photo, showing just-synthesized SBA-Cy, the material looks like typical SBA-
15 silica with the characteristic long grains of [69]. In contrast, the photo
on the right, presenting the same material after 30 days of aging, shows the
material without the visible grains, characteristic of SBA-15. This may indi-
cate its degradation over time, resulting in the structural collapsing of whole
silica grains. Similar conclusions within the microstructure can be drawn by
comparing TEM images of both samples considered here (Figure 12b). Just-
synthesized SBA-Cy (Figure 12b left side) presents the well-defined structure
of the SBA-15 silica, with its characteristic channels arranged in an ordered
2D hexagonal pattern [28, 29]. After 30 days of aging, the structure of the
sample changes noticeably (Figure 12b right side, see also Figure 4). The
structure of the pores expressly collapses, which is made evident by their ir-
regular diameter (expressive constrictions inside the pores can be observed).
Even more evident structural changes between the just-synthesized sample
and the sample aged for 30 days are observed in the XRD spectrum (Figure
12¢). Just synthesized SBA-Cy manifests typical features observed for SBA-
15 silica with 2D hexagonally ordered pores in the low-angle region (described
in detail in Section 3). After 30 aging, however, the pores ordering features
disappear, as manifested by the disappearance of Bragg reflections originat-
ing from the 100, 110, and 200 planes. We can draw similar conclusions
by analyzing nitrogen sorption for the samples compared here(Figure 12d).
Just after synthesis, the SBA-Cy sample shows typical IV isotherms with
a parallel H1 hysteresis loop, typical for SBA-15-type mesoporous materials
(31, 32]. The BET surface area of the just synthesized sample was 784m?g!,
while the pore size was 6.2nm with a narrow pore size distribution. Aging
for 30 days, however, results in a change in the sorption characteristics of
the material. The lowering of the position of the isotherm is the result of
the disappearance of micro-porosity. Moreover, the specific surface area of
the material has significantly decreased to 400m?g™!, while the pore diameter
distribution has been blured. In addition, adsorption and desorption curves
do not coincide even in low ranges of relative pressures (what is more visible
in Figure 6), which may indicate the occuring of interconnections between
silica channels, due to degradation of its structure [33].

As can be seen, the structure of the SBA-15 silica containing sole cy-
clam inside the pores degrades over time. It is now well established that
amino-functionalized silica gels suffer from poor chemical stability due to
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nucleophilic assistance to hydrolysis [70, 71], and this is also true for cyclam-
functionalized silica materials [72]. It is also known that amino-functionalized
mesoporous silica materials undergo both chemical and structural damages,
especially when contacting aqueous media, as a result of the alkaline proper-
ties of amino groups [72, 73]. This contributes to explaining why the SBA-Cy
sample underwent structural degradation after aging for one month in the
atmosphere (thus contacting humidity) as a result of pore walls collapsing.
By contrast, the SBA-Cy-FeCl, material kept its good quality hexagonal
mesostructured, which can be explained by the coordination of iron species
to the nitrogen atoms of cyclam, forming a Cy-FeCl, complex in which the
lone pairs on the nitrogen atoms are no more available for interacting with
the silica structure. Indeed amino-functionalized silica materials anchoring
metal ions (such as Hg(II) on aminopropyl-silica [74], or Ni** /Co*"-cyclam
modified mesoporous silica [75]) were characterized by much better chemi-
cal and/or structural stability than their non-complexed analogues. This is
promising for ensuring long-term operational stability to the SBA-Cy-FeCl,
material developed here.

Raman and ToF SIMS spectroscopies partially confirmed the assumed
molecular structure. However, cyclam can be bound to silica walls in more
than just the way assumed in the synthesis. The cyclam is deposited in chan-
nels and probably on the surface of silica pores. The optimized fragment of
the structure (Figure 10) in which the ratio of Si ions to cyclam is 14:1 (in the
assumed structure we have a ratio of 20:1, but due to computational com-
plexity, the amount of silicon was slightly reduced) shows that the packing
is high enough that it is possible to anchor the cyclam not only by one, but
also by two propyl groups. It should be emphasized, however, that in order
for a reaction to occur that will lead to the formation of an N-C bond from
a C-ClI bond, there must be an appropriate approximation of sites. With the
rigid position of the chloropropyl groups, which, however, are labile, such
an arrangement is possible (in particular, that the chloropropyl groups are
relatively abundant in the system). Nevertheless, it seems intuitively that
a maximum of two cyclam anchor sites can be formed. The probability of
anchoring a cyclam through three or four sites, as shown in Figure 13, is very
low. ToF SIM studies also show that there are few fragments containing the
C-Cl system. This could suggest that not all groups were substituted.

SQUID magnetometry, on the other hand, allowed quantitative estima-
tion of the iron content of the samples. The study shows that the samples
contain a total of 5.35 % iron, including 0.31 % bulk iron and 5.04 % iron
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Figure 13: Possible ways to immobilize FeCly chelated by cyclam in silica pores.

in a dispersed form, most likely in the form of ions chelated by cyclam. It
should be remembered, however, that the mass iron content was estimated
here, while in the synthesis process, we assumed molar ratios to SiOy groups.
After converting the synthesis assumptions to mass ratios (also taking into
account anchor groups and cyclam), the samples should contain 3.61 % iron.
The amount of iron in the samples is, therefore, slightly higher than assumed.
The bulk iron is probably a result of the formation of crystalline phases in
the samples during synthesis. It should be remembered that anhydrous ferric
chloride, used during synthesis, is extremely sensitive to moisture, and even
using absolute alcohol and a protective atmosphere, we are not able to avoid
partial conversion of iron to the hydrated form or its oxidation to iron(III).
Such compounds can remain in the material in the form of nanocrystallites.
The formation of akageneite nanocrystals is also possible under such con-
ditions, as confirmed by Raman spectroscopy. However, the excess of iron
in a dispersed form is a mystery to us. A plausible explanation could have
been some excess cyclam bound to the silica surface in some way other than
through propyl chains. Such groups could have chelated iron chloride, which
is why such a significant amount of iron would be found in the sample.

The above conclusions are crucial for the potential applications of the ma-
terial presented here, and especially for environmental applications. When
designing the molecular structure of the presented nanocomposite, we as-
sumed its application for water and soil treatment. Theoretically, placing
a material with strong chelating properties and high adsorption capacity
(related to the developed surface of the material), one can expect selective
uptake of certain substances. In our case, we assumed the uptake of metal(1I)
ions and their chlorides.

However, the results of our study showed that the proposed material can
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be used in environmental applications only to a limited extent. Its sorption
properties were confirmed unequivocally. What’s more, the amount of ad-
sorbed metal (iron in this case) was even higher than assumed, and it was
iron in a dissociated form, so most likely chelated by cyclam. However, the
material, in the form containing only cyclam, is susceptible to degradation,
which adversely affects its properties (reduction of specific surface area, con-
firmed by nitrogen sorption tests). Therefore, only fresh, just synthesized
material is suitable for environmental applications.

The material containing iron(IT) chloride, however, showed stability. More-
over, the study showed that the iron-containing functional groups were well
separated from each other. It can, therefore, be assumed that the nanocom-
posite proposed here can potentially serve as an SAC. Of course, this thesis
needs to be confirmed through catalytic testing, which will be the subject of
further research.

5. Conclusion

In conclusion, in this article we have shown an efficient procedure for the
synthesis of SBA-15-type porous silica functionalized with highly chelating
cyclam molecules, which effectively bound iron chloride. By adopting a rel-
atively low concentration of cyclam, anchored inside the silica pores with
propyl groups, the material effectively separated individual FeCl, molecules
inside the silica pores.

We observed significant differences between silica containing only cyclam
in the pores, and the same material containing chelated iron (II) chloride.
The differences were primarily in the stability of the materials. The iron-
containing material showed correct stability, and its structure did not differ
from standard SBA-15 silica, as shown by structural studies (SEM, TEM,
XRD, and nitrogen sorption analysis).

In contrast, the material containing only cyclam was found to be unstable
under atmospheric conditions. As shown by structural studies, the structure
of SBA-15 degraded significantly over time as a result of nucleophilic hy-
drolysis support. The interaction of cyclam with iron(IT) chloride molecules
to form a Cy-FeCly complex counteracted this situation, as lone pairs on
nitrogen atoms are no longer available to interact with the silica structure.
This has shown promise for ensuring the long-term operational stability of
the SBA-Cy-FeCl, material developed here.
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Spectroscopic studies (Raman and ToF SIMS) showed good agreement of
the molecular structure of the obtained material with the assumptions of the
synthesis. However, some discrepancies were obtained. It turned out that
cyclam are not always anchored inside the silica channels with a single propyl
chain. There is some probability of double anchoring of the cyclam group,
with the connection of three or four propyl chains being rather unlikely.
Moreover, crystalline phase intrusions into the material have been observed
- crystallites of -FeOOH akagenaite have been observed, probably forming
during functionalization with ferrous chloride.

Magnetic studies, on the other hand, proved excellent separation of iron(IT)
chloride molecules and only a small inclusion of bulk material in the form of
probably £-FeOOH akagenaite crystallites.

All this proved that the material we obtained had a molecular structure
close to the assumption and good sorption properties. However, due to the in-
stability of the form containing only cyclam inside the pores of SBA-15, such
material is suitable for environmental applications only in just-synthesized
form. However, after cyclam functionalization with ferric chloride, the ma-
terial showed good stability. Given the good separation of iron-containing
groups, its usefulness as a SAC can be considered.
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